.
GLYCEROLIPID METABOLISM IN MAMMALIAN TISSUES

BY
Douglas P. Lee

A thesis submitted to the Faculty of Graduate Studies

in partial filfilIrnent of the requirements for the degree
of Doctor of Philosophy

Department o f Biochemistry and Medical Genetics
University of Manitoba
200 1

National Library

BiMiothèque nationale
du Canada

Acquisitions and
Bibliographic Senrices

Acquisitions et
services bibliographiques

395 Wellington Street
Ottawa ON K i A O N 4
Canada

305, rue WeYingtm
-ON
K l A W
Canada

The author has granted a nonexclusive licence allowing the
National Lhrary of Canada to
reproduce, loan, distribute or seii
copies of this thesis in microform,
paper or electronic formats.

L7auteur a accordé une licence non
exclusive permettant à la
Bibliotheque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/nIm, de
reproduction sur papier ou sur format
électronique.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts fiom it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

FACULTY OF GRADUATE STUDIES

**+**

COPYRIGHT PERMISSION PAGE
Glycemlipid Metabolism in Mammrlian Tissues

Douglas P.Lee

A Thesis/Prrcticum submitteâ to the Faculty of Gndarte Studies of The University

of Manitoba in partial fnllillment of the requirements of the dcgree
of

DOUGLAS P.LEE 02001

Permission has been granted to the Librriry of The University of Manitoba to lend or seU
copies of this thesidpracticum, to the Nationai Libnry of Canada to microfilm this thesis and
to lend or seii copies of the film and to University Microfilm Inc.to publish an abstrrct of this
thesis/practicum.
The author reserves other publication rights, and neither this thesidpmcticum nor extensive
extracts from it may be printed or o t b e d s e reprodPced without the author's written
permission.

To my famiiy,

Mom, Dud and Tracy

1thank my mentor, Dr. Patrick Choyfor his patience, generosity and inspiration. He has
shown me puthways in science and in life 1never before dreamt possible. It is a privilege
io be a student under his tuteiage. 1will always treasure the tinte I spent in his laboratmy-

Thankyou to the members of my advisory cornmittee, Dr. Francis J q ,Dr. Yuewen Gong and
Dr. Grant Hutch l am in gratitude for your help and support. 1also wish $0acknowledge
Dr. Chris McMaster. Thankyou al! making my thesis a sfrongerpiece of work
I aZso extend my gratitude to the mernbers of the !ab who have enriched my graduate
training. Thankyou, b o n , Monroe. Jenny, Martin, Andrew. Lore, Monika, Mira, San@,
Leonard. Hannah. Quansheng, Khai, Gillian, Brian, Terry and Bai-ming. Yourpresence has
created a stimulating and vibrant [ab.

I wish to thank my classmates andfiends Mag, Kathy, A4ariko. Ernie, Vern.Alex. Rob. Ron
and Farah for aZZ thefun and crazy times we t e shared
I woztld Zike to thank Katinka and Marlene for helping to proofread my thesis.

Financial support ivus provided by the Canadian Institutes for HeuMi Research.

TABLE OF CONTENTS

LIST OF FIGURES

vi

LIST OF TABLES

viii

LIST OF ABBREVIATIONS
ABSTRACT

INTRODUCTION AND LITERATURE REVIEW
The Biological Membrane
1.1

Structure and fùnction of the biological membrane

1.1.2

Membrane lipid

2.1.3 Membrane protein

The de novo Biosynthesis of Glycerolipids in Mammalian Tissues
Introduction
1 -Acy 1-sn-glycerol-3-phosphate (lysophosphatidate)
Phosphatidate
Cytidine diphosphate 1,2-diacyl-sn-glycerol(CDP-diacylglycerol)
1.2-Diacyl-sn-glycerol
Phosphatidylcholine

1.2.6.1 CDP-choline pathway
1-2.62 Methylation of phosphatidylethanolamine

Phosphatidylethanolarnine
1

1 2 7 . 1 CDP-ethanolamine pathway

1 -2.7.2 Decarboxylation of phosphatidylserine
1 -2.8 Triacylglycerol

1.2.9 Phosphatidylserine

The Direct Acylation of Glycerol

1.3.1 The direct acylation of glycerol
1.3.2 Monoacylglycerol
The Catabolism of Giycerolipids in Mammalian Tissues

1.4.1 Phospholipases
Lands Pathway
15 . 1

Phospholipid acyl composition

15.2

Deacylation / reacylation cycle

Research Aims and Hypotbesis

MATERIALS AiYD METHODS

Materials
Methods
2.2.1

Cell culture

2.2.2 Determination of choline uptake and phosphatidylcholine
biosynthesis
2.2.3 Choline kinase assay

2.2 -4 CTP:phosphocholine cytidyly1tramferase assay

2.2.5

CDP-choline: diacylglycerol cholinephosphotransferase assay

2.2.6

Measuement of arachidonate reiease

2.2.7 Phospholipase A+ssay
2.2.8

Preparation of subcellular fractions

2.2.9

Acyl-Co A: 1-acyl-sn-glycerol-3-phosphateacyltransferase assay

2.2.10 Glycerol: acyl-CoA acyltransferase assay

7.1.1 1 Glycerokinase assay
22-13 Pulse chase analysis

2.2.1 3 Separation of lipids
2.2.14 Lipid determination
2-2-15 Solubilization and purification of glycerol: acyl-CoA

acy ltransferas
22-16 Synthesis of ['"I] labeled 12-[(4-azidosaiicyl)amino]-dodecanoylCoA

2 -2.1 7 Photoaffinity labeling
2-2-18 Gel electrophoresis
22-19 Production of antibody

2.2.20 Imrnunoprecipitation of glycerol acyltransferase
2.22 1 Statisticat analysis

3

EXPERIMENTAL RESULTS

3.1

Studies on Pbosphatidylcholine Metabotism in Human Endotbelial
Cells

3.1.2

Effect of phosphocholine on phosphatidylcholine biosynthesis in

human umbilical vein endothelid cells
3.1.2

Effect of phosphocholine on choline containing metabolites

3 - 1.3 Effect of phosphocholine on choline uptake
3.1.4

3.2

Effect of phosphocholine on ATP-induced arachidonate release

Studies on the Deacylation / Reacylation cycle
3.2.1

Gel filtration chromatography

3 - 2 2 Gel activity assay
3.3

Studies on the Direct Acylation of Glycerol
33 1

Confirmation of monoacylglycerol production

3.3 2

The direct acylation of glycerol

3.3-3 Inhibition of glycerokinase
33 4

Attenuated glycerol-3-phosphate pathway and monoacylglycerol
production

3 -3.5 Effect of glycerol concentration of the direct acylation pathway

33 6

Characterization of glycerol: acyl-CoA acyltransferase

3 -3.7 Purification of glycerol: acyl-CoA acyltransferase
3-3-8 Photoafinity labeling glycerol: acyl-CoA acyltransferase

3 -3.9 imrnunoprecipitation of glycerol: acyl-CoA acyltransferase

103

3 3.10 Sequence analysis

105

4

DISCUSSION

107

1.1

Studies on the Modulation of Phosphatidylcholine by Phosphocholine

107

4.2

Studies on the Deacylation / Reacyiation Cycle

110

1.3

Studies on the Direct Acylation Pathway

111

6

REFERENCES

LIST OF FIGURES

Figure 1.

The fluid mosaic mode1 of the eukaryotic plasma membrane

Figure 2.

Generai structure of a phosphoglycende molecuie

Figure 3.

Five major types of phospholipids found in mammalian tissues

Figure 4.

Structures of plasmanylcholine and plasmenylcholine

Figure 5.

Sphingosine, sphingomyelin and cerebroside

Figure 6 .

Stnicture of cholesterol

Figure 7.

Pathways for the biosynthesis of phosphogiycerides

Figure 8.

Pathways for the biosynthesis of phosphatidylcholine

Figure 9.

Pathways for the biosynthesis of phosphatidyIethanolamine

Figure 10.

Sites phospholipase action

Figure 1 1.

Deacylation / reacylation cycle

Figure 12.

Structure of ASD-CoA

Figure 13.

Effect of phosphocholine on phosphatidylcholine biosynthesis

Figure 14.

Effect of phosphocholine on choline uptake

Figure 15.

Effect of phosphocholine on ATP-induced arachidonate release

Figure 16.

Pulse-labeling and chase analysis on glycerol metabolism

Figure 17.

Effect of attenuated glycerol-3-phosphate pathway on glycerol
metabolism

Figure 18.

87

Effect of exogenous glycerol concentration on the direct acylation
pathway

90

Figure 19.

Effect of pH and temperature on glycerol acyltransferase activity

93

Figure 20.

Kinetic analysis o f glycerol acyltransferase

94

Figure 2 1.

Gel filtration analysis of solubilized microsomes

97

Figure 22-

Identification of glycerol acyltransferase by photoaffity labeling

and gel electrophoresis
Figure 23-

Effect of azidosalicylaminododecanoyl-CoA on glycerol
acyItransferase

Figure 24.

Immunoprecipitation of solubilized glycerol acyltransferase

Figure 25.

Amino acid sequence alignment of glycerol acyltransferase with
myoglobin

Figue 26.

Effect of phosphocholine on phosphatidylcholine metabolism

Figure 27.

Pathways for glycerol metabohm

98

LIST OF TABLES

Tabie 1 .

Phospholipid composition of some mammalian tissues

Table 2.

Lipid composition o f some biological membranes

Table 3.

Radioactivity of aqueous choline-containing metabolites

Table 4.

Effect of phosphocholine on phospholipase A2activity

Table 5.

Identification of monoacylglycerol

Table 6.

Glycerol acytransferase activity in microsornaI rat and porcine tissue

Table 7.

Detergent solubilization of glycerol acyltransfemse

Table 8.

AS D-CoA photoinactivation of glycerol acylmuisferase

viii

LIST OF ABBREWATIONS

ADP

adenosine diphosphate

AMP

adenosine monophosphate

ASD

1 2- [(4-azidosalicy l)amino]-dodecanoic acid

ATP

adenosine triphosphate

CaLB

calcium binding

cDNA

complementary deoxyribonucleic acid

CDP-

cytidine diphospho-

cws

3 -[(3 -c holamidopropyl)dimethylarnmonio]- v

cm

cytosine monophosphate

CoA

coenzyme A

cPLA,

cytosolic phospholipase A2

CTP

cytosine triphosphate

Da

Dalton

dpm

disintegrations per minute

EDTA

ethylenediarninetetraaceticacid

FPLC

fast protein liquid chromatography

GTP

guanosine triphosphate

h

hou

kG

immunoglobulin G

Km

Michaelis-Menten coeficient

e

min

minute(s)

messenger ribonucleic acid
PAGE

polyacrylarnide gel electrophoresis

PAP

phosphatidate phosphohydrolase

PKC

protein kinase C

SDS

sodium dodecyl sulfate

sn

stereospecifically numbered

TLC

thui-layer chromatography

Tris

tris (hydroxymethy1)aminomethane

v,

maximal velocity

vol

volume

v/v

volume per volume

w/v

weight per volume

ABSTRACT

The biological membrane surrounds al1 cells and delineates intracellular

compartments.

Lipids fom building blocks of the biological membrane, and

phosphatidylcholine is the principle lipid in the mammalian membrane. in this study,
phosphatidylcholine metabolism and the direct acylation of glycerol for lipid biosynthesis
were investigated.
The inhibition of phosphatidylcholine biosynthesis by extracellular phosphocholine
was studied in hurnan umbilical vein endothelial celis. The activities of the enzymes in the

CDP-choline pathway were not aitered, but the intracellular phosphocholine pool was
significantly reduced. The reduction was caused by cornpetitive inhibition of choline uptake
by phosphocholine. Phosphocholine also caused a limited stimulation of arachidonate

release from phosphatidylchoiine, and the release was potentiated by ATP. These studies
clearly demonstrate that exogenous phosphocholine has the potential to modulate
phosp hatidylcho line metabo lism in mammalian tissues.

The acylation of glycerol-sn-3-phosphate is regarded as the first committed step for
glycerolipid biosynthesis. The direct acylation of glycerol in mammalian tissues has not k e n
previously demonstrated. In this study, lipid biosynthesis in myoblast and hepatocyte cells
was reassessed by conducting pulse-chase experiments with [1.3 -'HI glycerol. The results

suggested that a portion of iabeled glycerol was directly acylated to form monoacylglycerol
and subsequently diacylglycerol and triacylglycerol. This pathway becarne prominent when
the glycerol-3-phosphate pathway was attenuated and when the exogenous glycerol

concentration was elevated. The present study indicates the existence of a novel lipid
biosynthetic pathway that may be important during hyperglycerolemia produced in diabetes
or other pathological conditions.
Glycerol:acy1-CoA acyltransferase, the enzyme which directly acylates glycerol is

located in the microsomal fraction of tissue homogenate. It was identified as an 18 kDa
protein after purification by FPLC gel filtration. photoaffinity labeling and gel
electrophoresis. The purification was conf~rmedby imrnunoprecipitation studies, and
seqeunce analysis of the protein identified the acyltransferase as similar to myoglobin. These
studies suggest that myoglobin in the pig heart may be modified and subsequently
transIocated to the membrane where enzyme activity is then conferred.
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I

INTRODUCTION AND LITEXUTURE REVIEW

1.1

The Biological Membrane

1

1 The structure of the biological membrane

The biological membrane is essential to al1 cellular life (1). The function of the
biological membrane is to provide a perrneability barrier and also a matrix for the association
of membrane protein. The plasma membrane is a biological membrane which surrounds al1
cells. It provides a selective semi-permeable barrier to regulate the transport of compounds
such as nutrients. metabolic precursors and salts. The intracellular membrane delineates
subcellular compartmentalization. and the enclosed organelles are vital to cellular processes.
The Golgi body. endoplasmic reticulum, nuclear membrane. lysosomes and mitochondna are
ali delineated by membranes. The biological membrane also functions in the transmission
of inter- and intra-cellular signais. The activation of a specific membrane protein or the
hydrolysis of lipid, generate signals which mediate a wide variety of cellular responses (2).
The biological membrane is composed predominantly of lipid and protein but may
also contain carbohydratc. The membrane is organized as a lipid bilayer with the membrane
protein imbedded in the bilayer or associated peripherally (Figure 1). The structure of the
biological membrane is described in the fluid mosaic model onginally proposed by Singer

and Nicolson (3). In this model, the lipid is arranged with the hydrophobic portion orientated
toward the interior of the bilayer. The hydrophilic portion of the lipid is orientated toward

the aqueous phase. Membrane carbohydrate is localized excïusively on the extracellular side
of the plasma membrane either in the form of glycolipid or giycoprotein. In isolation, the

bilayer membrane exists either in a viscous gel or a fluid liquid crystalline state. Under
physiological conditions, most if not al1 lipid membrane is in the liquid crystalline state.
FLuidity of the membrane is dependent on the nature of the acyl-chain region comprising the

hydrophobie domain of the membrane. In the plasma membrane. fluidity is also dependent
on the cholesterol content of the membrane. Movement of lipid or membrane protein in the
transverse plane of the bilayer is thermodynamically unfavorable and thus would not
spontaneously occur. Movement of lipid or membrane protein dong the plane of the
membrane is generally unrestricted. The lipid raft is an area on the membrane where
rnovement of either the lipid or membrane protein is lateraily constrained allowing for
specialization of areas on the lipid membrane (4-6). The lipid raft may be enriched in
(glyco)sphingolipid. cholesterol, specific membrane proteins or glycosylphosphatidylinositolanchored proteins.

In summary. lipid performs a variety of biological fimctions related to membrane
structure. cellular signaling, fluidity and perrneability. In the following sections, the
structure, composition and interaction of membrane lipid and protein will be discussed.

Figure 1. The fluid mosaic rnodel of the eukayotic plasma membrane depicting
iipid. protein and carbohydrate moieties.

1.1.2

Membrane lipid
The biological membrane contains a large variety of lipids which may be categorized

according to their rnolecular structure. The glycerol-based phospholipid (phosphoglyceride)

is the predominant form of lipid in the mammalian membrane. The sphingosine-based lipid
which includes sphingomyelin and glycosphingolipid, is also a major constituent of the
membrane dong with cholesterol. which functions as a key modulator of membrane fluidity.

The general structure of a phosphoglycende is s h o w in Figure 2. The sn-l and sn-2
hydroxyi groups of the glycerol backbone are esterified with fatty acids. The 1,2-sndiacylglycerophospholipid is the predominant form of phosphoglyceride found in

mammalian tissues. The acyl chains constitute the Iipoidal moiety and may vary in length
and degree of unsaturation. Typically, the acyl chains are of medium and long chain lengths
(CI&,).

The acyl group is usuaily saturated at the sn-1 position and unsaturated at the sn-2

position. The hydroxyl group of the glycerol moiety at the sn-3 position is linked to a
phosphate group which in tum is linked to the hydroxyl group of choline. ethanolamine.
inositol. senne. glycerol or phosphatidylglycerol. The linkage of these polar head-groups to
the glycerol backbone of the lipoidai moiety forms the major phospholipids, e.g.

phosphatidylcholine. phosphatidylethanolarnine, phosphatidylinositol, phosphatidylserine.
phosphatidylglycerol and cardiolipin (Figure 3).
Phospholipids are also classified according to the chemical linkages at the sn-1
position. The ether-linked phospholipids include 1-alkenyl-2-acyl-glycerophosphocholine
(plasmenylcholine). I -alkyl-2-acyl-glycen>phosphocholine(plasmanylcholine) and their
ethanolamine-containing analogues. The ether-linked phospholipid is a minor constituent of
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Figure 2. General structure of the phospbogîyeeride molecule

O

6

R-C-+CH2

R'-C-O-CH

.

I

I
I

O

H

0-

COO-

II
O... H2C-O-P-O-CH,-C-NH,'
I

1
I

Phosphatidyl serine

O

O

II

R-C-O-CH,
R'-C-O-CH

II

O

I

I

Il

H,C-O-C-R
O

fl
1

H

I

H2C-O-P-O-CH,-C-CH,-O-P-O-CH2

0-

1
OH

O

a
I

r

HC-O-C-R'

L

II

0

0-

Diphosph8t i e î glycerd

Kaididipin)

Figure 3. Five major typa of phospholipid found in marnmalian tissues. R and

R' are acyl groups.

RCOCH

1 -olk-l'-enyl-2-acyI-sn-giy~0-3-phosph~holine
(pliwncnyldtolincor choline plasmalogen)

H2COCH2CbR
II
O

I
1:

RCOCH

+

H2COPOCH2CHfl(CHd3
t

1-alkyl-2-acy l-sn-glycero-3-phosp hocholine

(plasmanylcholine)

Figure 4. Structures of plasmeoylcholine and plasrnanylcholine.
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Sphingornyelin, a sphingosine-based phospholipid, is predominately found in the
plasma membrane of marnrnalian cells. The terminal hydroxyl group of ceramide is Iinked
to phosphocho1ine to fonn sphingomyelin. Cerarnide is the N-acylated denvative of
sphingosine and is structurally similar to the glycerol backbone of phosphoglycende. A
glycosphingolipid consists of a carbohydrate moiety linked to the terminal hydroxyl group
of ceramide. In a cerebroside, the terminal hydroxyl group of ceramide is linked to a single

glucosyl or galactosyl residue. More comptex glycolipid known as ganglioside contains
oligosacharide chains with one or more residue of N-acetylneurarninic acid. Glycolipid is

found on the extracellular leaflet of the plasma membrane and is involved in cellular
recognition and adhesion (9). The stmctures of sphingosine, sphinogmyelin and cerebroside
are depicted in Figure 5.
Like sphingomyelin, cholesterol is primarily present in the plasma membrane of
mammalian cells. The structure of a cholesterol molecule consists of four planar rings
(Figure 6). Cholesterol is arnphipathic with the C-3 hydroxyl group as the polar head group.
The steroid nucleus and the hydrocarbon side chah at C-17 form the non-polar hydrocarbon
body. Physical analysis of the membrane indicates that the fluidity and permeability of the
membrane is influenced by the cholesterol content (1 0). In addition to its role as a membrane

constituent. cholesterol also serves as a precursor for a vanety of products with biological
activities. A variety of steroid hormones such as estradiol and the D-vitarnins are produced
from cholesterol by removal or modification of the side chain at C- 17 (1 0).

HO NH,'

Sphingosine

Phosphoryl choline unit
b

Fatty acid unit

1-q

Sphingomyelin

H,C-(CH,)

,&

HH
Hi 1
= CC<-CH,+

K

I

Sugar4 unit

1Glucose or Galactose 1

I

HO N-H

Fatcy acid

u~6t

1 1
O=;

Cerebroside

Figure 5. Sphingosine, sphingomyelin and cerebroside

H-C-C
1

Figure 6. Structure o f cholaterol

Lipid is not unifomly distributeci arnongst the various organelle membranes. Table

1 and Table 2 list the lipid composition of various mammalian tissues and biological
membranes. Phosphatidylcholine and phosphatidylethanolarnine are the most abundant
phospholipids and appear to have the highest concentration in the mitochondna and the
endoplasmic reticulum. Sphingomyelin is present in significant quantities in al1 the tissues
exmined but not in the mitochondria or endoplasrnic reticulum.

Cholesterol is

predominately localized to the plasma membrane, although a small arnount of cholesterol can
be found in the mitochondrial, endoplasrnic reticulum, and Golgi membranes (1).

Cardiolipin is almost exclusively localized to the imer mitochondrial membrane (1 1).
Studies on the lipid composition o f the bilayer leaflets in the plasma membrane indicate an
asyrnmeûical distribution of phospholipids (1 1). A general feature of the plasma membrane
is that phosphatidylinositol. phosphatidylethanolamine and phosphatidylserine are limited
to the cytosolic half of the *bilayer. The outer layer is predominately composed of
phosphatidylcholine. sphingomyelin and glycolipid.

in summary. the lipid composition of a biological membrane is distinct to a particular
membrane system. However, the lipid composition of the membrane varies dramatically
among different cells and eveo organelles. In addition. the lipid composition of the same
membrane systern in different species c m also Vary significantly. Nevertheless, it is clear
that biological membranes are composed of an astonishing variety of lipids.

Table 1. Phospholipid composition of some mammalian tissues

Values for phospholipid composition are expressed as percentage of total phospholipid.
Adapted fiom White (12). n d , not detected.

Liver

Tissue

Brain

Source

Human

Rat

Cow

Human

Rat

Cow

Human

Rat

Cow

Phosphatidylchol ine

30

37

30

JO

36

42

4.4

51

56

Lysop hosphat idy Ic ho1ine

n.d-

n.d-

nad.

4

0.6

n-d,

1

1

n.d.

Phosphatidylethanolamine

36

36

33

26

30

38

28

25

13

Phosphatidylinositol

3

3

6

6

4

4

9

7

8

Phosphatidy iserine

18

12

17

3

3

7

3

3

4

Sphingomyelin

13

6

12

5

3

12

5

4

6

Cardiolipin

n.d-

2

0.7

9

11

9

4

5

4

Other

nad-

n.d.

0.5

7

12

2

7

1

Heart

1

-

3
1

Table 2. Lipid composition of some biological membranes
Data are expressed as weight percent of total Iipid. Adapted fiom Cullis and Hope (13).
"Human sources; b ~ aIiver.
t

Erythrocyte"

Myelina

Mitochondriab
( h e r and outer
membrane)

Endoplasmic
reticulumb

Cholesterol

23

22

3

6

Phosphatidylethanolarnine

18

15

35

17

Phosphatidykholine

17

10

39

40

Sphingomyelin

18

8

-

5

Phosphatidylserine

7

9

2

5

Cardioiipin

-

-

21

-

Glycolipid

3

28

-

-

Others

13

8

-

27

Lipid

1.1.3

Membrane protein
Membrane proteins are classified into two categories. The peripheral or extrinsic

membrane protein is associated with the hydrophilic part of the membrane that has limited
interaction with the hydrophobic core of the lipid bilayer. The association of the peripheral
protein with the membrane may occur by association with another membrane protein,
electrostatic interaction or perhaps with the polar head group of acidic phospholipids. The
peripheral protein can be removed fkom the membrane by treatment with salt (11). in the
second category- of membrane protein, the intrinsic or integral membrane protein is
associated with the membrane by interaction with the hydrophobic core of the lipid bilayer.
The integral membrane protein can be M e r categorized into simple or complex protein.
The simple integral membrane protein spans the membrane through the hydrophobic core
only once. whereas the complex integral membrane protein may pass the membrane multiple

times. The integral membrane protein is hydrophobic in the region which spans the
membrane and generally hydrophilic in the region which interacts with the aqueous
environment. The majority of integrai membrane proteins c m be extracted from the native
membrane by treatment with detergents such as Triton X- 100 or Chaps (14).

1.2

The de novo Biosynthesis of Glycerolipids in Mamrnalian Tissues.

1.2.1

Inîroduction
Studies on lipid biosynthesis date back to the 1950s when most of the pathways were

elucidated large1y through work conducted in Eugene Kennedy's laboratory ( 15, 16). S ince
then. a considerable amount of knowledge has been gained on the enzymes which catalyze
the lipid biosynthetic reactions and factors which regulate lipid biosynthesis. Most of the
lipid biosynthetic enzymes are associated with the membrane. and consequently the initial
studies were hampered by difficulties in purifjing the enzymes. To cornpound this difficulty,
kinetic analysis of the enzymes has not been straightforward since many of the substrates and
products are insoluble in aqueous solutions. In the last few decades, in part due to
advancement in technology and the wide availabiiity of nucleotide and amino acid sequence
information, great strides in the understanding of these enzymes at the molecular level have
been made. In particular, the sequence idormation obtained from lipid biosynthetic enzymes
purified from prokaryotes and yeast have provided the means to search the expressed

sequence tag database for the marnmalian homolog. Using this approach, several enzymes
including acyl-CoA:l-acyl-sn-glycerol-3-phosphosphateacyltransferase (Section 1-24)!
CDP-choline: 1.2 diacylglycerol cholinephosphotransferase (Section 1.2.7.1) and CDPdiacylglycerol synthase (Section 1.2.5) have been cloned.
While a major function of the lipid is to form the building blocks of the biological
membrane. a small population of lipids has been implicated as signaling moIecules acting
either as intracellular second messengers or as extracellular agonists that modulate ce11

fünction (17. 18). It is speculated that within the cell, separate lipid pools exist for
participation in various biological fùnctions (19, 20). It is clear that the signaling and
moduIation of ce11 h c t i o n by lipids are important physiological aspects of cellular h c t i o n .
A review on these topics however, is beyond the scope of this thesis. The following sections

will instead focus on the de nova biosynthesis of phospnoglycerides in marnmalian tissues.

1.2.2

1-Acyt-sn-glycerol-3-phosphate(iysophosphatidate)
The acylation of glycerol-3-phosphate represents the first committed step in

glycerolipid biosynthesis (Figure 7). Glycerol-sn-3-phosphate is synthesized fiom the
phosphorylation of glycerol in a reaction catalyzed by glycerokïnase (EC 2.7.1 -30).
Alternatively, glycerol-sn-3-phosphate is produced from the reduction of the glycolytic
intermediate dihydroxyacetone-3-phosphate in a reaction catalyzed by dihydroxyacetone-3phosphate dehydrogenase (EC 1.1.1.94).

The acylation of glycerol-sn-3-phosphate is

catalyzed by acyl-CoA: glycerol-sn-%phosphate acyltransferase (glycerol-3-phosphate
acyltransferase) (EC 2.3.l.lj), resulting in the production of 1-acyl-sn-glycerol-3-phosphate
(lysophosphatidate) (2 1). The enzyme exhibits the Iowest specific activity of al1 enzymes
in the glycerol-3-phosphate pathway suggesting that this step may be rate limiting (22. 23).
A partial purification of the acyltransferase fiom rat liver microsomes (24) and a full

purification fiorn rat liver mitochondria have k e n reported (25). Two isoenzyxnes have been
identified based on differences in their pH optima, Kmvalues. sensitivity to heat and Nethylmaleimide. subcellular localization and Mg-' (26). The microsomal enzyme is Nethylmaleimide sensitive and does not display any prekrence for saturated or unsaturated

acyl-CoAs. In contrast, the mitochondnal enzyme is insensitive to N-ethylmaleimide and
exhibits substrate preference for saturated acyl-CoAs. Both acyltransferases may be
regulated via a dephosphorylation !phosphocylation mechanism. A tyrosine kinase has been
purified fkom adipose tissue which reversibly inactivated the microsomal acyltransferase
(27). The mitochondrial acyltransferase was inactivated by an AMP-activated kinase (28).

Due to dificulties in reproducing the reported purification procedure (24), the amino
acid sequence of the microsomal acyltransferase is not yet available. in contrast. the
mitochondriai acyltransferase has k e n cloned fkom the mouse and rat liver (29, 30).
Alignment of arnino acid sequences fiom various acyltransferases has revealed several
regions of strong homology. Several amino acid residues have been identified in the
mitochondrial acyltransferase which are criticai for cataiysis (3 1). Studies on the expressed
recombinant mitochondrial acyltransferase indicate that the enzyme is an inte&@ membrane
protein with NO trammembrane domains. The N and C termini are orientated toward the
inner surface of the mitochondnal outer membrane while the intemal domain of the protein

is exposed to the cytosol. Transcription of the mitoc hondrial acyltransferase is modulated
during adipocyte differentiation (32,33), by insulin treatment and in fasted mice re-fed with

a high carbohydrate diet (29).

Indirect evidence indicates that the majority of

lysophosphatidate produced from the mitochondnal acyltransferase is used for cardiolipin
biosynthesis although a small amount of lysophosphatidate can move to other cellular sites
for conversion to other glycerolipids (34).

In an alternative pathway, lysophosphatidate is formed by the acylation of
dihydroxyacetone-phosphate and reduction of the newly formed l-acyl-dihydroxyacetone-3-

phosphate to lysophosphatidate (35).

The acyl-CoA: dihydroxyacetone-3-phosphate

acyl~ansferase(EC 2.3.1.42) activity is found in microsornes and peroxisomes.

The

microsomal activity is thought to aise from glycerol-3-phosphate acylaansferase since both
glycerol-3-phosphate and dihydroxyacetone-3-phosphate are mutually cornpetitive.

h

addition, the enzyme activities display similar pH optima, acyl-CoA specificity and
sensitivity to heat. N-ethyimaleirnide, trypsin and detergent (36). The peroxisomal enzyme

activity is distinct fiom the microsomal enzyme activity and the former is required for
plasmalogen biosynthesis (36).

1-Acyldihyroltyacetone-3-phosphate reductase (EC

1.1.1.101). which catalyzes the formation of lysophosphatidate, is enriched in peroxisomes
but is also found in microsornes (37).
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Figure 7. Pathways for the biosynthesis of phosphoglycerides. DHAP,
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1.2.3

Phosphatidate
Phosphatidate is currently believed to occupy a central branch point in the lipid

biosynthetic pathways (21). It is converted to CDP-diacylglycerol which serves as the
precursor for the biosynthesis of the acidic phosphoiipids such as phosphatidylinositol and
cardiolipin (Figure 7) (38)- Altematively. phosphatidate is dephosphorylated to produce
diacylglycerol which is a precursor of triacyglycerol. phosphatidylcholine and

phosphatidylethanolamine.
Phosphatidate is synthesized de novo fkom the acylation of lysophosphatidate in a
reaction

catalyzed

by

acyl-CoA:

1-acyl-glycerol-sn3-phosphate acyltransferase

(lysophosphatidate acyltransferase) (EC 2.3.1.51).

The enzyme is located in the

mitochondrial and microsomal fraçtions, but enzyme activity has also been detected in the
plasma membrane (39). The LPAAT-a and LPAAT-P cDNAs have been isolated from
human brain and leukocyte cDNA libraries (40) and encoded for separate isoforms of
lysophosphatidate acyltransferase. Lysophosphatidate-a acyltransferase mRNA has been
detected in al1 tissues but with higher expression in immune cells, epithelium and skeletal
muscle (41). Lysophosphatidate acyltransferase-P mRNA was expressed in most human
tissues but with higher expression in the heart, Iiver and pancreas (40- 42). From the
ubiquitous expression of the tysophosphatidate acyltransferase in al1 tissues. it is clear that

phosphatidate is an important intermediate in lipid biosynthesis. The role of the enzyme in
signal transduction cannot be excluded since the over-expression of either isoenzyme is
correlated with the enhancement of a cytokine-induced signaling response (40).
The LPAAT-a gene has been mapped to the class III region of the human major

histocompatibility complex in the chromosome band 6pZ 1.3 (43). The expressed LPAAT-a
displayed intermediate activity with arachidonyl-CoA (C,,:,)
and the highest activity with

,

palmitoy 1-CoA (C ,), Studies using confocal immunofluorescence microscopy indicate that
the isoenzyme is localized on the endoplasmic reticulurn. In contrat, the LPAAT-P cDNA
obtained from a human heart libtary (42) has been mapped to chromosome 9. region q34.3.
The expressed recombinant protein exhibited higher activity towards arachidonoyl-CoA than
stearoyl-CoA (C),,

or palmitoyl-CoA (42).

1.2.4 Cytidine diphosphate 12-diacyl-sn-glycerol (CDP-diacylglycerol)

CDP-diacyglycerol is produced fiom phosphatidate and CTP in a reaction catalyzed
by CDP-diacylglycerol synthase (EC 2.7.7.4 1). In mammalian tissues, CDP-diacylglycerol
is produced as a precursor for phosphatidylinositol and cardiolipin synthesis (38)- Since the
concentration of CDP-diacylglycerol is much lower than phosphatidate. CDP-diacylglycerol
synthase is thought to be the rate-limiting enzyme in phosphatidylinositol and cardiolipin
synthesis (38). It appears that the phosphatidylinositol pool is tightly regulated. since the
overexpression of CDP-diacylglycerol synhase and phosphatidylinositol synthase in COS-7
cells did not result in elevated phosphatidylinositol levels (41). Two isoforms of CDPdiacylglycerol synthase have k e n cloned fiom various sources (45.46). Studies employing
fluorescence in situ hybndization indicate that the genes encoding CDP-synthase, CDS 1 and
CDS? are localized to chromosomes 4q2 1.1 and ZOp 13, respectively (47). Subcellular
fiactionation studies indicate that the majority of CDP-diacylglycerol synthase activity is
localized in the endoplasmic reticulum, but activity has also been detected in the

mitochondriai, nuclear and plasma membranes {48,49). It is postulated that the enzyme
associated with the endoplasrnic reticulum is for the synthesis of phosphatidylinositoi wheras
the mitochondrial enzyme is for the synthesis of cardiolipin (44).

Although CDP-diacylglycerol synthase has k e n purified and cloned fiom bacteria,
yeast and Drosophila, purification of the enzyme from mammaiian sources has not k e n
achieved (50). Studies on the crude microsomal preparation indicate that the enzyme
requires Mg'- for activity and is stimulated by GTP. The e q m e is inhibited by CDPdiacylglycerol and inactivated by non-ionic detergents such as Triton X-100 (50).

In

contrast, the rnitochondrial enzyme is not inactivated by non-ionic detergents nor stimulated
by GTP. The two isoenzymes are separable by ion-exchange chromatography and display
different kinetic properties. These studies indicate that the mitochondrial and microsomal
CDP-diacylglycerol synthases are separate and distinct proteins.
In vitro studies of microsomal CDP-diacylglycerol spthase indicate that the enzyme

has Iittle or no selectivity for the acyl composition in phosphatidate. In contrast. structural
studies on CDP-diacylglycerol isolated from mammalian tissues show an abundance of
starate at the sn-1 position and arachidonate at the sn-2 position (51). The mechanism for
CDP-diacylglycerol to acquire its specific fatty acid composition is not clear.

1.2.5

1,2-Diacyl-sn-glycerol
DiacylglyceroI is produced fiom phosphatidate in a reaction catalyzed by

phosphatidate phosphatase (EC 3.1 3.4) (Figure 7). Diacylglycerol is also synthesized fiom
the acylation of monoacylglycerol which occurs readily in the enterocytes of the small

intestine and liver (52).

The reaction is catalyzed by acyl-CoA: monoacylglycerol

acyltransferase (EC 2.3.1.22). The enzyme is also active in adipose tissue (53) and
cardiomyocytes (54). Diacylglycerol is acylated to form triacylglycerol in a reaction
catalyzed by diacylglycerol: acyl-CoA acyltransferase (EC 2.3.1.20). Altematively. it is also
the precursor for phosphatidy lethanolamine and phosphatidylcholine biosynthesis.

Diacyglycerol is also an important signal transduction molecule which activates protein
h a s e C. The signaling diacylglycerol is produced in a phospholipase C mediated hydrolysis

of phosphatidylinosito1-4f5-bisphosphate(55). Altematively, the diacylglcyerol may be
produced in a sustained manner via the catabolisrn of phosphatidylcholine catalyzed by
phospholipase D (EC 3.1 -4.4) and phosphatidate phosphatase (17).
At least two types of phosphatidate phosphatases exist in mammalian tissues (56).

The type 1 phosphatidate phosphatase is Mg?-dependent

and inactivated by N-

ethylmaIeimide (56. 57). The enzyme translocates from the cytosol to the endoplasmic
reticulum on stimulation by fatty acids or acyl-CoAs (58). It is stimulated by glucagon.

glucocorticoid, CAMP,growth hormone and inhibited by insulin. The enzyme is displaced
from the membrane by okadaic acid suggesting that it rnay be regulated by a protein kinase

(58). Its regdation and subcellular LocaIization indicate that the type I phosphatidate
phosphatase is for triacylglycerol and phospholipid biosynthesis (58).

At present. the

microsomal phosphatidate phosphatasr of mammalian cells has not yet been purified or
identified at the molecular level.
The reaction catalyzed by type II phosphatidate phosphatase is important in signal
transduction (59). The type 11 phosphatidate phosphatase is localized to the plasma

membrane, not dependent on M g ' for activity and not inactivated by N-ethylmaleimide (60).
Several investigators have reported on the purification and characterization of type II
phosphatidate phosphatase (61-63). The enzyme is a 35 kDa glycoprotein (59) and also
catalyzes the dephosphorylation of ceramide- l -phosphate.

lysophosphatidate and

sphingosine-l -phosphate (64). Sequence analysis of the purified type II phosphatidate
phosphatase cDNA sequences indicates the existence of at least two isoenzymes in
mammalian tissues (65). Expression of the enzyme in a human prostatic adenocarcinorna
ce11 line has been s h o w to be modulatesi by androgens (66). Computer modeling predicts

that the -pe II phosphatidate phosphatase is a channel-like i n t e p l membrane protein with
six trammembrane domains (67). Surprisingly, the type II phosphatidate phosphatase
sequence is hi@y homologous to proteins with altemate h c t i o n s . The type II phosphatidate
phosphatase shares 48.1% and 34.4% identity with Drosophila Wunen and rat Dri 32 proteins
which participate in genn ce11 migration and epithelial differentiation, respectively (65).

1.2.6

Phosphatidylcholine
Several metabolic pathways exist for phosphatidylcholine biosynthesis (Figure 8).

The CDP-choline pathway was first described by Kennedy and CO-workers(1 5 . 16). In this
pathcvay, choline is transported across the membrane into the ce11 via a choline transporter.

Choline is then converted to phosphocholine by choline kinase (EC 2.7.1.32).
Phosphocholine is subsequently converted to CDP-choline in a reaction catalyzed by CTP:
phosphocholine cytidylyltransferase (phosphocholine cytidylyitransferase) (EC 2.7.7.15).
The condensation of CDP-choline with diacylglycerol catalyzed by CDP-choline:

diacylglycerol cholinephosphotrasnfera~e(cholinephosphotramferase) (EC 2.7.8.2) produces
phosphatidylcholine and CMP. A small arnount of phosphatidylcholine c m be produced
through the base exchange pathway, but the process is generally considered as a minor
pathway. In the liver, a significant amount of the phosphatidylcholine is synthesized by the

progressive methylation of phosphatidylethanolamine. The transfer of methyl groups from
S-adenosylmethionine is catalyzed by phosphatidylethanolamine N-methyltransferase (EC
2.1.1.17). The major pathways for phosphatidylcholine biosynthesis in marnmalian tissues
will be M e r examined in the following sections.
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Figure 8. Pathways for the biosynthesis of phosphatidykholine

1.2.6.1

CDP-choline pathway
The CDP-choline pathway is sometimes referred to as the Kennedy pathway or the

de novo synthesis pathway. In 1955, Kennedy and coworkers demonstrated that CTP is an

essential substrate for the incorporation of phosphocholine into phosphatidylchoiine (15).
They also demonstrated that CTP: phosphocholine cytidyldyltransferase cataiyzes the
formation of CDP-choline, and the enzyme is located in the cytosolic and microsomal
fractions of guinea pig liver.

In a separate report, Kennedy demonstrated that

cholinephosphotransferase catalyzes the condensation of diacylglycerol with CDP-choline
to form phosphatidylcholine (16).

Choline is an essential nutnent in the diet, and its absence may have profound effects
on phosphatidylcholine biosynthesis (68,69). In the heart. choline is taken up by a sanirable
rnechanism with a

& of 0.1 mM (70). Thus, it is possible that the plasma choline

concentration (approximately 0.18mM) may provide a mechanism for the regulation of
choline uptake in the heart. In other tissues, two types of choline transporters have been

identified. One transporter e-xhibitsa relatively high aff1nity for choline and requires Na' for
activity (7 1). This receptor is associated with the synthesis of acetylcholine in cholinergic

synaptosomes. The other receptor is a low affinity, Na- -independent receptor which
transports choline into non-cholinergic cells. This receptor is responsible for transporting

choline for subsequent phosphorylation by choline kinase and phosphatidykholine synthesis
(7 1)-

Phosphocholine is synthesized fiom choline and ATP in a reaction catalyzed by
choline kinase. The enzyme displays an absolute requirement for Mg? In most instances.

the enzyme has been recovered exclusively in the hi&-speed supernatant of tissue or ce11
homogeaates indicating that the enzyme is cytoplasrnic in origin (72). In isolated cases,
choline kinase activity has aiso been detected in membrane fiactions (73, 74). The enzyme
has been purified to homogeneity fiom nurnerous sources including the rat kidney. liver and

brain (75, 76). In most cases. the purified enzyme aiso display-s significant activity with
ethanolamine (77). immunologicai studies and chromatographie analysis of choline kinase
indicate that the enzyme exists in multiple isoforms (78). This observation is supported by
the discovery of several distinct cDNA clones coding for choline kinase (79, 80). Certain
chernical carcinogens, growth factors and transfection of cells with the ras/& oncogene have
been shown to elevate choline kinase activity in the ce11 (77). From these studies, Kiss et al.
suggest that phosphocholine produced fiom choline kinase may act as a second messenger
in a process leading to the induction of DNA synthesis (8 1).
Phosphocholine is converted to CDP-choline by CTP: phosphocholine
cytidylyltransferase. Ln the CDP-choline pathway, phosphocholine cytidylyltransferase is the
rate-limiting enzyme in phosphatidylcholine biosynthesis.

The enzyme is regulated

transcnptionally (82, 83) and at the pst-translational level. For exarnple. the enzyme is
regulated by protein phosphorylation (84). trandocation to the membrane (85). alteration in
membrane composition (86) and the rate of enzyme turnover (87). The enzyme has been

purified to homogeneity fiom rat liver and cloned (88, 89). Three isoenzymes have been
characterized and include a-.p 1-, and PZ- phosphocholine cytidylyltransferase (90). The

a isoform contains a nuclear localization structure. a catalytic domain, a helical lipid binding
domain and a phosphorylation domain. The pl and PZ isoforms also contain the highly

homologous cataiytic domain and the lipid binding domain. However, they lack the nuclear
localization signal and differ at the C termini (91). The P isoforms are produced fiorn the
same gene by alternate splicing of the transcript,
The translocation of phosphocholine cytidylyltcansferase from the cytosol to the
membrane activates the enzyme. and it is regarded as an important rnechanism for replation
of phosphatidylcholine biosynthesis.

deficiency

(92).

Enzyme translocation is stimulated by choline

diacylglycerol, phorbol

ester

(93)

and

anionic

lipid

(94).

Immunofluorescence and electron microscopy studies indicate that the bulk of
phosphocholine cytidylyltransferase a is essentially nuclear in origin while some of the

enzyme is localized on the endoplasmic reticuium (95). The p l and PZ isoforms are
exclusively confined ont0 the endoplasmic reticulum (91). The membrane binding domain
of phosphocholine cytidylyltransferase is an amphipathic helical structure which interacts

with lipid and membrane. The domain exerts an inhibitory control over catalytic activity in
the absence of lipid but becomes activating in the presence of lipid (96). The soluble pool

of phosphocholine cytidylyltransferase is highiy phosphorylated. and dephosphorylation is
concomitant with translocation and activation of the enzyme. It was hypothesized that
tram location of phosphochline cytidylyltransferase is regulated by a proline-directed protein
kinase (97). Subsequently. mutation analysis on the phosphorylation dornain of the enzyme
indicates that membrane association is not triggered by dephosphorylation (98). At present,
the physiological significance of the phosphorylation domain is not clearly understood but

may play a role in coordination of phosphocholine cytidylyltransferasewith the ce11 cycle and
enzyme stability (99).

Currently, the notion that phosphocholine cytidylyltramferase is activated upon
translocation to the membrane has k e n challenged. In a study by Northwood et uL,
cytidylyltransferase redistributed €rom the nucleus to the endoplasmic reticulurn in
fibroblasts with the concomitant movement of enzyme activity (100). In addition. DeLong
er al. reported that cytidylyltransferasea is Iocaiized exclusively to the nucleus. and shuttling
between the nucleus and cytoplasm does not occur. Rather. previous observations of
cytidylyltransferase shuttling were due to the non-specific detection of the isoenzymes
present in the various subcellular compartments (1 0 1). Further studies will be required to
settle this controversy.

In the final step for the de novo formation of phosphatidylcholine. CDP-choline
condenses with diacylgiycerol to form CMP and phosphatidytcholine in a reaction catalyzed
by cholinephosphotransferase. In this reaction, M g - or Mn'- are essential cofactors for
maximal activity. The analysis of subcellular fractions with marker enzymes indicates that
most of the enzyme activil resides on the endoplasmic reticulum (102). Enzyme activity

has also been detected in the Golgi. mitochondrial and nuclear membrane fractions (103).
Although phosphatidylcholine biosynthesis is predominately regulated by phosphociioline
cytidylyltransferase, choiinephosphotransferase may also become

rate

limiting.

Phosphatidylcholine biosynthesis may be decreased by limited diacylglyceroi avaiIability
(104) and by short-term fasting. The fasting causes argininosuccinate accumulation in the
liver which in turn directly inhibits cholinephosphotransferase (LOS). Enzyme activity is also
modulated

by

thyroid

hormone

(1 O6),

lysophosphatidylcholine and calcium concentration.

short-chah

C6-ceramide

( 107).

Although a homogenous purification of cholinephosphotransferasp has not yet been
obtained? the enzyme has been partially purified from the hamster heart (108). In an
alternative approach. a 55 kDa protein band was labeled by the photoaffi~nityprobe Y(2')-0(benzoyl) benzoyl r2P]CDPsholine. The labeled protein was subsequently identified as

cholinephosphotransferase after gel electrophoresis and autoradiography (109).
Analysis of the human expressed sequence tag database for the yeast
cholinephosphotransferase homolog has resulted in the cloning of two distinct

cholinephosphotransferase genes. hCPTl is positioned to chromosome 12q, and the gene
product is specific for CDP-choline (1 10). Overexpression of hCPT 1 in yeast devoid of k i r
Own

cholinephosphotransfefa~e
teconsituted phosphatidylcholine biosynthesis. In contrast.

hCEPT1 is found on chromosome 1, and its gene product utilizes both CDP-choline and
CDP-ethanolamine for phosphatidylcholine and phosphatidylethanolamine synthesis (1 11).
The choline / ethanolarninephosphotransferaseis expressed ubiquitously in al1 tissues and
utilizes a broad range of diacylglycerol (1 1 1). Kinetic studies on the expressed enzyme
indicate an apparent Y, of 37 pM and a V
,

apparent Km of 101 pM and a V
,

of 10.5 nmol/minfrng for CDP-choline and an

of 4.35 nmoVmidmg for CDP-ethanolamine when

,:

dioleoylglycerol (C ,) is used.

1.2.6.2

Methylation of pbosphatidylethanolamiae
Phosphatidylcholine is also synthesized in the liver via the progressive methylation

of phosphatidylethanolamine in reactions catatyzed by phosphatidylethanolamine Nmethyltransferase (Figure 8). The rnethylation of phosphatidylethanolamine accounts for 20-

40% of phosphatidylcholine synthesized in the liver ( 112). The pathway is not essential for
growth or development but is required for phosphatidylcholine synthesis when dietary
choline is deficient (1 13). Expression of phosphatidylethanolarnine methyltransferase in
Chinese hamster ovary cells defective in de novo synthesis of phosphatidylcholine at the

restrictive temperature failed to prevent ce11 death (1 14). It was postulated that insuficient
phosphatidylcholine was produced by the rnethylation pathway to maintain the necessary

p hosphatidylcholine levels required for cellular replication ( 115). Phosphatidylcholine fiom
the methylation paîhway was fou& to contain a diverse amay of long chain polyunsaturatted
species and a high amount of arachidonate. In contrast, newly formed phosphatidylcholine
from the CDP-choline pathway contains mostly medium length saturated acyl chains (1 16).

The molecular distinction of phosphatidylcholine produced from the methylation and CDPcholine pathways may reflect on fùnctional differences of the two pathways in the liver. For

example. an inverse relationship between phosphatidylethanolamine methyltransferase
activity and ce11 proliferation has been well established (1 17. 118). Thus. it is speculated that

phosphatidylethanolarnine methyltransferase may function as a suppressor of hepatocyte
growth and transformation (119).

Two isofonns of the enzyme. PELMTIand PEMT2. have been characterized (120)-

PEMTl is localized on the endoplasmic reticulum. and PEMTZ is localized on the
endoplasmic reticulum-like membrane fraction that sediments with mitochondria afier
centrifügation (120). Knock out studies have demonstrated that both isoforms are encoded
by

the

Pempt

gene

(1 13).

phosphatidylethanolamine,

Both

isoforms catalyze

the

methylation

phosphatidylmonomethylethanolamine,

of
and

phosphatidyldimethylethanolarnine.

1.2.7

Phosphatidykthanolamine

Phosphatidylethanolaminemakes up about 20-30% of the total phosphotipid content
in most mammalian tissues. Most of the phosphatidylethanolamine is produced via the

CDP-ethanolamine pathway (Figure 9) (12 1). In this pathway, ethanolarnine is converted
to phosphoethanolamine by ethanolarnine kinase (EC 2.7-1-87). Phosphoethanolamine is
subsequently converted to CDP-ethanolamine in a reaction catalyzed by CTP:
phosphoethanolamine cytidylyltransferase (phosphoethanolamine c)~idylyltransferase) (EC
2.7.7.24). The condensation of CDP-ethanolamine with diacylglycerol catalyzed by CDPethanolamine:

diacylglcyerol

ethanolaminephosphotransferase

(ethanolaminephosphotransferase) (EC 2.7.8.1) produces phosphatidylethanolamine. A
small amount of phosphatidytethanolarnine is synthesized via the base exchange pathway,
but this process represents a rninor pathway. Phosphatidylethanolamine is also produced
from

the

decarboxylation of

phosphatidylserine.

The major

pathways

for

phosphatidylethanolarninebiosynthesis in mamrnalian tissues will be M e r examined in the

following sections.

Figure 9. Pathways for the biosynthesis of phosphatidylethanolamine. R,and
R, are acyl groups.

CDP-ethanolamine pathway

1.2.7.1

Ethano lamine is converted to phosphatidy lethano lamine after thtee sequential
reactions in a pathway similar to the CDP-choline pathway. Ethanolamine is phosphorylated
to phosp hoethanolamine in a reaction catalyzed by ethanolamine kinase. Although many
choline kinases also contain ethanolamine kinase activity. several ethanolamine-specific
kinases have been identified (122. 123). Two distinct ethanolamine kinases have k e n
purified to homogeneity fiom the rat liver (124). Ethanolamine kinase 1 is a 36 kDa protein
and displays no choline kinase activity. Ethanolamine kinase

II is a 160 kDa protein and

displays different kinetic properties fiom ethanolamine kinase 1. The human cDNA for an
ethanolamine-specific kinase has been recently obtained from searching the expressed
sequence tag data base (125). The cDNA encodes a protein with a predicted molecular size
of 49.7 kDa. Overexpression of the cDNA in COS-7 cells resulted in a 170-fold increase in

ethanolamine specific enzyme activity.
Phosphoethanolamine is converted to CDP-ethanolamine in a reaction catalyzed by

CTP: phosphoethanolarnine cytidylyltransferase. The conversion of phosphoethanolamine
to CDP-ethanolamine is considered as the rate-limiting step of the pathway. The enzyme has

been purified from rat liver- and extensive studies confirm that the phosphoethanolamine and
phosphoc holine cytidylyltransferases are separate enzymes (126).

In contrast to

phosphocholine cytidylyltransferase, phosphoethanolarnine c'idylyltransferase

activity is

not affected by phospholipid. ln addition, the analysis of subcelIular fractions with marker
enzymes indicates that the enzyme is predominately localized in the cytosolic fraction (127).

Zmmunogold

electron

microscopy

studies

revealed

that

phosphoethanolarnine

cytidylyltransferase is actually distributed between the cistemae of the rough endoplasmic
reticulum and the cytosol(126). Thus,phosphoethanolamine cytidylyttransferase activity
may also be modulated via translocation between the two subcellular compartments. The
enzyme however. does not contain the amphipathic a-helical membrane binding domain
found in phosphocholine cytidylyltransferase* Two putative phosphorylation sites on
phosphoethanolamine cytidylyltransferase have k e n identified suggesting that the enzyme
rnay be regulated by phosphorylation (128).
The phosphoethanolamine cytidylyltransferasecDNA has been cloned fkom rat liver
and

hurnan glioblastoma cDNA libraries (12& 129).

Phosphoethanolamine

cytidylyltransferase contains a large repetitive intemal sequence in the N- and C - terminai
halves of the protein. Both repetitive sequences contain the HXGH motif the most
COnserved

region of the active domain of other cytidyly1tramferases suggesting the existence

of two catalytic sites in phosphoethanolarnine cytidylyltransferase(128).

In the final step. CDP-ethanolamine is converted to phosphatidylethanolamine in a
reaction catalyzed by ethanolaminephosphotransferase. The enzyme has been purified to

homogeneity fiom bovine liver microsomes (130). Concurrent with the cloned choline /

ethanolaminephosphotransferase (I 11). the purified enzyme also displays activity with CDPcholine. The cDNA open reading frame predicts a 16.6 kDa protein containing seven
membrane-spanning domains.

1.2.7.2

Decarboxylation of phosphatidylserine

Phosphatidylethanolamine is also generated via the decarboxylation of

phosphatidylserine in a reaction catalyzed by phosphatidylserine decarboxylase (EC
4.1.1 -65). The mammalian enzyme is localized to the outer leaflet of the Uiner mitochondrial

membrane ( 2 3 1). A partial purification of the enzyme fiom rat Iiver has been described,
although the yield was low, and the preparation was unstable (132). A phosphatidylserine

decarboxylase between 60-70 kDa fiom the plasma membrane of rat liver has also been
described (133). The cDNA for phosphatidylserine decarboxylase h a been cloned by
complementation of a Chinese hamster ovary cell line auxotrophic for phosphatidylserine
(134). Transcriptional and translational studies indicate that the pssC gene product is

converted into mature phosphatidylserine decarboxylase via multiple steps of posttrmslational processing (1 35).

1.2.8

TriacylgtyceroI
Diacylglycerol and acyl-CoA is converted to triacylglycerol and CoA by acyl-CoA:

diacylglt-cerol acyltransferase (diacylglycerol acyltransferase) (EC 2.3. t -20). The regulation
of diacylglycerol acyltransferase may be important in triacylglycerol biosynthesis during
intestinal fat absorption. lipoprotein assembly, the regulation of plasma triacylglycerol
concentrations. fat storage in adipocytes, energy metabolism in muscle and in milk
production (36). Diacylglycerol acyltransferase activity is localized on the endoplasmic
reticulum. and its activity is strongly dependent on Mg" concentration (136). The enzyme
has been purified to homogeneity and identified as a 60 kDa protein although no amino acid
sequence information was reported (137). In a homology search of the expressed sequence
tag database using acyl CoA: cholesterol acyltransferase (EC 2.3.1.26). a clone was idsntified

homologous to the C terminus of the cholesterol acyltransferase (138). Expression of the

cDNA did not result in cholesterol acyltransferase production. Rather, the cDNA encodes
for an enzyme with acyltransferase activity specific for diacy lglycerol. The gene was
expressed in al1 tissues examined, and expression correlated with the differentiation o f NIH

2T2-L 1 cells into adipocytes (138).

1.2.9

Phosphatidylserine
Phosphatidylsenne is a major phospholipid in the mammalian plasma membrane

making up 510% of the total phospholipid pool. As previously mentioned,
phosphatidylserine is also an intermediate in the biosynthesis of phosphatidylethanolamine.

In mammalian tissues, phosphatidylserine is synthesized in mammalian cells via the baseexc hange

reactions (1 39).

Phosphatidylserine synthase 1 (EC

2.7.8.8) uses

phosphatidylcholine as a substiate for exchange with serine. Phosphatidylserine synthase Ii

uses phosphatidytethanolamine as the phosphatidyl donor for exchange with L-serine to
produce phosphatidylserine. These reactions are energyindependent, require Ca2-. and have
a slightly alkaline pH optimum. Enzyme activity is detectable in mitochondria (140)?plasma

membrane (Ml), microsomes (143) and nuclei (143). Kinetic studies and purification of the

enzymes indicate that separate enzymes exist for choline, ethanolamine and serine baseexchange activities. The cDNAs encoding for the enzymes have been obtained in a
complernentation study with phosphatidylserine auxotrophic Chinese hamster ovary cells
(1 44).

1.3

The Direct Acylation of Glycerol

1.3.1

The direct acylation of glycerol
The biosynthesis of monoacylgtycerol was studied by Kinsella who examined the

incorporation of [ L 4 ~glycerol
]
into the lipid fraction of bovine mammary cells (1 45). M e r
the cells were incubated with radiolabeled glycerol, the specific radioactivities of

monoacylglycerol, diacylglycerol, triacylglycerol and other various lipids were determined.
More than any other lipid. the monoacylglycerol pool was found to have the highest specific
radioactivity immediately after pulse-labeIing.

The labeling profiles clearly indicated

monoacylglycerol as an early intermediate in lipid biosynthesis.

Since de novo

monoacylglycerol biosynthesis had not been previously established, the production of
monoacylglycerol was instead attributed to the catabolism of the IabeIed diacylglycerol or
lysophosphatidate. Remarkably, little is known about the in vivo direct acylation of glycerol.
The acylation of glycerol-3-phosphate has k e n comprehensively studied (146. 147)-

To a Iesser extent, the direct acylation of glycerol has also been documented (148. 149).
Glycerol was found to compete with water as a nucleophile at the active site of the enzyme,
resulting in the formation of monoacylglycerol. Monoacylglycerol is also produced fiom
glycerol by a 60 kDa lysophospholipase-transacylase with lysophosphatidylcholine as the
acyl donor (149). In each case, a high concentration of glycerol is required to detect product
formation. It has been documented that glycerol, ethanol. and several other alcohols form
esters with ['4~]-palrnitatein the presence of adipose tissue microsomes (150). An 85 kDa
recombinant phospholipase AI was also reported to tmnsfer an acyl group from

phosphatidylcholine to glycerol.

1.3.2

Monoacylglycerol
Monoacylglycerol in marnmalian tissues is relatively low in abundance. The role of

monoacylglycerol in lipid biosynthesis and in signaling is not hlly understood.

In

enterocytes. the absorbed rnonoacylglycerol is derived from the hydrolysis of d i e t q
glycerolipids. In hepatocytes, cardiomyoctes and adipoctes. the monoacylglycerol is thought
to be derived from the hydrolysis of triacylgIyceroi (54).

En Swiss 3T3 cells,

monoacygtyceroI is preferentially incorporated uito phosphatidyiinositol(15 1).
2-Arachidonyiglycerol has recently been identified as the endocannabinoid which
binds to the cannabinoid receptors found in nervous tissues and in cells of the immune
system (152). The cannabinoid system has been implicated in the regulation of cellular
homeostasis (15 3 , vascular health (154) and the immune system (155). It is speculated that
the cannabinoid system represents one element of a neurotransmitter system which controls

neuronal excitability (156). The importance of this system however is not clear due to a lack

of direct evidence for the synthesis, release and effects of endocannabinoids at the junction
between nerve cells. Indirect evidence indicates 2-arachidonylglycerol is produced via the
catabolism of diarachidonyl-phosphatidylcholineor phosphatidic acid (1 57' 158).

1.4

The Catabolism of Phosphoüpids

1.4.1

Phospholipases
Phospholipid is catbolized through the action of various phospholipases. The

different types of phospholipases are categorized according to the specific phospholipid bond
it hydrolyzes. Phospholipase A, (EC 3.1 -13.2) specifically cleaves the acyl group at the sn-1
position, while cleavage of the acyl group at the sn-2 position is catalyzed by phospholipase

(EC 3-1.1 -4). Phospholipase C (EC 3.1 -4.3) and phospholipase D (EC 3.1.4.4) are
responsible for cleavage at the phosphate group (Figure 10).
In rnammalian cells, the cytosolic phospholipase A: (cPLA2) has been extensively
studied because it represents an attractive therapeutic target. The cPLA, preferentially

cleaves phosphatidy-lcholine containhg arachidonate at the sn-2 position and is a key
mediator in arachidonate release. Arachidonate is a precursor of a wide spectrum of proinflarnmatory mediators including prostaglandins. thromboxanes and leukotrienes (159). The
enzyme is activated by micromolar amounts of Ca2-(160) which causes its translocation to

membrane fractions such as Golgi, endoplasmic reticulum and nuclear membranes (1 6 1).

cPLA, is also modulated by receptor activation in response to a wide variety of stimuli
including norepinephrine (162), bradykinin (1 63). cytokine ( 164) and epidemal growth
factor (165). cPLA? has been purified and cloned from several sources (166, 167). The
nucleotide sequence predicts a protein with a molecular weight of 85.2 kDa. and the gene is
expressed in al1 tissues (168). Structural studies of cPLA, have shown that the protein
contains a regulatory calcium binding domain (CaLB) at the N-terminus and a catalytic

domain at the C-terminus. The CaLB domain displays a hi& affinity for Ca" and localizes
cPLA2to membrane structures (169). The cPLA2 sequence also contains several consensus

phosphosphorylation sites for both serine I threonine and tyrosine kinases (170). The
activation of protein kinase C (1 71), mitogen activated protein kinase (1 62) and extracellular
signal-regulated kinase 2 (p4S mitogen activated protein kinase) (1 72) has been correlated

with the activation of cPLA,. However, the involvement of the protein kinases in cPLA,
activation is ce11 and stimuli specific (173).

Figure 10. Sites of phospholipase action

1.5

Lands Pathway

1.5.1

Phospholipid acyl composition
Structurai studies of phospholipid molecuies in mammalian tissues uidicate that the

acyl content is highly specific in terms of c h a h length, position and satwation.

As

previously mentioned, the acyl moiety esterified to the glycerol backbone is usually saturated
at the sn-l position and unsaturated at the sn-2 position.

For example, in rat liver

phosphatidylcholine. 38.4% of the acyl moieties at the sn-l position is occupied by stearate

,

(C ),

and 50% at the sn-2 position by arachidonate (C30,) (174). The composition of acyl

groups in phospholipids strongly influences the physical properties of membranes. In tum,

the fluide. permeability or bilayer thickness of the membrane may modulate the activities

of membrane proteins ( 175).
As previously discussed. the lipoidal moiety of phosphatidylcholine is synthesized
via the glycerol-3-phosphate pathway. Phosphatidate is produced by the sequential action

of glycerol-3 -phosphate and lysophosphatidate acy1transferases. In vivo and in vitro studies
demonstrated that unlike the endogenous phospholipid pool. newly formed phosphatidate
contains predominately monoenoic and dienoic acyl species.

It is apparent that

cholinephosphotransferase has limited selectivity for 1-2-diacylglycerol substrates with

specific acyl composition (1 11).

In addition. the acyl composition of newly fonned

p hosphatidylcholine is similar to the diacylglycerol produced fiom phosphatidate (176).

Rather, the proper acyl composition of phospholipids is acquired in a remodeling process
afier de novo synthesis (1 77).

1.5.2

Deacylation / reacytation cycle
The phospholipid acyl moieties are remodeled in a deacy lation / reacylation process

sometimes referred to as the Lands pathway (178). For example. phosphatidylcholine is
converted to lysophosphatidylcholinc by phospholipase A (Figure 11). Subsequently.
lysophosphatidy lcholine is reacy lated back to phosphatidylcholine with the proper acyl c h a h
by acyl-CoA: 1-acyl-sn-glycerol-3-phosphocholineacyltransferase (lysophosphatidy1choline
acyltrans ferase)

(EC

2.3.1 -23).

Acyl-Co A:

1-ac y1-sn-glycero 1-3-phosphocho line

acyltransferase highly prefers unsaturated acyl-CoA, and acyl-CoA: 2-acyl-sn-glycero1-3phocholine

acyltransferase

highly

prefers

saturated

acyl-CoA

(1 79,

180).

Lysophosphatidylcholine acyltransferase has k e n detected in al1 mammalian tissues studied
(181). The enzyme is localized predominately to the microsomal membrane (182), but

activity can also be found in mitochondria and plasma membrane (183, 184). Altematively?
lysophosphatidylcho1ine can be fùrther cataboIized to glycerophosphocho1ine.
Major advances in delineating the mechanisms which govern phospholipid
remodeling and maintenance of the acyl composition have been hindered by difficulties in
purification of lysolipid acyltransferases. The dificulty occurs because extrication of the

enzyme from its lipid membrane environment leads to irreversible inactivation of the
enzyme. The dificulty is compounded by the fact that acyltransferase activity is also
inhibited by even low amounts of detergents. Since the solubilization of the enzyme from
the membrane in an active form is paramount to its subsequent purification by
chromatography.

a complete reassessment of detergents for solubilization of

lysophospahtidylcholine acyltransferase fiom microsoma! membranes has been conducted

(1 82). It was found that treaûnent of microsornes with 1% Chaps and 0.1M KCI results in

the solubilization of î W O % of total enzyme activity.

The purification of lysophosphatidylcholine acyltransferase fiom the bovine brin and
heart has been reported (185, 186). The molecular weight of the proteins were found to be
43 and 64 kDa respectively. The enzyme utilizes a variety of unsaturated long chain acy-l-

CoA but is specific for arachidonyl-CoA. The enzyme prefers lysophosphatidylcholine, but
also uses lysophosphatidylethanoiamine~lysophosphatidylserine or lysophosphatidylinositol
as the acyl accepter. in a separate study, lysophosphatidylcholine acyltransferase has ais0

been identified as a 2 1 kDa protein band by solubilizationwith hi& concentrations of oleoylCoA and lysophosphatidylcholine (187). The acyltransferase converted oleoyl-CoA and
lysophophosphatidylcholine into vesicuiar phosphatidylcholine. nie newly formed vesicles
contained a substantial arnount of enzyme and was subsequently isolated by density gradient

centrifugation. The recovered acyltransferase displayed preference for unsaturated acylCoAs and iysophoshatidylcholine.

Due to difficulties in reproducing the original purification protocol reported over a
decade ago, no M e r work has been reported on the purîfied enzymes. Hence, information
on the amino acid sequence of the enzyme is not availabte and attempts to obtain the cDNA
have not been reported.

Phosphatidylcholine
Phosphofipe A,
Lysophosphrrti(j,IchoIine

Fatty acid

Lysophosphatidylcholine

Glycerophosphocholine

Figure II. Deacylation I nacylation cycle

1.6

Research Aims and Hypothesis

Lipids f o m the building blocks of the biological membrane?and phosphatidylcholine
is the principle lipid in mammalian tissues. The purpose of this research was to study the
control of lipid metabolism in marnmalian tissues. More specifically. the regplation of
phosphatidylcholine metabolism, the deacylation / reacylation cycle and the direct acy lation
of glycerol were exarnined.

In the first part of the study? the control of phosphatidylcholine rnetabolism was
exarnined in human mbilical vein endotheliai cells. We hypothesized that phosphocholine,
a phosphatidylcholine precursor could modulate phosphatidylcholine metabolism. In order
to test this hypothesis. cells were treated with and without phosphocholine and incubated

with radioactive choline. After cellular disruption and isolation of the choline-containing
compounds, the radioactivities of the metabolites were determined. Activities of the
enzymes in the CDP-choline pathway were also determined. The effect of phosphocholine

on phosphatidylcholine catabolism was studied by measuring arachidonate release and
determining cPLA, activity.
In the second part of the study, the deacylation / reacylation cycle of
phosphatidylcholine was examined. Although purification of lysophosphatidylcholine
acyltransferase was reported over a decade ago, further w-ork on the purified enzyme has not
progressed due to dificulties in reproducing the purification of the enzyme. We hypothesized
that multiple acyltransferase isozymes exist, and that each isoqme is specific for a detined
lysolipid and acyl group. Since direct evidence for the existence of acyltransfemse isozymes

must corne from studies with the purified enzyme, our initial attempt was to solubilize the
enzyme from pig heart microsomes. Subsequently, column chromatography and gel activity
assays were ernployed to puri@ the enzyme.
In the final part of the study, the direct acylation of glycerol was examined.
Preliminary studies indicated that the direct acylation of glycerol was catalyzed by
microsomal acyl-CoA: glycerol acyltransferase. We hypothesized that glycerol could be
directly acylated for lipid biosynthesis. To test this hypothesis, pulse-chase studies were
conducted with hepatocyte or myoblast cells using radiolabeled glycerd. The direct
acylation of glycerol was M e r examined in pulse-chase experirnents by varying the
extraceIluIar glycerol concentration or attenuating the glycerol-3-phosphate pathway. Studies
were conducted to determine substrate specificity, pH and temperature optima of acyl-CoA:
giycerol acyltransferase. Kinetic studies were conducted on the glycerol acyltransferase to
determine the Km and V,,

values. FPLC gel filtration photoafinity labeling and gel

electrophoresis were employed to puri@ the enzyme. lmmunological studies were performed

to

the purification and amino acid sequencing was conducted to identify the enzyme.

The results of these studies enable us to better understand the control of glycerolipid
metabolism in mammalian tissues.

2

MATERIALS AND METHODS

2.1

Materials
Al1 Iipid standards were obtained from Serdary Research Laboratones (London.

Ontario, Canada). Thin-layer chromatography plates, (K6 Silica gel 60A) and DE8 1 (2.5cm)
filter discs were purchased fiom Whatman inc. (C lifion. New Jersey. USA). [Met&[-'H]
choline (80.0 mCihrnol) and CDP-[MethyZ-"Cl choline (42.2 mCi/rnrnol) were obtained

fiom Dupont Canada Limited (Mississauga ON, Canada). Phospho-[MehyL'H] choline was
synthesized f?om [MethyZ-'H] choline as previously described (70). The radiolabeled
compounds [5.6,8.11,12,14.15-'H(N)J arachidonate (230.5 Ci/mmol). [l -'"CI arachidonylCoA ( 5 1.6mCi/mmole), w a 1 ? j (16SCi/mg) and [1,3-'HI glycerol (3.5Ci/mmol) were
obtained fiom PerkinElmer Life Sciences Canada (Woodbridge?ON. Canada). Radiolabeled
1-stearoyl-2-[ l - ' T l arachidonoyl-l-3 -phosphatidylcholine (55 mCi/mmol) was purchased

fiom Amersham International (Amersharn, UK). Type I collagenase was obtained fiom
Worthington Biochemical Corp. (Freehold, NJ, USA). Endothelial ceIl growth supplement
was obtained fiom Collaborative Biomedical Products (Bedford. MA, USA). Protease

inhibitor cocktail tablets were purchased fkom Roche Diagnostics Corporation (indianapolis.

IN, USA). The BC13-methmol kit was purchased from Supelco Inc. (Bellefonte, PA, USA).
Al1 other chernicals were of analytical grade and obtained fiom Sigma Chernical Company
(St. Louis, MO.. USA). The HiTrap afinity column was obtained from Pharmacia Biotech

(NJ. USA). PrepSep Cl* disposable extraction columns were purchased fiom Fisher

Scientifc (Fair Lawn, NJ, USA).

K A protein assay reagents and Imrnuno~ure@

Immobilized Protein A were purchased fiom Pierce (Roclaord, IL, USA). ~illex@-GP
syringe driven filter units were purchased h m MiIlipore Corporation (Bedford, MA. USA).

The electrophoresis system and polyvinylidene difluoride membrane were obtained from
Bio-Rad Laboratories Ltd. (Mississauga ON. Canada)- The FPLC system was obtained fkom
Amersham Pharmacia Biotec, Inc. (Baie d'Urfe, Q C , Canada).

2.2

Methods

2.2.1

Cell Culture
Endothelial cells were harvested fiom human umbilica! vein using Type I collagenase

as previously described (188). The cells were grown in flasks or culture dishes pre-treated

with 0.2% gelatin. in Medium 199 (pH7.4) supplemented with 25 m M HEPES, 30 pglmL
endothelial ce11 growth supplement, 90 &mL

heparin. 10% fetal calf senun, 100 units!mL

peniciliin, 100 &mL streptomycin and 1-25 pg/mL Fungizone. The cells were incubated
at 3 7 ' ~in an atmosphere of 95% humidified air. 5% carbon dioxide until70-80% confluency
was achieved. Cells fiom the third passage grown in 60 mm culture dishes (approximately

2.8 x 106cells) were used for experiments.

H9c2 cells. a rat myoblast ce11 line and Chang liver cells were obtained from the
American Type Culture Collection. They were cultured in petri dishes in Dulbecco's
rnodified Eagle's medium containing 10% fetal bovine serum. 100 units/ml of peniciIlin G ,
10 pg/rnL of streptomycin and 0.25

amphotericin B. The cells were incubated at

3 7 ' ~in an atrnosphere of 95% hurnidified air, 5% carbon dioxide until90% confiuency was

achieved.

2.2.2

Determination of choline uptake and phosphatidylcholine biosynthesis
Endothelial ceils were incubated with the indicated concentration of phosphocho1ine

in the culture medium (2 mL) for 2 h at 37°C. [Methyl-'Hl choline was added to a final
concentration of 30 pM (0.1 7 pCilnmol), and cells were fùrther incubated for 1 h. The

culture medium was removed. and the cells were washed and harvested. Aqueous and
organic metabolites were extracted by adding chloroforrn, methanol and water to fmal
proportions of 4 2 3 by vol. Choline-containing metabolites in the aqueous phase were
analyzed by thin-layer chromatography using a soIvent system consisting of methanol / 0.6%
NaCl / NH,OH ( 5 0 5 0 5 , by vol). Phosphatidylchoiine in the organic phase of the ce11
extracts was resolved by thin-layer chromatography using a sotvent system consisting of

chloroform / methmol/ water 1acetic acid (70:j0:4:2, by vol). The radioactivity associated
with the various metabdites was determined by liquid scintillation counting.

2.2.3

Choline kinase assay
Choline kinase activity was determined by measuring the production of radioactive

phosphocholine. The reaction rni'vture (100 PL) contained 1 0 mM Tris-HC1 (pH 8.0)* 20 pM
dithiothreitol. 1 mM magnesium chlonde. 1 mM ATP and 1 m i [methYi-'q choline (20,000
dpmhssay). The enzyme sample (10 PL) kvas added to the reaction mixture and incubated
at 3 7 ' ~ for 15 min. Non-radiolabeled choline (final concentration 4 mM) was added. and

the mixture was subsequently incubated at 100°C for 5 min. The sample was centrifüged at
10,000 x g for 5 min and the supernatant was applied to a thin-Iayer chromatography plate.

The plate was developed in a solvent containing methanolf 0.6% NaCl / NH,OH ( 5 0 5 0 5 .
by vol). and exposed to iodine vapor to visualize the choline and phosphocholine bands. The

silica gel corresponding to the authentic phosphocholine standard was scraped, and the

radioactivity of phosphocholine was determined by scintillation counting.

2.2.4

CTP: phosphocholine cytidyiyltransferaseassay
Phosphocholine cytidylyltransferase activity was determined by m e a s u ~ gthe

production of radioactive CDP-choline. The reaction mixture (1 00 PL)contained 100 mM
Tris-succinate (pH 7.0), 12 mM magnesium acetate, 2.5 mM CTP and 1.0 mM phospho[methyl-'HJ choline (1,000 dpm/nrnol). The enzyme sarnple (-50 pg protein) was added to
the mixture and incubated at 37°C for 15 min. The reaction was stopped by incubating the

mixture in a boiling water bath for 5 min. The reaction mixture was centrifùged at 5,000 g
for 10 min, and the supernatant was applied to a thin-Iayer chromatography plate. The plate
was developed in a solvent containing methanol / 0.6% NaCl / NWOH (50505, by vol).

The location of CDP-choline on the plate was deterrnined with a Bioscan System 200

Imaging Scanner (Bioscan Inc., Washington DC, USA). The silica gel corresponding to the
CDP-choline fraction was scraped, and its radioactivity was determined by scintillation
counting.

2.2.5

CDP-choline: 1,2 diacylglycerol cholinephosphotransferase assay
The cholinphosphotransferaseactivity was determined by measuring the production

of radioactive phosphatidylcholine. The reaction mixture (1 .O mL) contained 100 Tris-HC1

(pH 8.5). 10 mM magnesium chlonde. 1 m M ethylenediaminetetraacetic acid. 0.4 mM CDP[n~ethyZ-'~C]
choline (1.O pCi/pmol) and 1.O rnM diacylglycerol (prepared in 0.0 15% Tween

20 by sonication). The enzyme sarnple (-100 pg protein) was added, and the reaction was
incubated at 37°C for IS min. The reaction was terminated by the addition of 3 mL
chloroforrn / methanol (2: 1 v/v) to the mixture. Water (0.5 mL) was added to the mixture

to cause phase separation. The organic phase was washed twice with 2 mL of 40% methanol,
and the solvent in the lower phase was subsequently evaporated. The radioactivity associated
with phosphatidylcholine was determined by scintillation counting. Analysis by thin-layer

chromatography revealed that over 98% of the radioactivity in the lower phase was fiom
phosphatidylcholine.

2-2.6

Measurment of arachidonate release
The arachidonate released from cells was determined as described by Wong et al.

(188).

Endothelial cells were incubated for 20 h in the presence of 1 pCi1mL VIX]

arachidonate in the culture medium. The cells were washed with HEPES-buffered saline
(140 mLM NaCl, 4 rnM KCI, 5.5 mM glucose, 10 mM HEPES (pH 7.4), 1.5 mM CaCl, and
1.O mM MgCl-) containing 0.023% (wlv) essentially fatty acid-free bovine serum alburnin.

The cells were then incubated with HEPES-buffered saline containing phosphocholine andlor

ATP as outlined in the text. The buffer was removed. and 50 pL glacial acetic acid was
added to halt any tùrther reactions. The mixture \vas centrifüged for 5 min at 800 x g, and
a 0.8 mL aliquot was used for Iipid e-xtractionin a solvent mixture consisting of chloroform
/ methmol/ water ( 4 3 2 . by vol). Oleic acid was added, and the fatty acids in the organic

phase were resolved by thin-layer chromatography in a solvent system consisting of hexane
/ diethyl ether / acetic acid (70:30:1, by vol). The fatty acid band was visualized by iodine

vapor. and the associated radioactivity was determined by liquid scintillation counting.

2.2.7

Determinition of phospholipase A, activity
Phospholipase A2activity was assayed as described by Tran et a(. (189). Cells were

lysed by sonication in a buffer containing 50 mM Tris-HCI (pH 8.0), 1 rnM EDTA, 10 pM
leuptin. 10 pM aprotinin, 20 mM NaF and 10 rnM Na2HP0,. The ce11 lysate was centrifuged
at 100.000 g for 60 min- The supernatant was designated as the soluble fiaction while the
pellet was resuspended in the buffer described above and designated as the membrane
fraction. Phospholipase A2 activities in the subcellular fractions were determined by the
hydro 1ysis of 1-stearoyl-2-[1 -'"Cl arachidonoylm-glycero-p hosphocholine to yield free
radiolabelled arachidonate. The substrate was resuspended in dimethylsulfoxide (less than

0.5% of the finai volume) by vortexing and sonication in a water bath sonicator. The assay
mixture contained 50 mM Tris-HCI (pH 8.0), 1.5 rnM CaCl,, 0.9 mole of stearoyl-2-El-'"Cl
arachidono yl-sn-glycero-3-phosphocholine (100,000 dpdassay) and approximately 10 pg

protein in a final volume of 100 PL. The reaction mixture was incubated at 37'C for 30 min
and then terminated by the addition of 1.5mL of chloroform / methanol(2:1 v/v). Total Iipid
was extracted. and the radioactivity of the free arachidonate was determined as described
above.

2.2.8

Preparation of subcellular fractions

Pig heart was obtained fresh fiorn a local abattoir. A 10% homogenate (wv) was
prepared in a buffer containing 10 mM Tris-HCl (pH 7.4). 0.25 M sucrose, 1 m M
ethylenediaminetetraaceticacid and 0.1 mM phenylmethanesulfonyl fluoride. Subcellular
fractions were obtained by differential centrifugation as previously described (7). The cross-

contamination of each subcellular fraction was assessed by enzyme markea Fumarase (1 90)
and succinate dehydrogenase (191) activities were used as mitochondnal markers- Glucose6-phosphatase (192), 5'-nucleotidase (193) and K'-stimulated p-nïtrophenylphosphatase
activities (193) were employed as microsomal markers. From the determination of these
enzyme activities, the microsomal h c t i o n was contaminated by 5% of the rnitochondrial
material. whereas the rnitochondrial fraction was contaminated by 9% of microsomal
material. The cytosoiic fraction was contarninated by less than 1% of mitochondnal or
microsomal materials.

The protein content in each fraction was determined by the

bicinchoninic acid method (194).

2.2.9 Acyl-CoA: lysophosphatidycholine acyltransferase assay
Lysophosphatidylcholine acyltransferase activity was determined by measuring the
production of radioactive phosphatidylcholine- The reaction mixture (0.7 mL) contained 80
mM Tris-HCI (pH7.4). 100 p M [l -14C] arachidonyl-CoA ( 51-6 mCi/rnrnole) and 150 pM
lysophosphatidylcholine. The enzyme sampLe (-50 pg protein) was added and incubated at
37°C for 10 min. The reaction was terminated by the addition of 3 mL chloroform /

rnethanol (2: 1 vh). Non-radioactive phosphatidylcholine (1 0 pg) was added as a carrier.
Phase separation was caused by the addition of 0.8 mL tvater to the mixture. The lower

phase was analyzed by thin-layer chromatography. The plate tvas developed in chloroform
/ methanol / water / acetic acid (70:30:3:2, by vol). The phosphatidylcholine band was

visualized by exposure of the plate to iodine vapor.

The silica gel containing the

phosphatidylcholine was removed fiom the plate. and its radioactivity was determined by

scintillation counting.

2.2.10

Glycerol: acyl-CoA acyltransferase assay

The glycerol acyltransferase activity was deterrnined by measuring the production of
radioactive monoacylglycerol. The enzyme sample (-10 pg protein) was incubated in a
buffer containing 50 mM Tris-succinate (pH 6.0). 32.2 pM [ l - ' k ] arachidonyl-CoA (51.6
mCi/mrnole), 0.1 m M ethylenediarninetetraacetic acid and 5% (vk) glycerol in a total
volume of 60 PL. The reaction was tenninated by addition of 0.75 mL chiorofonn /
methanol(2: 1 dv). Water (035 rnL) was added to mixture. and centrifugation was used to
speed up phase separation. The organic phase was recovered and anaiyzed by thin-layer
chromatography. The radioactivity assoçiated with monoacylglycerol was determined by
scintilIation counting. Counts recovered fiom a control assay mixture lacking glycerol were
subtracted from experimentai values.

2.2.1 1

Glycerokinase assay
Glycerokinase activity was determined using a modified method described by

Westergaard et al.(195). The enzyme activity was detennined by measuring the rate of [1,3-

'HI glycerol-3-phosphate production. K9c2 or Chang liver cells were scraped frorn the petri
dish and suspended in a phosphate buffered saline solution @H 7.4). A cocktail of protease

inhibitors was added to the ceil suspension, and a homogenate (-0.1 mg proteidml) was
produced by sonkation. A 10 pL aliquot of ce11 homogenate was incubated with a reaction
mixture containing 25 mM Hepes buffer (pH 7.4), 3 rnM ATP. 2.5 m M MgCl? and 32.3 pM

[l , 3 - 3 ~ glycerol
]
(3.5 Ci/mmol) in a total volume of 100 pL for IO min at 37OC. The

reaction was terminated by incubating the mixture at

LOOOC

for 5 min. The mixture was

centrifûged for 5 min at 10,000 g, and the supernatant was applied ont0 a DE3-8 I Whatman
filter disc. n i e disc was placed ont0 a scintered g l a s filter under vacuum and slowly washed
with 25 mL 80% ethanol. The radioactive glycerol-3-phosphate associated with the filter
was deterrnined by scintillation counting. Counts nom a control assay mi-xture lacking ATP

were subtracted fkom experimental vaiues.

2.2.12

Pulse-chase analysis

H9c2 cells or Chang liver cells were grown in 35 mm petri dishes or 24 well plates

untii they became 90% confluent.

Culture medium containing [1 J-~H]
glycerol (3-5

Ci/mrnol) was added to each dish for the prescribed time. The medium containing the label
was rernoved from the dish. and the cells were incubated in culture media containing non-

radiolabeled glycerol for vanous times. Subsequently. the dishes were rinsed 3 times with
ice cold phosphate buEered saline solution @H 7.4). Cells w-ere scraped into a test tube with
1 mL methmol/ HCl(100: 1 vh), and chloroform (1 -3 mL) and water (0.7 mi,) were added
to the tube. The lipid fraction was recovered in the organic phase and analyzed by thin-iayer

chromatography.

2.2.13

Separation of lipids

The simultaneous separation of radiolabeled neutral lipid and phospholipid was
performed by one-dimensional thin-layer chromatography using multiple development

systems. The thin-layer chromatography plate (20 cm x 20 cm) was activated by incubating
at 1 3 5 ' ~for at l e s t l h and allowed to cool to room temperature before sample application.

The plate was developed in a solvent containing chloroform / methmol/ water / acetic acid
(70:30:4:2, by vol) until the solvent front reached 1 1 cm Erom the origin. AAer drying, the
plate was fully developed in a second solvent containing benzene I diethyl ether / ethanol /
acetic acid (50:40:2:0.2, by vol). Again the plate was dried and then developed in the first
solvent to 12.5 cm for fiuther separation of phospholipids. Lipid fiactions were visualized
by exposure to iodine vapor.

The bands on the thin-layer chornatography plate

corresponding to authentic ligid standards were scraped into scintillation vials, and their
radioactivities were detennined.

2.2.14

Lipid determination
For the detemination of monoacylglycerol. diacylglycerol. triacylglycerol,

lysophosphatidate. phosphatidate and phosphatidylcholine. the acyl groups were converted
to

the respective methyl esters by reaction with BC13-methanol (196). The total fatty acid

methyl esters were quantified using a Hewlett Packard HP 5890A gas chromatograph
equipped with a Supelcowax 10 30 m x 0.25 mm, 0.25 Fm f k e d silica capillary column.

Heptadecanoic acid methyl ester was used as a standard for quantification.

2.2.15

Solubilization and purification of glycerol: acyl-CoA acyltransferase
Glycerol acyltransferasewas solubilized from the microsomal membrane by detergent

treatment. The appropriate amount of detergent was added to the microsomal sample. and

the mixture was incubated at 4
v for I h with gentle stirring. The enzyme activity in the

supernatant afier centrifugation at 100,000 g for 60 min was regarded as the solubilized fonn

of the enzyme.
Microsornai protein fiom the pig heart was solubilized with Nonidet P-40 (0.2%), and
passed through a 0.22 pm pore filter- Purification of glycerol acyltransferase was performed

by FPLC using a Sepharose 6B 16/50 HR colurnn. The colurnn was equilibrated with 10

mM Tris-HCI (pH 7.0),0.1 mM ethylenediarninetetraaceticacid, 0.1 M KCI. and 10% (vh)
glycerol. Afier application o f the sample to the colurnn, the same buffer was used to elute
the sarnple at a flow rate of 0.75 mL/min. Fractions of 1-8 mL were collected, and the
elution profile was monitored by absorbance at 280 nm.

2.2.16

Synthesis of

( 1 2 5 ~ ]Iabeled

12-[(4-~zidosalieyl)aminoJ-dodecanoybCoA

Azidosalicylarninododecanoicacid (ASD) was synthesized in the dark as previously
described ( 197). A mixture of 12-arninododecanoic acid ( 12 mg). the N-hydroxysuccinirnide

ester of 4-azidosalicylic acid (27 mg), anhydrous 1,2,3.4-tetrahydro-9-fluorenone(2.0 mL)
and pyridine (0.2 mL) was stirred for 72 h in the dark at room temperature. The entire

mixture was evaporated to dryness under a nitrogen Stream aeer the addition of 1 1.6 M HC 1
(0.2 mL). The residue was dissolved in 5 mL ethyl acetate and extracted twice with 5 mL

of 30 mM HCI. The organic phase was dried over sodium sulfate. The product was
evaporated under a nitrogen Stream and resuspended at 10 mg/mL in ethyl acetate. The
r

correct product formation was confirmed by thin-layer chromatography analysis using a
solvent consisting of chloroform: methanol(5: 1 v/v). The Rf values for 12-arninododecanoic

and ASD were 0.00 and 0-63 respectively as previously reported (1 97).

12-[(4-Azidosalicy1)aminoJ-dodecanoyl-Co (ASD-CoA)

was

synthesized

enzymatically as previously described (197).The structure of ASD-CoA is depicred in Figure
12. The reaction mixture contained 1-5 mg azidosdicylaminododecanoic acid?50 mM Tris-

HCI (pH 8.0).7.5 mM MgCI2. 0.3% Triton X-100,4.3 mM CoA and 5 m M ATP in a volume
of 1.8 mL- The mixture was sonicated for 10 min to emulsify the substrate, and 0.4 units of
acyl-CoA synthetase were added to give a final volume of 2.2 mL. The reaction was carried

out for 2 h at B 0 C and stopped by boiling for 2 min. ASD-CoA was purified usinp the

PrepSep C l g colu~nnpreviously washed with 2.0 mL methanol, 2.0 mL water and 2.0 rnL 10

m M w P O J (pH 5.3). Mer sample loading, the column was washed with 3.0 mL 10 mM
KHzP04 (pH 5.3). ASD-CoA was eluted with 4 mM rnethanoi into a pre-weighed test tube.
The solvent was evaporated to dryness. and the residue was dissolved in ethyl acetate /

methanol(2: 1 v/v).
ASD-CoA was iodinated as previously described (198). The reaction mixture
contained 60 pL chloramine T. 0.5 pg ASD-CoA, 200 pL ethyl acetate / methanol(2: 1 v/v)
and 0.25 mCi ~ a " ' ~ ] .The mixture was incubated for 30 min at room temperature in the
dark, and 100 pL ethyl acetate and 100 pL 10% NaCl ( d v ) were added to the reaction
mixture. The upper phase was collected, and the aqueous phase was extracted twice more
with ethyl acetate. The ["'I]

labeled ASD-CoA was stored in ethyl acetate at -70'~.

Figure 12. Structure of ASD-CoA

2.2.17

Photoaffinity la beling
P h o t ~ a ~ n i labeling
ty
was performed by incubating fractions from gel filtration

chromatography with the photoaffity probe at room temperature in the dark for 15 min. The
reaction mixture ( 2 15 PL) contained 1.9 pCi [12jI]ASD-CoA and a hction aiiquot (0.1 mL)
in 20 mM Tris-Succinate (pH 6.0)' 40 p M ethylenediarninetetraacetic acid and 4.2% (v/v)
glycerol. Cross-linkage of the photoafinity probe to the enzyme was induced by exposing
the reaction mixture to ultraviolet light. A hand-held ultraviolet larnp (Mode1 WS-54, from
Ultravioiolet Productions hc. San Gabriel, CA) was held at a distance of 5 cm from the sample
for 15 min. Trichloroacetate (10Y0w/v) was added to stop the reaction and to cause protein

precipitation. The mixture was incubated at -20°C for 15 min to allow full precipitation of
the labeled protein. The precipitated protein was sedimented at 10.000 g for 5 min. and the

pellet was resuspended in 15 pL 0.1 N NaOH. Sample buffer (15 PL) was added to each
sample and analyzed direcily by tricine-sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Tricine-SDS PAGE) (43). The gel was stained for protein using Sema Blue

G. dried. and the Iabeled protein bands were identified by autoradiography. Band density
was analyzed by Scion Image software (Scion Corp.. Frederick, Maryland' USA).

2.2.18

Gel eiectrophoresis
Tricine-SDS PAGE was used to separate Iow molecular weight proteins with

exceptionally high resolution. Tricine, used as the trailing ion, allows resolution of srna11
proteins at lower acrylarnide concentrations than in glycine-SDS-PAGE systems (1 99). The
stacking and resolving gels containing 4% and 10% polyacrylarnide respectively were cast

in a mini gel apparatus. The anode buffer was composed of 100 m M Tris-HCI (pH 8.9), and
the cathode buffer consisted of 100 rnM Tris-HCl (pH 8.25), 100 mM Tricine and 1.0% SDS.
The protein sample was prepared by incubating with sarnple buffer containing 150 mM Tris-

HCl (pH 7.0). 30% glycerol, 12% SDS, 6% P-mercaptoethanol, and 0.05% Serva Blue G for
30 min at 40OC. After electrophoresis, the protein sarnple was electrophoretically transferred
from the Tncine-SDS gel ont0 a polyvinylidene difluoride membrane using a Bio-Rad semidry transfer cell. The protein band in the membrane was caretùlly excised and used for

amino acid sequencing. Sequencing was conducted by the Protein Microsequencing
Laboratory (Victoria, BCI Canada).

2.2.19

Production of antibody
Rabbit polyclonal antibody was produced by National Biologicai Laboratory Ltd.

(Winnipeg. MBI Canada). Antiserum was produced against each protein band identified by

["'II

ASD-CoA photoafhity labeling. Each protein band was electrophoretically eluted

fiorn the polyacrylarnide gel and recovered in an enclosed dialysis bag. The protein sample
( 100 pg) was injected subcutaneously into the rabbit with Freud's incomplete adjuvant

followed by hvo additional booster shots (300-320 pg protein) over four weeks. Control
serum was obtained from the the pre-immunized animal. The IgG fraction was purified from
the rabbit s e m using a HiTrap affinity column. The purity of the antibody was assessed by

polyacrylarnide gel electrophoresis.

Immunoprecipitation of giycerol acyltransferase

2.2.20

The imunoprecipitation reaction was conducted by incubating various amounts of
IgG with solubilized microsomal protein for 30 min at 4 ' ~ . The incubation mixture

contained 50 mM Tris-HCi (pH 74), 150 mM NaCi, and 5 rnM ethyienediaminetetraacetic
acid in a final volume of 200 PL- Protein A immobilized ont0 agarose beads (15 PL)was

added to the mi.vture and incubation continued for 30 min with gentle shaking. The mixture

was then centrifuged at 1,000 g for 2 min. and the enzyme activity remaining in the

supernatant was determined.

Statis tical analysis

2.2.2 1

Data were analyzed using the paired Students'r test udess otherwise indicated. The
level of statistical significance was defined as p < 0.05. The data presented without
statiçticd analysis were performed in duplicate. The values from duplicate expenments were
altvays within 10% of each other and were reproducible in at least three separate

experiments.

3.

EXPERIMENTAL RESULTS

3.1

Studies on Phosphatidylcholine Metabolism in Human Endothelial Cells

3.1.1

Effect of phosphocholine on phosphatidylcholine biosynthesis in human
umbilical vein endothelial cells
n i e effect of exogenous phosphocholine on phosphatidylcholine biosynthesis in

hurnan umbilical vein endothelial cells was examined. In a preiiminary snidy. the cells were
incubated with phospho-[merhyl-'Hl choline for 2 h, washed and the radioactivity in the cells
was determined. Less than 0.0 1% of the labeled material was found in these cells indicaihg
that phosphocholine was not taken up by the cells. To study the effect of phosphocholine on

phosphatidylcholine biosynthesis. the endothelial cells were preincubated with 0-1 0 mM
phosphocholine for 2 h. and [methyl-'Hl choline was added (final concentration 30 PM) to
the incubating mixture. The cells were incubated for another 60 min. and the radioactivity
incorporated into phosphatidylcholine was determined. Pre-incubation of the celis with
phosphocholine caused the reduced incorporation of [methyl-'Hl
phosphatidylcholine (Figure 13).

choline into

In the presence of 1.O mM phosphocholine

phosphatidyIcholine labeling was decreased by 32%, and at 5.0 mM phosphocholine, the
labeling of phosphatidylcholine was reduced by more than half of the control value (56%).
lncrease in phosphocholine concentration to 10.0 m M caused a further inhibition in the
labeling of phosphatidylcholine.
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Figure 13. Effect of phosphocholine on phosphatidylcholine biosynthesis in
hurnan umbilicai vein endothelia1 cells. Confluent monolayers of human umbilical
vein endotheliai cells were incubated with the indicated concentration of
phosphocholine for 2 h. [MerhyL'H] cho iine (0.1 7 pCi/nmol) was added to a final
concentration of 30 PM, and the cells were incubated fiuther for 1 h. The celIs were
harvested, and the radioactivity in the phosphatidylcholine fraction was determined
as described in Materials and Methods. These data represent the mean standard
deviation of three experiments.

3.1.2

Effect of phosphocholine on choline containhg metabolites
The observed decrease in phosphatidylcholine labeling may be reflected in changes

in the labeling of intemediates in the CDP-choline pathway.
phosphocholine on the incorporation of [meth#H]

Thus, the effect of

choline into the choline-containing

metabolites which are found in the aqueous phase of the ce11 extracts was investigated.
When cells were pre-incubated with 5 rnM phosphocholine, the amount of radioactivity in
the aqueous fiaction was decreased by 15 % (Table 3). Analysis of the choline-containing

metabolites reveded that the in vivo labeling of phosphochoiine was significantly reduced.
Since changes in the labeling of phosphocholine couid result fiom changes in the enzyme
activities in the CDP-choline pathway, the activities of choline kinase. phosphocholine
cytidylyltransferase and cholinephospho~ansferasewere determined in cells with and
without pre-incubation with phosphocholine, No significant changes in enzyme activities

were detected.

Table 3. Radioactivity of aqueous choline-containing metabolites.

Confluent monolayers of human umbilical vein endothelid ceils were incubated with O or
5 .O mM phosphocholine for 2 h. [Methyl-jH] choline (0.1 7 pC/nmol) was added to a final
concentration of 3 0 FM, and the cells were incubated M e r for 1 h. The radioactivity
associated with the choline-containing metabolites was determined as described in Materials

*

and Methods. These data represent the mean standard deviation of three experiments. * p

-=0.05 compared with the control.

['Hl Radioactivity

(dpm x 10'ldish cells)

controt

5 mM phosphocholine

Aqueous fraction

56.2 & 5.9

47.9

Choline

0.7

Phosphocholine

43.9 =t4.7

CDP-choline

IO.1 * 3-6

* 0.2

2.9 *

* 0.1
35.6 * 2.7 *
10.9 * 1.2
0.7

3.1.3 Effect of phosphocholine on choline uptake

Studies were conducted to determine the mechanism for the reduced uptake of labeled
choline by phosphocholine. The human urnbilical vein endothelid cells were incubated with
diflerent concentrations of [mefhyl-'H] choline in the absence and presence of 5.0 mM
phosphocholine.

Total choline uptake was inhibited in the presence of 5.0 mM

phosphocholine (Figure 14). Analysis of the data in a double-reciprocal plot showed that
choline uptake has a,V

of 0.5 pmol/h, with a Y, of 47 p M (Figure 14, inset). in the

presence of 5.0 rnM phosphocholine, the,,V

pM was obtained.

of choline was unchanged. while a Y, of 83

These data suggest that the inhibition of choline uptake by

phosphocholine was cornpetitive.

1/[c ho i ine]
1

I

1

I

Figure 14. Effect of phosphocholine o n choline uptake by endothelial cells. In
(A), confluent monolayers of human umbilical vein endothelial cells were incubated
with O mM (a ) or 5.0 m M (m ) phosphocholine for 2 h. [~ethyi-'HJcholine(IO
pCi total) was added at the indicated concentrations, and the cells were incubated

funher for 1 h. The uptake of choline into the cells was determined. In (B), the data
in (A) were re-plotted as a double-reciprocal plot.

3.1.4

Effect of phospbochoüne on ATP-induceâ arachidonate release

The effect of phosphocholine on arachidonate release in endothelial cells was
investigated. Afier pre-labeling of cellular lipids with

arachidonate as described in

Materials and Methods. the cells were incubated with O or 1-0 mM phosphocholine for 2 h.
The cells were then exposed to O or 100 p M ATP, a known stimulator of arachidonate
release (200). The release of arachidonate into the medium was determined. A small
enbancement of arachidonate release was observed in the cells incubated with 1.0 mM
phosphocholine. but the difference was not statistically significant (Figure 15). When cells

were incubated with 1.O mM phosphocholine in the presence of 100 pM ATP? a significant
(20%) enhancement of arachidonate release was observed when cornpared to cells incubated

without phosphocholine-

The importance of cystosolic phospholipase(s) A? in arachidonate release fiom
endothelial cells has been preuiously demonstrated (1 88. 189). Thus the phospholipase A?
activity in the endothelial cells afker phosphocholine treatment was exarnined, Cells were

incubated for 2 h with O or 5.0 mM phosphocholine. The cells were lysed and the
phospholipase A? activity was determined in the total ce11 lysate and soluble and membrane
fractions. Pre-incubation of the cells with phosphocholine did not result in detectable
changes in phospholipase A2 activities in these two sub-cellular fractions (Table 4).

Figure. 15. Effect of phosphocholine on ATP-induced aracbidonnte release in
endothelial cells. Near-confluent monolayers of human urnbilical vein endothelial
cells were incubated for 20 h with 1 pCi/mL
arachidonate (200 pCi/nmol).
M e r incubation with f ~arachidonate.
]
the cells were incubated with O mM (open
bars) or 1 mM phosphocholine (hatched bars) for 2 h. The cells were then incubated
with O or 100 p M ATP for 10 min, and the [3Hl arachidonic acid released into the
medium was determined as described in Materials and Methods. These data
represent the mean standard deviation of three experiments. *p c 0.05 compared
with cells incubated with O mM.

r3~]

*

Table 5. Effect of phosphocholine on phospholipase A, activity
Confluent monolayers of human urnbilical vein endothelid ceils were incubated for 2 h with
O mM (control) or 5.0 m M phosphocholine. Mer incubation, phospholipase A, activity was
determined in total ce11 lysate and membrane and soluble fractions as describedin Materials
and Methods. These data represent the mean standard deviation of three experiments.

Phospholipase A, Activity (pmoUmin/mg protein)
control

* t .28

Total activity

9.01

Membrane fiaction

1-85 k 0.29

Soluble fraction

6.91

* 0.88

5 mM pbosphocholine
9.1 O *0.29

2.45

* 0.55

6.67 =t 0.2 1

3.2

Studies on the Deacyiation / Reacylation Cycle

The deacylation / reacylation cycle is an important pnxess in establishing the proper
fatty acid composition in the phospholipid. Phospholipases have k e n extensively studied
( 169, 170). but studies on lysophospholipid acyltransferases have been limited- Although

MacQuarrie and colleagues have reported the purification of lysophosphatidylcholine
acyltransferase. the purified enzyme has not k e n employed in any subsequent studies (185,

186). In this study, FPLC chromatography and gel activity assays were employed to obtain
the purified enzyme. Unfortwrately, the various approaches have not been successful, and
M e r work is necessary for identification of the enzyme. Because these studies ultimately
led to the study of glycerol acylation and the discovery of a novel lipid biosynthetic pathway
(Section 3 . 3 , a brief description on the approaches used to purify lysophosphatidylcho1ine
acyltransferase is given in the-following sections.

3.2.1

Gel filtration chromatography
The solubilization of Iysophosphatidylcholine acyltransferase fiom the microsornal

membrane was completely re-evaluated by Mukherjee (182). A significant portion (35%)
of the enzyme activity was soIubilized by a combination of 1% Chaps and 1 M KCI-

Solubilized pig heart microsornes were applied ont0 an FPLC gel filtration column
containing Sepharose 6B. The severe loss of enzyme activity during chromatography was
partially overcome by including 20% glyceml in the elution buffer. Acyltransferase activity
was determined in each fraction by measuring the production of radioactive

phosphatidylcholine as described in Materials and Methods. A major activity peak eluted
near the void volume, and a second activity peak eluted slightly ahead of bovine s e m
albumin (data not shown). Unfortunately, attempts to tùrther puri@ the enzyme by other
chromotographic rnethods resulted in the complete ioss of enzyme activity.
Unex pectedly. several fi-actions catalyzed the production of a radioactive cornpound
whic h did not correlate to lysophophatidylcholine, arachidonyl-CoA, arachidonate or
phosphatidylcholine. The radioactive compound migrated near the solvent front when
analyzed by thin-layer chromatopphy using a solvent system containing chloroforrn /
methanol / water / acetic acid (70:30:4:2, by vol). The radioactive compound was reanalyzed by thin-layer chromatography using a solvent system containing benzene /
diethylether / ethanol / water (50:10:2:0.25by vol). The radioactive compound CO-migrated
identically with the monoacylglycerol standard. The detection of radioactive
monoacylglycerol suggested that a microsornal enzyme catalyzed the direct acylation of
glycerol. The direct acylation of glycerol catalyzed by pig heart microsornes was further
investigated as described in Section 3 -3.

3.2.2 Gel activity assay
The activity gel assay used to detect histone acetyltransferase from Tetrahyrnena

macronuclei represented an alternative approach for the purification and identification of
1ysophosp hatidylcholine acyltransferase (20 1). Brownell and Allis reported the detection of

histone acetyltransferase after gel electrophoresis by the incorporation of radioactive acetate
into histone substrates polymerized direcrly into the gel.

in a typical expriment, pig heart rnicrosomal protein was separated by SDS-PAGE.

After electrophoresis, the gel was incubated in a buffer containing 15% isopropanol to
remove the SDS fiom the gel. Subsequentiy, the gel was washed in b d e r containing either

7 M guanidine or 8 M urea to completely denature the acyltransferase. The gel was then
incubated in a buffer containing detergent (eg. sodium cholate. Nonidet P-40,tween 20 or
tween 40) to allow the protein to refold into the native enzyme.

To detect

lysophosphatidylcholine acyl~ansferase activity. the gel was incubated with ['"Cl
arachidonyl-CoA in the presence and absence of lysophosphatidylcholine. In theory, the
newly formed phosphatidylcholine would become insoluble and localized to the enzyme in
the gel. The location of the radioactivity was initially determined by autoradiography. The
production of phosphatidylcholine was determined by performing lipid extraction from the
gel, and the extract was analyzed by thin-layer chcomatography. Although several protein
bands were labeled, the production of phosphatidylcholine was not detected. These results
indicate that under the experimental conditions tested. the gel activity assay was not
successfül for the purification of Iysophosphatidylcholine acyltransferase.

3.3

Studies o n the Direct Acylation ofGlycerot

3.3.1

Confirmation of monoacylglycerol production

Rigorous analysis was conducted to confimi the identity of monoacylglycerol formed
by the glycerol acyltransferase reaction. The glycerol acyltransferase reaction \vas conducted

using pig heart microsomes as described in Materials and Methods. The radioactive product
was analyzed by thin-layer chromatography by employing over a dozen solvent systems for

the analysis.

In every case, the radiolabeled product migrated identically with the

monoacylglycerol standard (Table 5). The rnonoacylglycerol isomers were analyzed by using
a boric acid impregnated thin-layer chromatography plate (202). Afier sample application,
the plate was developed in a solvent containing chloroform / acetone (96:4 v/v). The
radioactivity associated with each isomer was determined, and the analysis indicated that
10% of the monoacylglycerol produced was of the 2-isomer and 90% was of the l(3)-isomer.
Incubation of radioactive monoacylglycerol with pig heart microsomes resulted in the
production of radioactive arachidonate and diacylglycerol which was determined by thinlayer chromatography (data not shown).

The conversion of monoacylglycerol to

diacylglycerol is consistent with the presence of monoacylglycerol acyltransferase in
cardiomocytes (54).

Table 5. Identification of monoacylglycerol
The giyceroi acytransferase reaction was perfomed as descnbed in Materials and Methods.
Multiple solvent systems were employed to verie the identification of monoacylglycerol.
The soivent ratio is indicated by vol. The TLC plate was developed fùlly in the indicated
solvent system unless otherwise noted. TLC, thin-layer chromatography.
Chromatographk
system

Solvent system

One dimensional
TLC

Diethyl ether: toluene: ethanol: acetic acid (40/50/1/0.5)

0.08

Hexane: diethyl ether: acetic acid (70/30/1)

0.02

Bezene: diethyl ether: ethanol: acetic acid (50/40/2/02)

0.23

Hexane: diethyl ether: acetic acid (70/30/2)

0.02

Petroteum ether: diethyl ether: acetic acid (5015011)

0.08

Heptane: diethyl ether: methanol: acetic acid (90/20/2/3)

0.05

Hexane: isopropyl ether: diethyl ether: acetone: acetic acid
(8S/iXI/4/ 1)

0.0 1

Heptane: isopropyl ether: acetic acid (60/40/4)

0-03

R, value o f
MG
-

Multi one
dimensional TLC

Two Dimensional

TLC

Chiorofom :acetone (9614) (Boric acid impregnated plated
used)

0.05 ( 1(3)-MG)
O. 1(2-MG)

Diethyl ether: hexane (60/40) 7cm; Diethyl ether: petroleum
ether: fomic acid (9011O/ 1) 18cm

0.03

lsopropy1 ether: acetic acid (901 1O/ 1 ) 13cm: Petroleum ether:
diethyl ether: acetic acid (8Y l2/l/4/l) 18cm

O. 15

Diethyl ether: toluene: ethanol: acetic acid (45/50/1/0.5) 12cm;
Diethyl ether: hexane (8193) 18cm

O. 16

Chloroform: methanol: acetic acid: water (70/30/4/2) 9cm:
Diethyl ether: hexane: ethanol: acetic acid (40/50/2/0.2) 18cm;
Chloroform: methanol: acetic acid: water (70/30/4/2) 13cm

0.68

Benzene: diethyl ether: ethanol: acetic acid (50140/2/0.2);
Benzene: diethyl ether: ethanol: ammonium hydroxide
(5onoiz1o.z)
Benzene: diethyl ether: ethano1: acetic acid (50/40/2/0.2);
Diethyl ether: hexane: acetic acid (60140/1)

3.3.2

The direct acylation of glycerol
The acylation of glycerol-3-phosphate is regarded as the first committed step for

glycerolipid biosynthesis. However. since the direct acylation of glycerol occurs in v i i m the
pathway for glycerol acylation was reassessed in H9c2 cells by conducting pulse-labeling
and chase studies. H9c2 cells were pre-incubated with culture medium containing 0.1 mM
[1.3-'~] glycerol(3.5Ci/mmol) for 1 min and then incubated in culture medium containing

I mh4 non-radiolabeled glycerol for various tirnes.

The specific radioactivities of

monoacylglycerol. diacylglycerol, lysophosphatidate and phosphatidate were detennined at
each tirne point. As depicted in Figure 16, the monoacylglycerol pool was immediately
radiolabeled at the beginning of the chase period, and its specific radioactivity rapidly
diminished within 3 min. The specific radioactivi~fof diacylglycerol peaked after 5 min of
incubation.

The labeling of lysophosphatidate was almost lhear, and its specific

radioactivity remained low at al1 time points. The labeling of phosphatidate was not clearly
defined but appeared to peak afier 10-15 min of incubation. The labeling profile indicates
that a considerable portion of the radiolabeled glycerol taken up by the ce11 was directly
acylated to form rnonoacylglycerol. Some of the newly formed monoacylglycerol was
converted to diacylglycerol and possibly phosphatidate. The importance of diacylglycerol
kinase for the conversion of diacylglycerol to phosphatidate is well documented (203). and

the presence of this enzyme in cardiac tissues has k e n reported (204).
Since the direct acylation of glycerol appeared to be rapid, the specific activity of
glycerol acyltransferase was determined and compared to the specific activity of
glycerokinase. Glycerol acyltransferase activity was 3 1W18 pmole/min/mg protein whereas

the glycerokinase activity was found to be 8.3I1.8 pmole/min/mg protein. The low
glycerokinase activity may account for the low [ I , ~ - ~ H glyceroi
]
incorporation into
lysophosphatidate during the pulse-chase study.
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Figure 16. Pulse-labeling and chase analysis on glycerol metabolism in H9c2
cells. H9c2 cells grown in 35mm dishes were pre-incubated with culture medium
containing 0.1 mM [1,3-'HI glycerol (3.5 Cümmol) for 1 min. The pre-incubation
medium was removed, and the cells were M e r incubated in culture medium
containing 1 mM non-radiolabeled glycerol for different times. The specitic
radioactivities of monoacylglycerol (O), diacylglycerol (m), lysophosphatidate (A>
and phosphatidate (V)were determined afier each incubation.

3.3.3 Inhi bition of glycerokinase
Monobutyrin is a known inhibitor of glycerokinase (205) and was chosen for the
following studies since its ability to enter the ce11 has k e n demonstrated (195). The
cornpound could be used to study the contribution of the direct acyfation of glycerol by
attenuating the glycerol-3-phosphate pathway. Our approach was to select a ce11 line with

a relatively high degree of glycerokinase activity which could be attenuated by monobutyrin
without inhibition of the glycerol acyltransferase activity.

To determine whether

rnonobutyrin could inhibit cellular glycerokinase in vivo. Chang liver cells were incubated
for 1 h in the growth medium in the presence and absence of 10 mM monobutyrin.
Subsequent to incubation, the cells were removed from the dish and suspended in a
phosphate buffered saline solution (pH 7.4) containhg a cocktail of protease inhibitors. The
cells were disrupted by sonication, and the glycerol acyltransferase and glycerokinase
activities were determined. Monobutyrin reduced the glycerokinase activity by 43% fiom
119.5+10 nmole/min/mg protein to 68+10 nmole/minhg protein. in contrat. gIycerol

acyltransferase activity was stimulated by 38% from 92.7k4 prnole/min/mg protein to l28+9
pmole/min/mg protein. It is clear that monobutyrin has the ability to selectively attenuate the
glycerol-3-phosphate pathway.

3.3.1 Attenuation o f the glycerol-3-phosphate pathway and monoacylglycerol
production

The effect of monobutyrin on the acylation of glycerol in the Chang liver cells was
examined by a pulse-chase experiment. Cells were pre-incubated with or without 10 mM

monobutryin and then incubated with a medium containing 0.1 rnM ~1.3-%Il(3.5 Ci/mrnol)
glycerol for 2 min. The media containing the label was removed fiom the dish, and the cells
were subsequently incubated in culture media containing 1 mM non-radiolabeled glycerol
for different times.

The specific radioactivities of monoacylglycerol. diacylglycerol,

lysophosphatidate and phosphatidate were determined. and the results are depicted in Figure
17. In the absence of monobutyrin. 1ysophosphatidate was immediately Iabeled (Figure
17A). The specific radioactivity of lysophosphatidate decreased as the incubation tirne

progressed, whereas the specific radioactivity of phosphatidate peaked after 3 min of
incubation.

The labeling profile of monoacylglycerol was parallel to that of

lysophosphatidate but never exceeded the latter in specific radioactivity. The diacylglycerol
profiie closely resernbled the phosphatidate profile but was never higher in specific
radioactivity. In concurrence with the glycero1 acyltransferase and glycerokuiase activities

in Chang liver cells, the majority of glycerol was metabolized through the glycerol-3phosphate pathway. After the uptake of glycerol. lysophosphatidate was synthesized and
subsequently converted to phosphatidate. Altematively. a smaller percentage of glycerol was
directly acylated to form monoacylglycerol and acylated again to form diacylglycerol.
When Chang cells were pre-incubated with 10 mM monobutyrin (Figure 17B). the
specific radioactivity protile for lysophosphatidate was reduced during the first minute of
incubation when compared to cells treated without monobutyrin. ln contrast, the specific
radioactivity in monoacylglycerol increased by 20% initially and as much as 32% rnidway
during the chase period. These results indicate that the direct acylation pathway coutd

function as a shunt when the gl ycerol-Sphosphate pathway is attenuated.

Time (min)

Time (min)

Figure 17. Effect of attenuated glycerol-3-phosphate pathway on glycerol
metabolism. Chang cells in 35mm dishes were incubated with culture medium
without (A) or with (B) 10 mM monobutyrin for 1 h. Subsequent to the monobutyrin
]
exposure. the cells were incubated in a medium containing 0.1 rnM [l , 3 - 3 ~ glycerol
(3.5 Ci/mmol) for 1 min. The medium was rernoved, and the cells were further
incubated with medium containing 1 mM non-radiolabeled glycerol for different
diacylglycerol (m),
periods. The specific radioactivities of monoacylglycerol (a),
lysophosphatidate (A) and phosphatidate (V)were determined and expressed as
rneans t SEM, n=4: * p < ~when
. ~ ~compared to the corresponding value in (A).

3.3.5

Errcft of glycerol concentratioii on the direct acylation pathway
To deterrnine whether the direct acylation of glycerol could be af'£ècted by exogenous

glycerol concentration, pulse-chase experirnents using H9c2 cells at different glycerol
concentrations were conducted. The cells were grown in a 24 well plate to reduce the surface

area and the amount of radiolabel required. The cells were pulse labeled for 5 min with
either 0.2 or 2.0 mM [1,3-~Efj
glycerol (3.5 Ci/rnrnole) in serum f k e culture medium.
Serum. which contained glyceml. was excluded fiom the labeling media to avoid diluting the
specific radioactivity of glycerol. The cells were subsequently incubated in culture medium
containing 1 or 10 mM glycerol respectively for different times. and the specific
radioactivities of the lipids were determined afier each incubation. in cornparison to the f h t
pulse-chase experiment (Figure 16), the labeling profiles for monoacylglycerol and
diacylglycerol were noticeably altered (Figure 18A). The differences may be due to the
absence of s e m in the labeling medium and the consequent reduced uptake of glycerol
(1 95. 206). At 0.2 mM glycerol. the specific radioactivity curves for monoacylglycerol.

triacylglycerol. and phosphatidylcholine were low and remained Iinear throughout the
incubation. Lysophosphatidate was irnrnediately labeled at the begiming of the chase period.
and the specific radioactivity rapidly decreased within 3 min. The specific radioactivity of
phosphatidate peaked after 3 min and decreased as the incubation progressed. The specific
radioactivity of diacylglycerol peaked after 12 min of incubation. The labeling profiles
indicate that under low glycerol coricentrations, a smali amount of the labeled glycerol is
converted to lysophosphatidate subsequently to phosphatidate and diacylglycerol in H9c2
cells.

When H9c2 cells were pulse-labeled with hi& levels of glycerol, the labeling profiles
of phosphatidy [choline, monoacylglycerol, diacylglycerol, and triacylglycerol were

significantly altered (Figure 18B). Monoacylglycerol was irnmediately labeled, and its
specific radioactivity rapidly decreased within 1 min. Diacylglycerol and triacylglycerol
were also labeted and their specific radioactivity curves peaked afier 6 and 12 min of
incubation respectively.

The specific radioactivity of phosphatidylcholine gradually

increased as the incubation progressed. These results indicate that at physiological levels,
glycerol is metabolized through the glycero f-3-phosphate pathway in H9c2 cells. In contrast,
a considerable amount of glycerol is shunted toward the direct acylation pathway for lipid

biosynthesis when glycerol levels become elevated.
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Figure 18. Effect of exogenous glycerol concentration on the direct acylation
pathway. H9c2 cells in 24 well plates were pulse Iabeled with 0.2 mM (A) or 2.0
mM (B) [1,3-'H] glycerol (3.5 Ci/mmol) in semm free medium for 5 min. The
medium was removed and the cells were fürther incubated with medium containing
1 mM (A) or 10 mM (B) non-radiolabeled glycerol for different time periods. The
specific radioactivities of monoacylg 1ycerol (a).
diacy lg1ycerol (m), triacylglycerol
(A) lysophosphatidate (O), phosphatidate (0)
and phosphatidylcholine (A) were
detexmined. Values are expressed as means z SEM of two separate experiments done
in quadruplicate: p4).05 when compared to the corresponding value in (A).

3.3.6

Charactekation of glycerol: acyl-CoA acyltranseferase

Since the identity of glycerol acyltmsferase activity has not been previously

demonstrated, the activity of this enzyme was determined in a variety of tissues. As shown
in Table 6. the distribution of the enzyme appears to be tissue and species specific. Because
ofthe high glycerol acyltransferase activiv in pig heart, this tissue was chosen as the source
for enzyme purification. ln the heart, a substantial amount of glycerol is produced during the
lipolysis of triacylglycerol (207).

Glycerokinase activity is nearly undetectable in

mammalian cardiac tissues (208), and consequently the glycerol is not recycled for the
glycerol-3 -phosphate pathway.
The majority of glycerol acyltransferase activity was localized in the microsornal
fraction. The microsomal enzyme was active over a broad pH range, with the optimal activity
at pH 6.0 (Figure 19). Enzyme activity was found to be optimal at 5j0C (Figure 19, inset),
but incubation at 60°C resulted in an irreversible inactivation of the enzyme. The enzyme
displayed the highest activity with arachidonyt-CoA (C, ,) (100%) but lower activity with
palmitoyl-CoA (C,,,) (25%). stearoyl-CoA (C,,:,) (40%) and oleoyl-CoA (C,, ,) (60%). No
activity was observed when arachidonate was used. The apparent Km values of the enzyme

for glycerol and acyl-CoA were determined by varying one substrate concentration while
maintaining the other substrate concentration constant (Figure 2 1). From the LineweaverBurke plots, the apparent Km for glycerol was 1.1 mM whereas the apparent Km for
arachidonyl-CoA was 0.17 mM.

Table 6. Glycerol acyltmnsfense activity in microsomal rat and porcine tissue.

The reaction mixture contained 10 pg o f protein, 64.4 pM [I-'"CI arachidonyl-CoA (5 1.6
mCi/mmole) and 10%(vk) glycerol in 50 mM Tris-HCL (pH 7.8). The reaction mixture was
incubated at 3 7 O for
~ 30 min. The enzyme activity was determined as described in Matends
and Methods. ND, not determined.

Specific activity (nmoles/min/mg protein)
Tissue

Rat

Pig

heart

0.56

3.88

liver

1 .O6

1 .O4

skeletal muscle

0.86

3.78

brain

ND

0.96

Figure 19. Effect of pH and temperature (inset) on glycerol acyltran3ferase
activity. Enryme activity at the indicated pH or temperature was detemined as
described in Materials and Methods.
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Figure 20. Kinetic analysis of glycerol acyltransferase. The apparent Km values
for glycerol (A) and araçhidonyl-CoA (B) were determined by varying one substrate
concentration while maintainhg the other substmte concentration constant. Enzyme
assays were conducted as described in Materials and Methods. The arachidonyl-CoA
concentration was held at 200 pM while the glycerol concentration was varied (A).
The glycerol concentration was held at 5% (v/v) (0.68 M) while the arachidonyl-CoA
concentration was varied (B). Inset: Lineweaver-Burk plots. Velocity is expressed as
nmoIeslmin/mg protein.

3.3.7

Purification of glyceroi: acyl-CoA acyltranseferase
The solubilization of membrane protein is commonly accomplished by the use of

detergent (209). Hence. the microsomal fraction was incubated with Triton X- 100. Chaps
or Nonidet P-40 at various concentrations (Table 7). Mile d l the detergents appeared to be
effective. Nonidet P-40 (0.2%) was employed in subsequent experiments because the

solubilized enzyme was most stable in this detergent. When the solubilized enzyme was
applied to a gel filtration column and analyzed by FPLC, two enzyme activity peaks were
obtained (Figure 21). A major activity peak was eluted from the column near the void
volume that corresponded to the elution of mixed micelies. A minor activity peak was
detected in fractions containing low molecular weight protein. The fractions fiom the minor
activity region were analyzed by Triche-SDS PAGE. Densitornetnc analysis of the protein

bands in each fiaction revealed the concomitant elution of an 18 kDa protein with glycerol

acyltranseferase activity (Figure 22A and C). Further purification of glycerol acyltransferase
could not be achieved by conventionai techniques. The enzyme was completely inactivated
when the active fraction from the gel filtration column was M e r purified by ion-sxchange

or affinity chromatography.

Table 7. Detergent solubilization of giycerol acyltransferase.
Pig heart microsomes were incubated with various detergents at 4°C for 1 h as described in
Materials and Methods. The mixture was centrifuged at 100,000 g for 1 h, and giycerol
acyltransferase activity in the supernatant was determined. Enzyme activity of control was
2.63 nmoIes/min/mg protein.

Detergent

% total activity

control (no detergent)

Nonidet P-40

0.01%
0.02%

0.05%
0.1%
02%
0.3%

Triton X- 100
0.01%

0.02%

0.05%
Chaps

2mM
SmM
1OmM

.
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Figure 21. Gel filtration analysis of solubilized microsomes. Nonidet P-40
(0.2%) solubilized pig heart microsomes were applied ont0 an FPLC Superose 68
16/50 HR gel filtration column. The flow rate was set at 0.75 mumin and 1.8 mL
fractions were collected. ïhe eluent was monitored with a single path W-1 monitor
(Phannacia Biotech, NJ, USA). Each fraction was assayed for glycerol
acyltransferase activity (0)and protein concentration (a).

Figure 22. Identification of glycerol acyltransferase by photoaffinity labeling
and gel electrophoresis. A. Proteins eluted fiom the gei filtration column were
analyzed by 10%Tncine-SDS PAGE &er p h o t ~ ~ n ilabeling
ty
with [125~]ASDCoA. Bands were visualized by Serva G staining. Fractions are indicated above each
lane. B. Autoradiogram of [12'1]
photoaffinity labeled proteins separated by gel
filtration and Tricine-SDS PAGE. The lanes correspond to the lanes shown in A.
C. Elution profile of glycerol acyltransferase activity from the gel filtration column
(open bars) and densitometnc analysis of protein and autoradiographic bands. The
1 8 D a protein band (a),
15 kDa protein band (m), ["'II labeled 18 kDa band (A)
and lI'"[
labeled 15 kDa band (V)intensities were determined by using Scion image
software.

Photoaffinity labeling glycerol: acyl-CoA acyltransferrise

3.3.8

Since fkther purification of the glycerol acyltransferase could not be achieved by
CO 1umn

chromatography, the enzyme was identified in its inactive form by photoaffinity

labeling. Photoaffinity labeling has k e n successfully used for the identification of several
acyltrarrsferases fkom plant sources (2 10,2 1 1). Based on these studies. a photoaffinity probe
for the detection of glycerol acyltransferase was developed. The approach was to synthesize

a radiolabeled photoaffinity probe. which would be specific to the enzyme. Upon irradiation
by ultraviolet Iight. the radiolabeled probe would be covalently Linked to the enzyme in order

to facilitate the identification of the enzyme band afier gel electrophoresis.

To establish whether ASD-CoA could serve as a suitable photoaffinity probe for
glycerol acyltranseferase. inhibition and photoinactivation studies were performed. When the
microsomal enzyme was assayed in the dark in the presence of ASD-CoA. the incorporation
of [1-'"CI arachidonyl-CoA into glycerol \vas decreased in a dose-dependent rnanner (Figure
23). The inhibition of the enzyme activity by ASD-CoA was cornpetitive in nature (data not

shcwn). In another set of experiment. microsomes were incubated kvith ASD-CoA and
exposed to ultraviolet light in the presence and absence of arachidonyl-CoA. The inhibition
of enzyme activity was more pronounced when the reaction mixture was exposed to
ultraviolet irradiation (Table 8). Photoinactivation of the enzyme increased with higher
amounts of ASD-CoA. The inhibition was not reversible by subsequent addition of
arachidonyl-CoA. Altematively, when arachidonyl-CoA was present in the assay mixture
prior to ultraviolet irradiation, inhibition of the enzyme activity could be alleviated (Table

8). Taken together. it is plausible that both arachidonyl-CoA and ASD-CoA competed for

the same binding site on the enn/me, and hence ASD-CoA rnight be a suitable probe for the
photoaffinity labeling of the enzyme.
Active fractions fiom both peaks eluted fiom the gel filtration chromatography were
incubated with ['"II

labeled ASD-CoA. The m i m e was exposed to ultraviolet light, and

the labeled proteins were analyzed by Tncine-SDS PAGE. An autoradiogram was produced
fiom the gel. and several protein bands (1 5, 18.43,67. and 94 kDa) were found to be labeled
(data not shown). In hctions containing the low molecular weight proteinsTthe 15 and 18

kDa bands were prominently labeled (Figure 22B).

Densitometric analysis of the

autoradiogram indicated thût the 18 kDa band was iabeled with ['?J ASD-CoA in a rnanner
consistent with elution of glycerol acyltranseferase activity fiom the gel filtration column
(Figure 22C). The other photoaffmity labeled protein bands (1 jl43,67,94kDa ) were found
to be unrelated to îhe elution of glycerol acyltransferase activity. En addition, none of the

photoaffinity labeled protein bands (including the 18 kDa protein) fiom the major activity
peak could be correlated to the elution of glycerol acyltransferase activity since the proteins

likely eluted in the fonn of mixed micelles.

Figure 23. The effet o f ASD-CoA on glycerol acyltransfeirse. Pig h e m
microsornes (-10pg protein) were incubated in the dark with various concentrations
of ASD-CoA. Enzyme activity was detennined as described in Materiais and
Methods.

Table 8. ASD-CoA photoiliaetiviation of glycerol acyltransferase.
Glycerol acyltransferase was solubilized from the microsoma1 membrane with 0.2% (vh)
Nonidet P-40. The enzyme was incubated in the presence and absence of ASD-CoA and
arachidonyl-CoA. The mixture was exposed to ultraviolet light for 5 min and enzyme
activity was determined as described in Materials and Methods. Enzyme activity of the
control was 0.95 nrnole/min/mg protein.

-

Reaction mixture
Enzyme + UV

Relative activity
100%

Enzyme + 0.05mM ASD-CoA + UV

62%

Enzyme + 0.05m.M ASD-CoA + W + 0.05mM arachidonyl-CoA

62%

Enzyme + O.lmM ASD-CoA + UV

42%

Enzyme + 0.05nM ASD-CoA + O.05mM arachidonyl-CoA + UV

70.2%

3.3.9

Immunoprecipitation of gfycerol acyltransferase

Immunological studies were conducted to veri@ that glycerol acyltransferase was
correctly identified as the 18 kDa band. PoIyclonaI antibodies were produced against each

of the photoafinity IabeIed protein bands. Of the antibodies developed, only the an& 18 kDa
antibody was found to inhibit the glycerol acyltransferase activity. incubation of the anti-18

kDa antibody with solubilized enzyme sample caused the immunoprecipitation of the
enzyme in a dose dependent manner (Figure 23). In contrast. the pre-immune IgG did not

cause any immunoprecipitation but produced a slight stimulation to the glycerol
acyltransferase activity. The ability of the anti-18 kDa antibodies to inhibit the glycerol
acyltransferase activity in the solubilized enzyme sample provided us with an unambiguous
identity of the 18 kDa band in the Tricine-SDS-PAGE.

Figure 24. Immunoprecipitation of glycerol acyltrrinsferase by anti-18 kDa IgG.
The anti- 18 kDa IgG (O)and pre-immune IgG (mwere incubated with Nonidet P 4 0
(0.2%)solubilized microsomes. Immunoprecipitation was assessed by detennining
the residual enqme activity remaining in the supernatant and expressed as percent
of control(0.0045 nrnole/minlmL). Values are expressed as means t SEM of t h e
separate expenments done in quadruplicate; 'p<O.OS when compared to the contml.

33-10 Sequence Analysis

The 18 kDa band obtained fiom the most active fiaction (hction 42) was isolated
h m the Tricine-SDS PAGE, transferred to a plyvuiylidene difluoride membrane and used
for N-terminal amino acid sequencing. N-terminal analysis of the 18 kDa blotted protein
resulted in a sequence which matched pig myoglobin (Figure 25).

The addition of pig myoglobin to the enzyme assay mixture did not cause any
acylation of giycerol. When myoglobin (1-5 pg) was preincubated with the microsornal
hction containing 50 pg of protein for 1 h prior to assay, a linear increase of enzyme activity

(up to 30%) was observed. in contrast, increased glycerol acyltransferase activity was not
observed with other proteins such as albumin or globulin. Polyclonal antibodies produced

fiom pi$ myoglobin produced similar effects as the anti-18 kDa IgG.

4

DISCUSSION

4.1

Studies on the Modulation of Phosphatidylcholine by Phosphocholine

The mitogenic effect of exogenous phosphocholine (1-25 mM) on NM 3T3 cells has
been clearly demonstrated (81, 212).

In the NIH 3T3 cells, the normal intracellular

phosphocholine concentration is about 0.5 mM, but the level may be eievated two- to fourfold in the ras-transformed cells. In the rat, phosphocholine concentrations in plasma is 0.1
pM wheras it is much higher in the cerebrospinal fluid (1.7 FM) (213). in the rat liver.

phosphocholine level is 2-3 pmol/g, and the level may be altered by fasting and re-feeding
(2 14.2 15). In rat lens, phosphocholine concentration is greater than 10 mM (2 16). Hence,
the concentration of phosphocholine used in the present study to produce alterations in
phosphatidylcholine metabolism are within the physiological range under certain
pathological conditions.
In this study. the ability of phosphocholine to moduiate phosphatidylcholine
biosynthesis is clearly demonstrated. The study confirmed that exogenous phosphocholine
was not taken up by the endothelid cells but competitively inhibited choline uptake (Figure
26). Consequently, although enzymes of the CDP-choline pathway were not affected. the

extracellular phosphocholine caused the intracellular phosphocholine pool to decrease.
Previous studies have shown that modulation of choline uptake and the inhibition of choline

kinase activity are mechanisms for the regulation of phosphatidylcholine biosynthesis in
mammalian tissues (70). Choline for phosphatidylchoiine biosynthesis is transported across

the cellular membrane by a saturable mechanism. and the transport c m be inhibited by

choline analogs (70).

For exarnple, ethanolamine is a cornpetitive inhibitor of choline

uptake in the hamster heart and in baby hamster kidney-21 cells (217, 2 18). In addition.
choline uptake is inhibited by hemicholinium-3 in a non-cornpetitive manner (2 17). It is
c lear fiom this study that phosphocholine regulates phosphatidylcholine biosynthesis via its

inhibition of choline uptake.
The release of arachidonate in mammalian tissues c m be induced by ATP (2 19). In
this study, the ATP induced arachidonate release was enhanced by phosphocholine in human
umbilical vein endothelial cells. The cytosolic phospholipase Al has been shown to be the
key enzyme for arachidonate release in endothelial cells (220). Cytosolic phospholipase A?

can aiso be induced by another bioactive lipid, lysophosphatidylcholine, in human umbilical
vein endothelial cells (188). The treatment of the cells with lysophosphatidylcholinecauses
activation of cPLA, by phosphorylation of the enzyme. Li the present study, the cytosolic
phospholipase Al activity was not activated by phosphorylation since incubation of the cells
with phosphocholine did not affect enzyme activity. However, this study does not rule out

that the intracellular phospholipases A?(173) was modulated by factors produced during

phosphocholine incubation. Since ATP is known to increase intracellular calcium, by
interaction with nucleotide receptors (22 1. 222). the level of intracellular calcium may be
poîcntiated by phosphocholine incubation.

This would cause the activation of the

phospholipase and produce an enhancement of arachidonate release. It remains an open
question whether the observed enhancement of ATP-induced arachidonate release by
phosphocholine was due to perturbation in calcium levels.

Asachidonic acid

Phosphatidylcholine f

Figure 26. Effect of phosphocholine on phosphatidylcholine metabolism

4.2

Studies on the Deaglatioi / Reacylatioa Cyck
Limited progress was made in the purification of lysophosphatidylcholine

acyItransferase. However, the attempt was not fiuitless since the direct acylation pathway

was discovered during the effort. The existence of multiple acyltransferases, each of which
is specific for a defined lysolipid and acyl group, has been postulated. Studies on the aging

of microsomal enzyme at 4°C resulted in a differential loss of acyItransferase activity for
different acyl donors (1 82). Additional support for multiple forms of acyltransferase cornes

fiom the observation that an increase in specificity for a particular acyl group occurs during

enzyme purification (185, 186). For example, the enhancement of specificity for the
arachidonyl-CoA with a corresponding loss in specificity of other acyl-CoA during
purification was o b s e ~ e d .Direct evidence for the existence of acyltransferase isozyrnes
must corne fiom studies with the purified enzyme.

4.3

Studies on the Direct Acylation of Glycerol
It has been well established that glycerol is fmt phosphorylated to glycerol-3-

phosphate before acylation occurs. Consequently, results from previous studies on glycero!
metabolism might have been misinterpreted especially when other metabolic routes for
glycerol are present (Figure 27). Glycerol metabolism was re-exarnined in the current study.
and there are several lines of evidence supporting a novel pathway for lipid biosynthesis.

Firstly. pulse-chase studies with both H9c2 and Chang b e r cells demonsnated that glycerol
could be directly converted to monoacylglycerol and subsequently to other lipids. Secondly.
we have identified, purified and charactenzed a novel enzyme for the direct acylation of

glycerol. The glycerol acyltransferase has the ability to transfer various long chain acyl-CoA
species. but displays a high degree of specificity for arachidonyl-CoA. Surprïsingly, the
newly identified glycerol acyltransferase shares the same identity as myoglobin.
Glycerol acyltransfemse was readily solubilized from the microsomal fiaction, but
its purification by chromatographic methods remains to be a challenge. Some degree of
purification was achieved by the use of gel filtration chromatography. ion exchange
chromatography. membrane filtration and selective heat denaturation. Unfortunately.
attempts to obtain a higher degree of purification by coupling these methods in tandem
inevitably resulted in the complete loss of enzyme activity. Due to the instability of the
enzyme. an alternative approach w-as developed to identie the enzyme in its inactive form.

Photoafinity iabeling of the enzyme enabled identification of the inactive glycerol
acyltransferase at every stage of purification. The ability to identie the inactive enzyme
provided the opportunity to utilize other techniques. including the high-resolution power of

Tncine SDS-PAGE for protein isolation. The limitation of photoafinity labeling is that the
probe may not be entirely specific and more than one protein band may be labeled. As
demonstrated in this study, ASD-CoA caused the labeling of five distinct protein bands.
Fortunately, only the labeling associated with the 18 kDa protein band conesponded with
enzyme activity in fractions eluted from the gel filtration chromatography. The positive
identification of this protein band as the enzyme itselc however, would require additional
confirmation. Hence, antibodies to each of the five pmtein bands were produced, and
irnmunological studies confirmed the identity of the 18 kDa band as the glycerol
acyltransferase protein.
Although the physiological importance of the direct acylation pathway has not been
completely established, this study has produced strong evidence that this novel pathway may
serve as a shunt for glycerol metabolism. Glycerol is present in the mammalian body within
and between a11 celIs at a concentration of about 0.1 mM (223). In human serum. the

glyceroI Ievet fluctuates from 0.04 to 0.1 mM (224). Kinetic studies of the enzyme revealed
that it has an apparent Km value of 1. Z m M for glycerol. indicating the rate of acylation is
directly proportional to the intraceltular glycerol concentration. As such?the direct acylation
of glycerol rnay only occur in timited capacity during normal physiological conditions.

Altematively, the intracellular glycerol concentration is dramatically increased in certain

forms of muscular dystrophy. diabetes, during fasting. extreme cold and ischemia of the heart
(224, 225). Since the acylation of glycerol is regulated by glycerol availability. the direct
acylation pathway may be of central importance during hyperglycerolemia. This notion is

supported by the study on the metabolism of glycerol in Chang liver cells in the presence of

mono butyrin and in H9c2 cells. When the glycerol-3-phosphate pathway was inhibited in
Chang liver cells, the acylation of glycerol was increased irnmediately as an alternative
mechanism for the production of monoacyIglycerol. In H9c2 cells, lipid biosynthesis
increased dramatically when the direct acylation pathway was activated by elevated glycerol
tevels.
Unexpectedly, glycerol acyltransferase was found to share the same identity as
myoglobin. It c m be argued that glycerol acyltransferase may be a minor protein with similar
rnolecular mass as myoglobin and would make it indistinguishable from myoglobin in the
polyacrylamide gel. There are several lines of evidence against this argument. Fintly and
the foremost, antibodies against myoglobin are effective in inhibiting the enzyme activity.

Secondly. if the enzyme has a similar molecuiar mass as myoglobin, the enzyme that is
covalently bound to the photoafinity probe would have a different molecular mas, which
would make it apparent in the autoradiogram- Indeed, no other protein band was obsewed
ty
Thirdly. proteins other than
near the 18 kDa region, with our without p h o t ~ ~ n iIabeling.
myoglobin were not apparent in the 18 kDa protein band during amino acid sequence

analysis. One intriguing aspect of the study is that myoglobin is a soluble protein, and its
association with the pig heart microsomes to express acyltransferase activity is not clear. Its
association with the microsomes indicates that the protein may have undergone some
modification, perhaps at the post-translational stage. The fact that the purified myoglobin
from pig heart has no ability to catalyze the acyltransferase reaction lends support to this

notion.
Moglobin belongs to the globin family. which is wide spread and has been

characterized in an expanding list of organisms including invertebrates, such as plants, fun@.
protozoa, bacteria and archaebactena- Cornparison of these proteins has unexpectedly
revealed a great diverïsty in function and structure (226). For exarnple, the myoglobin in
HaZobucteriurn salinarum funetions to bind oxygen, and to transmit a signal through its C-

terminal domain mediating chernotaxis (227). In Rhizobium, FixL is a chimeric protein
which contains both globin and kinase domains (228). In Ahligenes eurrophus, the globin
contains a diaphorase activity (229), and in Escherichai coli, the globin shows a
dihydropterine reductase activity (230). Since globin proteins with altemate fünctions are
not novel, we speculate that glycerol acyltransferase is a specialized myoglobin molecule that

has undergone some minor modification. Under normal conditions. the myogiobin facilitates
the transport of oxygen to the mitochondria Physiological stress causing hyperglycerolemia

w-ould result in modification of the myoglobin molecuie and cause its translocation to the
Iipid membrane and the activation of its glycerol acyltransferase activity. Hence, myoglobin
itself would not catalyze the acyltransferase, but if incubated with microsomes, the protein

might undergo modification to acquire its catalytic activity. It is possible that myoglobin
interacts with a fatty acid (231-233) and translocates to membrane structures (234-236). The
bi-functional myogtobin would provide the ce11 a facile mechanism to cope with excess
glycerol levels without the delay and energy requirements necessary for new protein
synthesis.

Glycero1
Glycerol

Glycerol

-

+
G3P
t

LysoPA
Monoacylglycerol

t
PA

transduction

Figure 27. Pathways for glycerol metabolism. The glycerol-3-phosphate pathway
(right) and the direct acylation pathway (lefi). DHAP, dihydroxyacetone-3phosphate; G3P. glycerol-3-phosphate: LysoPA. lysophosphatidate; PA,
phosphatidate;
TG.
tnacyiglycerol;
PC. phosphatidylcholine; PE,
phosphatidylethanolamine.

The research described in this thesis was designed to investigate the control of
glycerolipid metabolisrn in mammalian tissues. In the fint part of the study, the effect of
exogenous phosphocholine on phosphatidylcholine biosynthesis and arachidonate release
from human umbilicai vein endothelial cells was examined. In the second part, several
attempts to puri@ lysophosphatidylcholine acyltransferase were made. In the third part of

this study, the direct acylation of glycerol was demonstrated and charactenzed.
In the first part of the study, phosphocholine (0- 10 mM) was found to inhibit
phosphatidylcholine biosynthesis in human umbilical vein endothelial cells.

The

extracellular phosphocholine reduced the intracellular phosphocholine pool while the
choline and CDP-diacylglycerol were unaffecteci. Reduction of the phosphocholine pool was

not caused by alterations in the enzyme activites of the CDP-choline pathway. Rather. the
inhibition of phosphatidylcholine biosynthesis was caused by cornpetitive inhibition of
choline uptake. Extracellular ATP induced arachidonate release fiom the endothelial cells,
and the release was significantly enhanced in the presence of phosphocholine. These studies

demonstrate that phosphocholine may modulate phosphatidylcholine metabolisrn by affecting
choline uptake and arachidonate release.

In the second part of the study, the deacylation 1 reacylation cycle of
phosphatidylcholine metabolism was examined. Several attempts were made to puri@ the
1ysophosphatidylcholine acyltransferase but met with limited success. The enzyme was

rapidly inactivated after isolation by a second chromatographk colurnn. ui addition, enzyme
activity was not recoverable in an activity gel assay. Further work is required for developing
a procedure for the purification of the lysophosphatidate acyltransferase. Interestingly,

studies on the deacylation / reacylation process led to the discovery of the novel direct
acylation pathway.

In the final part of this study, the direct acyiation of glycerol was exarnined in
myoblast and hepatocyte cells. Glycerol was directly acylated to form monoacylglycerol.
diacylglycerol and triacylglycerol. This pathway became prominent when the glycerol-3phosphate pathway was attenuated and when glycerol levels became elevated. These studies
cleariy demonstrate the existence of a novel lipid biosynthetic pathway that may be important
during hyperglycerolemia.
Glycerol acyltransferase activity was detected in the microsomal fraction of
marnmalian tissues. The enzyme was identified as an 18 kDa protein afier gel filtration
chromatography and photoaffinity labeling. Antibodies raised against the 18 kDa protein
immunoprecipitated solubilized glycerol acyltransferase. thus confirming its identity.
Seqeunce analysis of the 18 kDa protein revealed that it shares the same identity as
myoglobin. These studies suggest that a specialized myoglobin is rnodified and translocated
to the membrane where enzyme activity is then conferred.

Dawidowicz, E. A. 1987. Dynamics of membrane lipid metabolism and tmover.
Ann. Rev. Biochem- 56:43-61.

Brindley. D.N. and D. W. Waggoner. 1996. Phosphatidate phosphohydrolase and
signal transduction. C h .Phys. LÏpids. 80:45-57.
Singer, S.J. and G.L. Nicolson. 1972. The Buid mosaic model of the structure of ce11

membranes. Science. 225:720-73 1.
Somerharju, P., J.A. Virtanen, and K.H. Cheng. 1999. Lateral organisation of
membrane Iipids. The superlattice view. Biochim. Biophys. Acta. 1440:32-48.
Vanna, R. and S. Mayor. 1998. GPI-anchored proteins are organized in submicron

domains at the ceil surface. Nature. 394: 798-80 1.
Jacobson, K-, E.D. Sheets, and R. Simson. 1995. Revisiting the fluid mosaic model
of membranes. Science- 268: 133 1- 1442.
Arthur. G-, L. Page. T. Mock. and P.C. Choy. 1986. The cataboiism of
pIasrnenylcholine in the guinea pig heart. Biochern. J. 236:475-480.
Snyder, F., T. Lee, and M.L. Bank. 1989. Metabolism of ther analogues of

phosphatidylcholine, including platelet activating factor. In Phosphatidylcholine
metabolism, D.E. Vance, editor. CRC Press Boca Raton. 143- t 64.
Sweeley, CC. 1985. Sphingolipids, In Biochemistry of lipids and membranes, D.E.
Vance and LE. Vance, editors. BenjaminKummings publishing Company Inc. Don

Mills. Ontario. 36 1-403.

Bloch, K. 1985. Cholesterol: evolution of structure and ihction. In Biochemistry of
lipids and membranes, D.E. Vance and J.E. Vance, editors, The Benjamin /
Cumrnings publishing Company, Inc. Don Mills, Ontario. 1-22.
Cullis, P. and M. Hope. 1985. Physical Properties and Functional Roles of Lipids in
Membranes. In Biochemistry of Lipids and Membranes, D. Vance and L Vance.
editors. The Benjamin/ Cummings Publishing Company, Inc. Meno Park, California.
25-72
White, D.A. 1973. The phospholipid composition of mammalian tissues, In Form and
Function of Phospholipids, G.B. Anseil, Hawthorne, J.N. and Dawson, R.M.C.,
edito. Elsevier Scientific Publishing Amsterdam. 44 1-482.
Cuilis, P.R.and M.J. Hope. 1991. Lipoproteins and Membranes. In Biochemistry of
Lipids, D.E.a.V. Vance, J.E., editor, Elsevier Science Publishers Amsterdam. 1-42.
Ohlendieck, K. 1996.- Extraction o f Membrane Proteins. In Protein purification
protocols. S. Doonan. editor. Humana Press hc. Totowa New Jersey. 293-322.
Borkenhagen. L.F. and E.P. Kennedy. 1957. The enzymatic synthesis of cytidine
diphosphate choline. J: Biol. Chem. 227:95 1-962.
Kennedy, E R and S.B. Weiss. 1956. The function of cytidine coenzymes in the

biosynthesis of phospholipides. J. Biol. Chem. 222: 193-2 14.
Exton. J.H. 1990. Signaling through phosphatidylcholine breakdown. J. Biol. Chem.
265: 1-4.

Vance, D.E. and S.L. Pelech. 1989. Signal transduction via phosphatidylcholine

cycles. TIBS. 14:38-30.

19.

Rustow, B. and D. Kunze. 1985. Diacylglycerol synthesized in vitro from sn-glyceml
3-phosphate and the endogenous diacylglycerol are different substrate pools for the
biosynthesis of phosphatidylcholine in rat lung microsomes. Biachim. Biophys. Acta.

835:273-278.
20.

Binaglia, L.. R- Roberti, A. Vecchini, and G. Porcellati. 1982- Evidence for a
comparmentation of brain microsomal diacylglycerol. J. Lipid Research. 23:95S961,

2 1.

Kent: C. 1995. Eukaryotic phospholipid biosynthesis. Ann. Rev. Biochem. 6 4 5 1S343.

22,

Coleman, RA.,B.C. Reed, J-C. Mackall, A.K. Student, M-D. Lane, and KM. Bell,
1978.

Selective

phosphatidylcholine

changes
and

in

microsomal

enzymes

phosphatidylethanolamine

of

triacylglycerol,

biosynthesis

during

differentiation of 3T3-L 1 preadipocj-tes. .L Biol. Chem. 253:7256-726 1.
23.

Soling. H.D., W. Fest, T. Schmidt, H. Esselmann, and V. Bachmam. 1989. Signal
transmission in exocrine cells is associated with rapid activity changes of
acyltransferase and diacylglycerol kinase due to reversible phosphorylation. J. Bioi.
Chem. 264: 10643-10648.

24.

Yamashita S. and S. Numa. 1972. Partial purification and properties of
g
*

lvcerophosphate acyltransferase from rat liver. Formation of 1-acylglycero1 3d

phosphate from sn-gIycerol3-phosphate and palmityl coenzyme A. E w . J. Biochem.
31:565-573.

25.

Vancura, A. and D. Haldar. 1994. Purification and characterization of

glycerophosphate acyltransferase from rat liver mitochondria. J. Biol. C

h

269:2720!?-272 15,
26.

Saggerson. E., C. Carpenter, C. Cheng. and S. Sooroanna. 2980. Subcellular
distribution and some properties ofN-ethylmaieimide-sensitiveand-insensitive f o m s
of glycerol phosphate acyltransferase in rat adipocytes. Biocheni. J. 190: 183- 189.

27.

Lau, T.E. and M.A.Rodriguez. 1996. A protein tyrosine kinase associated with the

ATP-dependent inactivation of adipose diacylglycerol acyltransferase. Lipids.
31:277-283.
28.

Muoio. D.M., K. Seefeid, L.A. Witters, and R.A. Coleman. 1999- AMP-activated
kinase reciprocally regulates triacylglycerol synthesis and fatty acid oxidatîon in liver
and muscle: evidence that sn-glycerol-3-phosphate acyltransferase is a novel target.

Biochern. ,
I
338:783-79 1.
29.

Shin. D.H.. J.D. Paulauskis, N. Moustaid. and H.S. Sul. 1991. Transcriptional
regulation of p9O with sequence homology to Escherichia coli glycerol-3-phosphate
acyltransferase. J. Biol. Chem . 266:23834-23 839.

30.

Bhat, B.G., P. Wang, J.H. Kim, T.M. Black, T.M. Lewin, F.T.J. Fiedorek, and R.A.
Coleman. 1999. Rat sn-glycerol-3-phosphate acyltransferase: molecular cloning and
characterization of the cDNA and expressed protein. Biochim Biophys Acta.
lKW4lPIZ.

31.

Lewin. T.M.. P. Wang, and R.A. Coleman. 1999. Analysis of amino acid motifs
diagnostic for the sn-glycerol-3-phosphate acyltransfemse reaction. Biochemisr;ry-

38~5764-5771.

32.

Yet, S.F.. S. Lee, Y-T. Hahrn. and H.S. Sul. 1993. Expression and identification of

p90 as the murine mitochondrial glycerol-3-phosphate acyltransferase. Biochemishy.
32:9486-949 1.
33.

Ericsson, J.. S.M. Jackson, J.B. Kim. B.M. Spiegelman, and P.A. Edwards. 1997.
Identification of glycerol-3-phosphate acyltransferase as an adipocyte determination

and differentiation factor 1- and sterol regdatory element-binding protein-responsive
gene. J. Biol. Chem. 272:7298-7305.
34.

Chakraborty, T.R., A. Vancura, V.S. Balija, and D. Haldar. 1999. Phosphatidic acid
synthesis in mitochondria Topography of formation and transmembrane migration.

J. Biol. Chem. 27429786-2979035.

Hajra, A.K., L.K. Larkins, A.K. Das, N. Hemati. R.L. Erickson, and O.A.
MacDougald. 2000. Induction of the peroxisomai glycerolipid-synthesizing enzymes
during differentiation of 3T3-L 1 adipocytes. Role in triacylglycerol synthesis. J Biol.
Chem. 275:9$4 1-9446.

36.

Brindley, D.N. 1985. Metabolism of trïacylglycerols. In Biochemistry of lipids and
membranes. D.E. Vance and J.E. Vance, editors. The Benjamin / Cummings
Publishing Company, Inc. Men10 Park, California. 2 13-24 1.

37.

Ghosh. M.K. and A.K. Hajra. 1986. Subcellular distribution and properties of
acyValkyl dihydro'tyacetone phosphate reductase in rodent livers. Arch. Biochem.
Biophys. 245523-530.

38.

Heacock, A.M. and B.W. Agranoff. 1997. CDP-diacylglycerol synthase from
mammalian tissues. Biochim. Biophys. Acta 1348: 166- 172.

Bursten. S.L.. W.E. Harris, K. Bomsztyk, and D.Lovett. 1991. hterleukin-1 rapidly
stimulates lysophosphatidate acyltransferase and phosphatidate phosphohydrolase
activities in human mesangial cells. J. BioL Chern. 26620732-20743.

West. J., C. Tompkins. N. Balantac, E. Nudelman, B. Meengs, T. White, S. Bursten.
J. Coleman, A. Kumar. J. Singer, and D. Leung. 2 997. Cloning and expression oftwo
human lysophosphatidic acid acyltransferase cDNAs that enhance cytokine-induced

signalhg responses in cells. DNA Cefl BioL 16:69 1-701Stamps, AC., M A . Elmore, M.E. Hill. K. Kelly. A.A. Makda, and M.J. Fimen.
1997. A human cDNA sequence with homology to non-mamrnaiian lysophosphatidic

acid acyltransferase. Biochem. J. 326:455-46 1.
Eberhardt. C., P. W. Gray, and L. W. Tjoelker. 1997. Human lysophosphatidic acid
acyltransferase. cDNA cloning, expressing, and localization to chromosome 9q34.3.

J. Biol. Chern- 27220299-20305.
A l a d o . B. and R.D. Campbell. 1998. Charactsrization of a human lysophosphatidic

acid acyltransferase that is encoded by a gene located in the class III region of the

human major histocompatibility cornplex. J. Biol. Chem. 273:4096-4 105.
Lykidis. A.. P.D. Jackson, C.O. Rock, and S. Jackowski. 1997. The role of CDPdiacylglycerol synthetase and phosphatidylinositol synthase activity levels in the
regulation of cellular phosphatidylinositol content. J. Biol. Chem. 27233402-33409Heacock, A.M., M.D. Uhler. and B.W. Agranoff. 1996. Cloning of CDPdiacylglycerol synthase €rom a human neuronal ce11 li ne. J. Aieurochem. 67:2200-

Weeks, R., W. Dowhan, H. Shen, N. Balantac, B. Meengs, E-Nudelman, and D.W.
Leung. L997. Isolation and expression of an isoform of human CDP-diacylglycerol
synthase cDNA- DNA Ceil BioZ. l3:28 1-289.
Volta, M., A. Bulfone, C - Ga-,
A. Ballabio, S.

Bd1,

E. Rossi, M. Mariani, G.G-Consalez, O. Zuffardi.

and B. Franco. 1999. Identification and characterization of

CDS2 a rnarnmalian homolog of the Drosophila CDPaiacylglycerol synthase gene.
Genornics. 5568-77.
Imai, A. and M.C. Gershengom. 1987. Regulation by phosphatidylinositol of rat
pituitary plasma membrane and endoplasmic reticulum phosphatidylinositol synthase
activities. A mechanism for activation of phosphoinoside resynthesis during ce11
stimulation. J Biol. Chem- 26236457-6459Imai, A. and M.C. Gershengom. 1987. independent phosphatidylinositol synthesis
in pituitary plasma membrane and endoplasmic reticulum. Nature. 325: 726-728.

Monaco, M E - and M. Feldman, 1997. Extraction and stabilization of mammalian
CDP-diacylglycerol synthase activity. Biochern. Biophys. Res. Cornrnzrn. 239: 166170.
Thompson, W. and G. MacDonald. 1975. Isolation and characterization of cytidine
diphosphate diglyceride from beef liver. 1 BioZ. Chern. 250:6779-6785.
Coleman, R. and E. Haynes. 1985. Subcellular location and topography of rat hepatic
monoacylglycerol acyltransferase activity. Biochern. Biophys. Acta. 834: 180- 187.
Mostafa. N., B. Bhat, and R. Coleman. 1994. Adipose monoacylglycerol:acy1coenzyme A acyltransferase activity in the white-throated sparrow (Zonotrichia

albicollis): charaterization and function in a migratory bird. Lipirs- 29:785-791.
Swanton. E.M. and E.D.Saggerson. 1997. Effects of adrenaline on triacylglycerol

sqnthesis and turnover in ventricular myocytes fiom adult rats. Biochem. J. 328:9 13922,

Hodgkin. M.N.. T.R. Pettitt, A. Martin. R-H. Michell, A.J. Pemberton, and M.J.0.
Wakelarn. 1998. Diacylglycerols and phosphatidates: which molecular species are

intracellular messengers? T

. 6:200-204.

Jarnal. Z.. A. Martin. A. Gomez-Munoz, and D.N. Brindey. 1991. Plasma membrane

fractions fiom rat liver contain a phosphatidate phosphohydrolase distinct fiom that
in the endoplasmic reticulum and cytosol. J. Biol. Chem. 266:2988-2996.
Martin. A.. P. Hales, and D.N. Brindely. 1987. A rapid assay for measuring the
activity and the Mg2+ and Ca2+ requirements of phosphatidate phosphohydrolase
in cytosolic and microsomal fiactions of rat liver. Biochem. J. 245347455.

Gomez-~Munoz,A.. G.M. Hatch, A. Martin. Z. Jamal, D.E- Vance. and D.N.
Brindley. 1992. Effects of okadaic acid on the activites of two distinct phosphatidate
p hosphohydrolases in rat hepatocytes. FEBS. 301:103- 106.

Kanoh. H., M. Kai. and 1. Wada. 1996. Molecular properties of enzymes involved in
diacylglycerol and phosphatidate metabolism. J. Lipid Mediiafors Ceii Signaling.
14:245-250.

Day. C.P.and S.J. Yeaman. 1992. Physical evidence for the presence of two forms
of phosphatidate phosphohydrolase in rat liver. Biochim. Biophys. Acta. 1 127:87-94.
Fleming. I.N. and S.J. Yeaman. 1995. Purification and characterization of N-

ethy lmaleirnide-insensitive phosp hatidic acdi phosphohydrolase (PAP2) €rom rat
liver. Biochem. J , 308:983-989.
62.

Waggoner. D.N.,A. Martin. J. DewaId, A. Gomez-Munoz and D.N. Brindley. 1995.
Purification and characterization of a novel plasma membrane phosphatidate
phospho hydrolase fiom rat Iiver-J. Biol. Chem. 270: 19422-19429.

63.

Kanoh. H.. S. h a i , K. Yamada and F. Sakane. 1992. Purification and properties of
phosp hatidic acid phosp hatase fiom porcine thymus membranes. J: Biol. Chem.

267:25309-243 14.
64.

Waggoner: D., A. Gomez-Munoz, J. Dewald, and D. Brindley. 1996. Phosphatidate
phosphohydrolase

catalyzes

the

hydrolysis

of

cerarnide

1-phosphate,

lysophosphatidate. and sphingosine 1-phosphatidate. J. Biol. Chem. 271: 1650616509.
65.

Kai, M.. 1. Wada. S.4. Imai, F. Sakane, and H. Kanoh. 1997. Cloning and
characterization of two hurnan isozymes of Mg2+ -independent phosphatidic acid
phosphatase. J, BioL Chem. 27224572-24578.

66.

Ulrix, W., J.V. Swimen, W. Heyns, and G. Verhoeven- 1998. Identification of the
phosphatidic acid phosphatase type2a isozymes as and androgen-regulated gene in
the human prostatic adenocarcinorna ce11 line LNCaP. J. BioL Chem. 273:46604665.

67.

Kanoh. H., M. Kai, and 1. Wada. 1997. Phosphatidic acid phosphatase from
marnmalian tissues: discovery of channel-like proteins with unexpected functions.
Biochim. Biophys. Acta. 134856-62.

Haines,

D.S.

and

C.I.

Rose.

1970.

Impaired

labelling

of

liver

phosphatidylethanolarnine nom ethanolamine- 14C in choline deficiency. Cam L
Biochern. 48: 885-892.

Blumenstein, J. 1968. Studies in phospholipid metabolism. 2. Incorporation of
metabolic precursors of phospholipids in choline deficiency. Can. J. P hysiol.
Pharmacol. 46:487-494.

Zelinski, T.A., J.D. Savard, R.Y. Man, and P.C. Choy. 1980. Phosphatidylcholine
biospthesis in isolated hamster heart. J. Biol. Chem. 255: 1 1423-1 1428.
Ishidate, K. 1989. Choline transport and choline kinase. In Phosphatidylcholine
metabolism, D.E. Vance, editor, CRC Press, inc- Boca Raton. 9-32.
Spanner. S. and G.B. Ansell. 1979. Choline kinase and ethanolamine kinase activity

in the cytosol of nerve endings fiorn rat forebrain. Biochem. J. 178:753-760.

Reinhardt, R.R. and L. Wecker. 1983. Evidence for membrane-associated choline
kinase activity in rat striatum. J. -Neurochem. 41:623-629.
Upreti. R.K.. G.G. Sanwal. and P.S. Kishnan. 1976. Likely individuality of the

enzymes catalyzing the phosphorylation ofcholine and ethanolamine. Arch. Biochem.
Biophys. 174:658-665.
Ishidate. K., K. Nakagomi, and Y. Nakazawa 1984. Complete purification of choline

kinase fiorn rat kidney and preparation of rabbit antibody against rat kidney choline
kinase. J. Bioi. Chern- 259: 14706- 14710.
Cao. Z.M. and J.N. Kanfer. 1995. Partial purification of two f o m s of choline kinase
and separation of choline kinase from sphingosine kinase of rat brain. Netcrochernical

Research, 20643-649.

77.

Ishidate. K. 1997- Choline ethanolamine kinase fiom mammalim tissues. Biochim-

Biophys. Acta. 1348:70-78.

78.

Uchida, T. 1994. immunologicdiy and enzymatically distinct rat choline kinase
isozymes. J, Biochern. 116: 1241-1250.

79.

Aoyama, C., K. Nakashima, and K. Ishidate. 1998. Molecular cloning of mouse
choline kinase and choline/ethanolamine kinase: their sequence cornparison to the
respective rat homologs. Biochim. Biophys. Acta. 1393: 179- L 85.

80.

Aoyarna C., K. Nakashima, M. Matsui, and K. bhidate. 1998. Complementary DNA
sequence for a 42 kDa rat kidney choline/ ethanolamine kinase. Biochim. Biophys.
Acta. 1390: 1-7.

8 1.

Chung. T., K.S. Crilly, W.H. Anderson, J.J. Mukherjee. and 2. Kiss. 1977. ATPdependent choline phosphate-induced mitogenesis in fibroblasts involves activation
of pp7O S6 kinase and phosphatidylinositol3'-kinase through an extracellular site. J.

Biol. Chem.
82.

064-3072.

Tessner. T.G., C.O. Rock. G.B. Kalmar, R.B. Cornell, and S. Jackowski. 1991.
Colony-stimulating factor 1 regulates CTP: phosphocholine cytidyiykransferase

mRN.4 levels. J. Biol- Chem. 266: 1626 1- 16264.
83-

Sugimoto, H.. M. Bakovic, S. Yamashita, and
transcriptional

enhancer

factor4

as

a

DE. Vance. 2001. Identification of
transcriptional

modulator

of

CTP :phosphochoiine cytidylyltransferase. J. Biol. Chem. 276: 1 2338- 1 2344.
84.

Watkins, J.D. and C. Kent.

1991. Regulation of CTP: phosphocholine

cytidyly1m.m ferase activity and subcellular location by phosphorylation in Chinese
hamster ovary cells. J , Biol. Chem. 266:2 1 113-21117.
85.

Pelech. S.L., H.B. Paddon, and D.E. Vance. 1984. Phorbol esters stimulate
phosphatidylcholine biosynthesis by translocation of CTP: phosphocholine
cytidylyltransferase fiom cytosol to microsornes. Biochim. Biophys. Acta. 79544745 1.

86.

Jamil, H., G.M. Hatch, and D.E. Vance. 1993. Evidence that binding of CTP:
phosphocholine cytidylyltransferase to membranes in rat hepatocytes is modulated
by the ratio of bilayer- to non-bilayer -forrning lipids. Biochern. J. 291:419-427.

87.

Groblewski, G.E., Y. Wang, S.A. Ernst, C. Kent, and I.A. Willliams. 1995.
Cholecystokinin stimulates the down-regulation of CTP: phosphocholine
cytidylyltransferase in pancreatic achar cells. J. Bioi. Chem. 270: i 437- 1442.

88.

Weinhold, P.A.. Rounsifer, M.E.. Feldman, D.A. 1986. The purification and
characterization of CTP:phosphorylcholine cytidylyltransferase fiom rat liver. J BioL
Chem. 261: 5104-51 10.

89.

Kalmar. G.B.. R.J. Kay. A. Lachance, R. Aebersold. and R.B.Comell. 1990. Cloning
and expression of rat liver CTP: phosphocholine cytidylyltransferase: an amphipathic
protein that controls phosphatidylcho line synthesis. Proc. Nat!. Acad. Sci USA.

87:6029-6033.

90.

Lykidis. A., KG. Murti, and S. Jackowski. 1998. Cloning and characterization of a
second human CTP:phosphocholine cytidylyltransferase.J Biol. Chern. 273: 1402214209.

Lykidis. A.. 1. Baburina, and S. Jackowski. 1999. Distribution of CTP:
phosphocholine cytidylyltransferase (CCT) isobrms. J. Biol. Chem. 274:26992-

2700 1.
Yao, Z., H. Jamil, and D.E. Vance- 1990. Choline deficiency causes translocation of
CTP: phosphocholine cytidylyltransferase 6.om cytosol to endoplasmic reticulum in

rat liver. J. B i d Chern. 2654326-433 1 .

Utal. A.K., H. Jamil, and D.E. Vance. 1991. Diacylglyerol signals the translocation
of CTP: choline-phosphate cytidylyltransferase in HeLa celIs treated with 12-0-

tetradecanoylphorol-13-acetate.J. Biol. Chem. 26624084-2409 1.
Cornell, R.B. 1991. Regulation of CTP: phosphocholine cytidylyltransferase by
lipids. 1.Negative surface charge dependence for activation. Biochemishy. 305873-

5880.
Comell. R.B. and I.C. Northwood. 2000. Regulation of CTP: phosphocholine
cytidylyltransferase by arnphitropism and relocalization. Trends Biochern- Sci.

Z5:44 1-447.
Lykidis. A.. P. Jackson, and S. Jackowski. 2001. Lipid activation of CTP:
phosphocholine cytidylyltransferase alpha: characterization and identification of a
second activation domain. Biocherniszry. 10:494-503.
Wieprecht, M.. T. Wieder, C. Paul, C.C. Geilen, and C.E. Orfanos. 1996. Evidence
for phosphorylation of CTP: phosphocholine cytidylyltransferase by multiple proline-

directed protein kinases. J. Biol. Chem. 271:9955-996 1 .
Wang. Y. and C. Kent. 1995. Effects of altered phosphorylation sites on the

properties oFCTP: phosphocholine cytidylyltransferase. J Biol. C

h 270: 17843-

17849.
Clement. LM. and C. Kent. 1999. CTP: phosphocholine cytidylyltransferase: insights
into regulatory mechanisms and novel functions. Biochem. Biophys. Res. Cornm.
257:643-650.

Northwood. I.C.. A.H.Y. Tong, B. Ctawford. A.E. Drobnies. and R.B. Cornell. 1999.
Shuttling of CTP: phosphocholine cytidylyltransferase between the nucleus and the
endoplasmic reticulum accompanies the wave of phosphatidylcholine synthesis
during the Go->Gl transition. J. Biol. Chem. 27426240-26248.
DeLong. C.J., L. Qin, and 2.Cui. 2000. Nuclear localization of enzymatically active
green fluorescent protein: CTP: phosphocholine cytidylyltransferase alpha fusion
protein is independent of ce11 cycle conditions and ce11 types. J. Biol. Chem.
275:33325-32330.
O. K.. Y.L. Siow. and P.C. Choy. 1989. Hamster liver cholinephosphotransferaseand

erhanolaminephosphotransferase are separate enzymes. Biochem. Cell BioL 67:680686.

Ghosh.

S..

S.

Muckhe rjee,

and

S.K.

Das.

1990.

Existence

of

cholinephosphotransferase in mitochondna and microsornes of liver and lung of
guinea pig and rat. Lipids. 25296400.
Jamil, H., A.K. Utal, and D.E. Vance. 1992. Evidence that cyclic AMP-induced
inhibition of phosphatidylcholine biosynthesis is caused by a decrease in cellular
diacylglycerol levels in cultured rat hepatocytes. J. BioL Chem. 267: 1 752- 1760.

O , K. and P.C. Choy. 1993. Effects of fasting on phosphatidylcholine biosynthesis
in hamster liver: regulation of cholinephosphotransferase activity by endogenous
argininosuccinate. Biochem. J 289:727-73 3.
Cattejee,

D.,

S.

Mukherjee,

and

S.K. Das. 2001.

Regulation

of

cho linephophotransferase by thyroid hormone. Biochem. Biophys. Res. Comm,
282: 86 1-864.

Bladergroen, B.A., M. Bussiere, W. Klein, M.J.H. Geelen, L.M. Van Goulde, and M.
Houweling. 1999. Inhibition of phosphatidylcholine and phosphatidyIethanolamine
biosynthesis in r a t 2 fibroblasts by cell-permeable ceramides. Eur. J. Biochem.
264: 153-160.

1os.

O, K. and P.C. Choy. 1990. Solubilization and partial purification of

cholinephosphotransferase in hamster heart. Lipids. 25: 122- 124.
109.

Ishidate, K., R. Matsuo, and Y. Nakazawa. 1992. CDP-choline: 1,tdiacylglycerol
cholinephosphotransferase from rat Iiver microsomes. II. Photoafinity labeling by
radioactive CDP-choline analogs. Biochim. Biophys. Acta. 1121:36-44.

Henneberry. A.L.. G. Wistow, and C.R. McMaster. 2000. Cloning, genomic
organization and characterization of a human cholinepho~photransferase~
J. Biol.
Chem. 275:29808-298 15.
Hennenberry, A.L. and C.R. McMaster. 1999. Cloning and expression of a human
c holine/ethanolarninephosphosphotransferase: synthesis of phosphatidylcholine and

phosphatidylethanolarnine. Biochem. J. 339:
Sundler. R. and B. Akesson. 1975. Regulation of phospholipid biosynthesis in

isolated rat hepatocytes. Effect of different substrates. J. Biol. Chem. 250: 3 3 59-

3367Walkey, C.J.. L. Yu. L.B. Agellon. and D.E. Vance. 1998. Biochemical and
evolutionary significance of phospholipid methylation-J. Biof. Chem. 273:2704327046,
Houweling,

M.,

2- Cui,

and

D.E.

Vance.

1995.

Expression

of

phosphatidylethanolamine N-methyltransferase-2 cannot compensate for an impaired
CDP-choline pathway in mutant Chinese hamster ovary cells. J. Biol. Chem

270: 16277-16282.
Waite, K.A. and D.E. Vance. 2000. Why expression of phosphatidylethanolamineNmethyltransferase does not rescue Chinese hamster ovary cells that have an irnpaired
CDP-choline pathway. J: Biol. Chem. 2752 1197-2 1202.
DeLong, C.J.. Y. Shen. M.J. Thomas, and 2. Cui. 1999. Molecular distinction of
phosphatidylcholine

synthesis

between

the

CDP-choline

pathway

and

phosphatidylethanolamine methylation pathway. J. Biol. Chem. 274329683-29688.

Cui, 2.' M. Houweling, and D.E. Vance. 1994. Suppression of rat hepatoma ce11
~ r o w t hby expression of phosphatidylethanolamine N-methyltransferass-2. J BioL

U

Chem. 269:2453 1-24533Cui. 2.. Y.-J.Shen. and D.E. Vance. 1997. Inverse correlation between expression

of phosphatidylethanolamine N-methyltransferase-2 and growth rate of perinatal rat
Iivers. Biochim. Biophys. Acta. 1346: 10- 16Tessitore,

L..

E.

Sesca,

and

D.E.

Vance.

2000.

Inactivation

of

phosphatidylethanolamine N-rnethyltransferase-2 in datoxin-induced Iiver cancer
and partial reversion of the neoplastic phenotype by PEMT transfection of hepatoma
cells. Int. J. Cancer. 86~362-367.
120.

Cui, Z., LE. Vance, M.H. Chen, D.R Voelker, and D.E. Vance. 1993. Cloning and
expression of a novel phosphatidylethanolarnineN-methyltransferase. J. Biol. Chem.
268: 16655-16663.

12 1.

Arthur, G. and L. Page. 1991. Synthesis of phosphatidylethanolamine and
ethanolamine plasmalogen by the CDP-ethanolamine and decarboxylase pathways
in rat hem, kidney and liver. Biochem. J. 273: 131- 125.

122.

Draus, E., J. Niefmd, K. Vietor, and B- Havsteen. 1990. Isolation and
characterization of hurnan liver ethanolamine

kinase. Biochim. Biophys. Acta.

1045: I95-SO4.

123.

Brophy, P.J., P.C. Choy. J.R. Toone, and D.E. Vance. 1977. Choline kinase and

ethanolamine kinase are separate, soluble enzymes in rat liver. E w . J. Biochem.
78:49 1-495.

124.

Weinhold, P.A. and V.B. Rety. 1974. The separation, purification and
characterization of ethanolamine kinase and choline kinase fiom rat liver.
Biochemistry. l3:j 133-5 141.

125.

Lykidis. A., J. Wang, M. Karim, and S. Jackowski. 2000. Overexpression of a
marnmalian ethanolamine-specific kinase accelerates the CDP-ethanotamine
pathway. J. Biol. Chem. 2762 174-2 179.

126.

Bladergroen. B.A. and L.M.G. van GoIde. 1997. CTP: phosphoethanolarnine

cytidy1y ltransferase- Biochim. Biophys. Acta. l348:9 1-99.
12%

Vermeulen. P.S., L.B.M. Tijburg, M.J.H. Geelen, and L.M.G. van Golde. 1993.
Immunological characterization, lipid dependence, and subcellular localization of

CTP : phosp hoethanolamine cytidy1yltransferase purifieci £iom rat liver. J Biol
Chem. 268:7458-7464128.

Bladergroen, B.A.. M. Houweling, M.J.H. Geelen, and L.M.G- van Golde. 1999.
Cloning and expression of CTP: phosphoethanolamine cytidylyltransferase cDNA
from rat liver. Biochem. J. 343: 107- 1 14.

229.

Nakashima A., K. Hosaka and J.-i. Nikawa. 1997.Cloning of a human cDNA for
CTP-phosphoethanolamine cytidylyltransferase by complernentation in vivo of a
yeast mutant. J. Biol. Chem. 272: 9567-9572.

130.

Mancini. A., F.D. Rosso. R. Roberit P. Orvietani. L. Coletti, and L. Binaglia. 1999.
Purification of ethanolaminephosphotransferase from bovine liver microsomes.
Biochim. Biophys. Acra 1437:80-92,

13 1.

Zborowski. .L5A. Dygas, and L. Wojtczak. 1983. Phosphatidylserine decarboxylase
is located on the extemal side of the inner mitochondrial membrane. FEBx 157: 179182.

132.

Voelker. D.R. and E.G. Baker. 1992. Phosphatidylserine decarboxylase from rat
liver. In Methods in Enzymology, E.A. Demis and D.E. Vance, editors, Acadernic
Press San Diego, CA. 359-365.

133.

Auchi. L., V. Tsvetnitsky, F.A. Yeboah, and W.A. Gibbons. 1993. Purification of
plasma membrane rat liver phosphatidylserine decarboxylase. Biochem. Soc. Trans.

2k488S.

Kuge, O., M. Nishijima, and Y. Akamatsu. 1991. A cloned gene encoding
phosphatidylserine decarboxylase complernents the phosphatidylserine biosynthetic
defect of a chinese hamster o v q ce11 mutant. J: Biol. Chem. 266:

Kuge. O.. K. Saito, M. Kojima, Y. Akamatsu, and M. Nishijima. 1996. Posttranslational processing of the phosphatidylserine decarboxylase gene product in
Chinese hamster ovary cells. Biochern. J. 319:33-3 8.
Polokoff, M.A. and R.M. Bell. 1980. Solubilization, partial purification and
characterization of rat liver microsomal diacylglycerol acyltransferase. Biochirn.

Biophys. Acta. 618: 129-2 42.
Andersson, M., M. Wettesten, J. Boren, A. Magnusson, A. Sjoberg, S. Rustaeus, and
S.-O. Olofsson. 1994. Purification of diacylglycerol: acyltransferase fiom rat liver to
near homogeneity. J. Lipid Research. 3553 5-545.
Cases. S.. S.J. Smith. Y.-W. Zheng, H.M. Myers. S.R. Lear, E. Sande, S. Novak, C.
Collins. C.B. Welch, A.J. Lusis, S.K. Erickson. and R-V. Farese Jr. 1998.
Identification of a gene encoding an acyl CoA: diacylglycerol acyltransferase, a key
enzyme in triacylglycerol synthesis. Proc. Nari- Acad Sci USA. 95: 13018- 13023.

Kuge. 0. and Nishijima. 1997. Phosphatidylserine synthase 1and iI of mammalian
cells. Biochim. Biophys. A m - 1348: 151 - 156.
Stone. S.J. and J.E. Vance. 2000. Phosphatidylsenne synthase-1 and -2 are localized
to mitochondria-associated membranes. J. Biol. Chem. 27534534-34540.
Siddiqui. R.A.and J.H. Exton. 1992. Phospholipid base exchange activity in rat liver

plasma membranes. J . Biol. Chem. 2675755-576 1.

Suzuki. T.T. and J.N. M e r . 1985. Purification and properties of an ethanolamineserine base exchange enzyme of rat brain microsomes. J. Biol. Chem. 260: 1394-

1399.
Bjerve, K.S. 1973. The Ca2- -dependent biosynthesis of lecithin, phophatidyl-

ethanolamine and phosphatidylserine in rat liver subcellular particles. Biochim.
Biophys. Acta. 296549462.

Kuge, O., K. Saito. and M. Nishijima 1997. Cloning of a Chinese Hamster Ovary-

(CHO) cDNA encoding phosphatidylserine synthase (PSS) II, overexpression of
which supresses the phosphatidylserine biosynthetic defect of a PSS I-lacking mutant

of CHO-K1 cells. J. Biol. Chem. 272:19133-19139.
Kinsella. J.E. 1968. The incorporation of [L"C3]glycerolinto lipids by dispersed
bovine marnmary cells. Biochim. Biophys. Acta. 164:540-549.
Dircks. L.K. and H.S. Sul. 1997. Mammalian mitochondrial glycerol-3-phosphate
acy ltransferase. Biochim Biophys Acta- 1348: 1 7-26.
Dircks. L. and H.S. Sul. 1999. Acyltransferases of de novo glycerophospholipid
biosynthesis. Prog. Lipid Res. 38:46 1-479.
Hanel. A.M. and M.H. Gelb. 1995. Multiple enzymatic activities of the human
cytosoiic 85 kDa phopholipase Al: hydrolytic reactions and acyl transfer to glycerol.

Biochemisîry. 34: 7807-78 18.
Sugimoto. H. and S. Yarnashita. 1999. Characterization of the transacylase activity
of rat liver 60-kDa lysophospholipase-transacyIase.Acyl transfer from the sn-2 to the

sn-1 position. fiochini. Biophys. Acta- 1438:264-272.
Margolis, S. and M. Vaughan. 1962. Glycerophosphate synthesis and breakdown in
homogenates of adipose tissue. J. BioL C

h 237:44-48.

Simpson, C.M.F., H. Itabe, C.N. Reynolds, W.C. King, and J.A. Glomset. 1991.
Swiss 3T3 cells preferentially incorporate sn-2-arachidonoyl monoacylglycerol into

sn- 1-stearoyl-2-arachidonoylphosphatidylinositol. J. Bol. C'hem. 266: 15902-15009.
Stella. N., P. Schweitzer, and D. Piomelli. 1997. A second endogenous cannabinoid

that modulates long-term potentiation. Namre. 388:773-777.

Di Marzo, V., D.Melck, L. De Petrocellis, and T. Bisogno. 2000. Cannabimirnetic
fatty acid derivatives in cancer and inflammation. Prostaglundins & orher Lipid
Mediators. 6 1 :43-6 1.

Hillard, C.J. 2000. Endocannabinoids and vascular function. J. Pharmacol. Erp.
Ther. 294:27-32.
Klein. T.W.. C . Newton, and H. Friedman. 1998. Cannabinoid receptors and
immunity. lmtinologv Today. 19573-380.
Wilson. R.I. and R.A. Nicoll. 2001. Endogenous camabinoids mediate retrograde
signalling at hippocarnpal synapses. Nature. 410:588-59 1.
Bisogno, T., D. Melck, L. De Petrocellis, and V. Di Marzo. L999. Phosphatidic acid
as the biosynthetic precursor of the endocmabinoid 2-arachidonylglycero1 in intact
mouse neuroblastoma cells stimulated with ionomycin. J. Nezrrochem. 72:2 1 1321 !9.

Di Marzo, V.. L. De Petrocellis. T. Bisogno, and D. Melck. 1999. Metabolism of

anandamide and 2-arachidonoylglycerol: an historical overview and some recent
developments. Lipids. 34:S3 194325.
159.

Smith. W.L. and P. Borgeat. 1985. The eicosanoids: prostaglandins. thromboxanes.
leukotrienes, and hydroxy-eicosaenoic acids, In Biochemistry of Iipids and
membranes, D.E. Vance and J.E. Vance, editors. The Benjamin / Cummings
publishing Company. Inç. Don Mills. O n t a r b 325-360.

160.

Yoshihara, Y. and Y. Watanabe. 1990. Translocation of phospholipase A2 from
cytosol to membranes in rat brain induced by calcium ions. Biochem. Biophys. Res.

Cornm. l70:484-490.
161.

Evans, J.H., D.M. Spencer, A. Zweifach, and C C . Leslie. 2001. intracellular calcium
signais regulating cytosolic phospholipase A2 translocation to internai membranes.

J. dioi. Chern. [epub ahead of printj.
162.

Muthalif,

M.M.,

I.F.

Benter.

M.R.

Uddin.

and

K.U.

Malik.

1996.

Calcium/calrnodulin-dependent protein kinase II alpha mediates activation of
mitogen-activated protein kinase and cytosolic phospholipase AZin norepinephrineinduced arachidonic acid release in rabbit aortic smooth muscle cells. J. Biol. Chem.

27l:3O 149-30157.
163.

Ricupero. D.. L. Taylor, and P. Poiar. 2993. Interactions of bradykinin, calcium. G-

protein and protein kinase in the activation of phospholipase A2 in bovine pulmonary
artery endothelial cells. Agents Actions. 40: 110-1 18.
164.

Schalkwijk, C.G.. M. Vervoordeldonk, J. Pfeilschifier. and H. van den Bosch. 1993.
Interleukin- l beta-induced cytosolic phospholipase A: activity and protein synthesis

is blocked by dexarnethasone in rat mesangial cells. FEBS 333:339-343.
Maxell, A.P., H.J. Goldberg, A.H.-N. Tay, 2.-G. Li, G.S. Arbus, and K.L. Skorecki.
1993. Epidermal growth factor and phorbol myristate acetate increase expression of

the mRNA for cytosolic phospholipase A?in glomerular mesangial cells. Biochem.
J. 295763-766-

Spaargaren, M., S. Wissink, L.H.K. Defize, S N . de Laat. and J. Boonstra. 1992.
Characterization and identification of an epidermal-growth-factor-activated
phospholipase Al. Biachem. J. 287:j 743.
Ma. Z., S. Ramanadham, Z . Hu, and J. Turk. 1998. Cloning and expression of a
group IV cytosolic Ca2+-dependent phospholipase A? fiom rat pancreatic islets.
Cornparison of the expressed activity with that of an islet group VI cytosolic C d + indendent phospholipase M . Biochim. Biophys. Acta. 139l:3 84-400.
Miyashita, A., R.G. Crystal, and J.G. Hay. 1995. Identification of a 27 bp 5'-flanking

region element responsible for the low level constitutive expression of the human
cytosolic phospholipase Al gene. Nrtc. Acids Res. 23:ZU-XI 1.

Hirabayashi, TI?K. Hume, K. Hirose, T. Yokomizo, M-Iino, H. Itoh! and T. Shimizu1999. Cntical duration of intracellular Ca2- response required for continuous

translocation and activation of cytosolic phospholipase A,. J. BioL Chem. 274:s 2 63-

5169.
Gijon. M.A.. D.M. Spencer, A.L. Kaiser. and C.C. Leslie. 1999. Role of
phosphorylation sites and the C2 domain in regulation of cytosolic phospholipase A?.
J. Biol. Chem. 115: 1319-1232.

Insel. P.A.. B.A. Weiss, S R . Slivka, M.J. Howard, J.J. Waite, and C.A. Godson.

1 99 1. Regulation of phospholipase A2 by receptors in MDCK-D 1 cells. Biochem.
Soc. Trans. l9:329-3 33.

Clark. E.A. and R.O. Hynes. 1996. Ras activation is necessary for integrin-mediated
activation of extracellular signal-regulated kinase 2 and cytosolic phosholipase A2but
not for cytoskeletal organization. J. &O&- C'hem- 271: 148 14-14818.
Krarner. R.M. and J.D. Sharp. 1997. Structure. function and replation of Ca"

-

sensitive cytosolic phospholipase Al (cPLAd. FEBS. 4lO:49-53.
Yamashita, A.. T. Sugiura, and K. Waku. 1997. Acyltransferases and transacylases
involved in fatty acid remodeling of phospholipids and metabolism of bioactive
lipids in marnmalian cells. J. Biochern. 122: 1- 16.
Spector. A.A. and M.A. Yorek. 1985. Membrane lipid composition and cellular
function. J. LipÏd Res. - 26: 1015- 1035.
Arthur. G. and P.C. Choy. 1984. Acyl specificity of hamster heart CDP-choline 1.2-

diacylglycerol phosphocholine transferase in phosphatidylcholine biosynthesis.

Biochim. Biophys- Acta. 79522 1 -229.
Choy. P.C., M. Skrzypczak, D.Lee. and F.T. Jay. 1997. Acyl-GPC and alkenyvalkylGPC : acyl-CoA acyltram ferases. Biochim. Biophys. Acia 1348: 1 24- 13 3.

Lands. W.E.M. 1960. Metabolism of glycerolipids. J. Biol. C h . 2352233-2237.
Lands. W.E.M. and P. Hart. 1965. Metabolism of glycerolipids. VI. Specificities of
acyl coenzyme A: phospholipid acyltransferases. J. Bioi. Chem. 240:1905-191 1.

Lands. W.E.M.. M. houe, Y. Sugiura. and H. Okuyarna. 1982. Selective

incorporation of polyunsaturated fatty acids into phosphatidylcholine by rat liver
microsomes. J , Biot- Chem- 2 5 2 14968-14972.
181.

Choy, P.C., P.G. Tardi, and J.J. Mukherjee. 1992. Lysophosphatidylcholine
acyltransferase. Methods EnzymoL 209:80-86-

182.

Mukherjee, J., P. Tardi, and P. Choy. 1992. Solubilization and modulation of acylCoA: 1-acy 1-glycerophosphocholine acyltransferase. Biochem. Biophys. Acta.
112327-32.

183.

Arthur,

G.A.,

L.L.

Page, and

P.C. Choy.

1987. The acylation of

lysophosphoradylglycerocholines in guinea-pig heart mitochondria. Biochem. J
242: 171-175.
184.

Colard, O., D.Bard. G. Bereziat, and J. Polonovski. 1980. Acylation of endogenous
p hospholipids and added Lysoderivatives by rat liver plasma membranes. Biochim.

Biophys. Acta. 618: 8 8-97,
185

Deka. N.'G.Y. Sun. and R. MacQuarrie. 1986. Purification and properties of acylCoA: 1-acyl-sn-glycero-3-phosphocholine-O-acyltrsfereliom bovine brain

microsomes. Arch. B i o c k Biophys. 2463554-563.
16

Sanjanwala M.,G Y . Sun. M.A. Cutrera, and R.A. MacQuarrie- 1988. Acylation of
lysophosphatidylcholine in bovine heart muscle microsomes: purification and kinetic
properties of acyl-CoA: l -acyl-sn-g l ycero-3-phosphocMine O-acyltransferase.A rch.
Biochem Biophys. 265:476-483.

187. Fyrst, H.. D.V. Pham. B.H. Lubin. and F.A. Kuypers. 1996. Formation ofvesicles by
the action of acyl-Co& 1-acyllysophosphatidylcholineacyltransferase from rat liver

microsomes: optimal s o l u b i l i i o n conditions and analysis of iipid composition and
enzyme act ivity. Biochernisfry- 35:2644-2650.
Wong, J.. K. Tran. G. Pierce, A. Chan. K. O, and P. Choy. 1998.
Lysophosphatidylcholine stimulates the release o f arachidonic acid in human
endothelial cells. J , Biol. Chem. 273:6830-6836.
Tran, K. and A C Chan. 1988. Effect of vitarnin E enrichment on arachidonic acid

release and cellular phospholipids in cultured human endothelial cells. Biochim.
Biûiphys. Acta. 963 :468-475.

Hill, R.C. and R A . Bradshaw. 1969. Fumarase. Methods En-yol. 13:91-99.
Pennington, R.J.1961. Bioçhemistry of dystrophic muscle. Biochem. J 80649-654.
Morre, J.D. 197 1. Isolation of Golgi apparatus. Merhods EnzymoL 22: 130-148.

Bers, D.M. 1979, Isolation and charactenzation of cardiac sarcolernma. Biochem.
Biciphys. Acta. 555: 131-146.
Kessler. R.J. and D.D. Fanestil. 1986. Interference by lipids in the determination of

protein using bicinchoninic acid. Anal- Biochern. 159: 1 3 8- 142.
Westergaard, N., P. Madsen, and K. Lundgren. 1998. Characterization of glycerol
uptake and glycerol kinase activity in rat hepatocytes cultured under different

hormonal conditions. Biochim. Biophys. Acta. 1402326 1-268.
Metcalfe. L.D. and Schmitz. 196 1. The rapid preparation of fatty acid esters for gas

chromatographic analysis. A n d Chem. 33:363-364.
Rajasekharan, R.. R.C. Marians, J.M. Shockey. and K. J.D. 1993. Photoafinity
labçling

of

acyl-CoA

oxidase

with

12-azidooleoyl-CoA

and

II-[+

azidosalicy1)arnino]dodecanoyl-CoA. Biochemistqt 32: 12386- 12391.
198.

Ji, T.H. and 1. Ji. 1982. Macrorneolecuiar photoaffmity labeling with radioactive
photoactivable heterobifunctional reagents. Anal. Biochem. 12 1 286-289.

1 99.

Schagger, H. and G. Jagow. 1987. Tncine-sodium dodecyl sulfate-polyacryiamide
gel electrophoresis for the separation of proteins in the range fiom 1 to 100 kDa.
Anal. Biochern. 166368-379.

200.

Shinoda J., A- Suzuki, Y. Oiso, and 0. Kozawa. 1997. Involvernent of
phosphatidylcholine hydrolysis by phospholipase D in extracellular ATP-induced
arachidonic acid release in aortic smooth muscle ceils. Arteriosclerosis ~ r o m b o s i s

Vase. Biol. 17:295-299.
201.

Brownell, J.E. and C.D. Allis. 1995. An activity gel assay detects a single,
catalytically active histone acetyltransferase subunit in Tetrahymena macronuclei.

Proc. NutZ. Acad Sci USA. 92:6364-6368.
202.

Bisogno, T., N. Sepe, D. Melck, S. Maurelli. L. De Petrocellis. and V. Di Marzo.
1997. Biosynthesis. release and degradation of the novel endogenous cannabimimetic

metabolite 2-arachidonylglycerol in mouse neuroblastoma. Biochem J 322:67 1677.
203.

Topham, M. and S.M. Prescott. 1999. Mammalian diacylglyceroi kinases. a family

of lipid kinases with signaling bctions. J. Biol. C h . 274: 11447-1 1450.
204.

Yamada. K. and H. Kanoh. 1988. Occurrence of immunoreactive 80 kDa and nonimmunoreactive diacylglycerol kinases in different pig tissues. Biochem. J. 25560 1-

608.

Tisdale. MJ. and M.D. T b d g i l l . 1984. (+/-)2,3,dihydroxypropyl dichloroacetate,

an inhibitor of glycerol kinase. Cancer Biochem BiopSs- 7:2S -259.
Dominguet M.C. and E. Herrera. 1976. The effect of glucose, insulin and adremdine
on glycerol metabolism in vitro in rat adipose tissue. Biochem. J 158: 183- 190.
Trach, V.,E. Buschmans-Denkel, and W. Schaper. 1986. Relation between lipolysis
and glycolysis during ischemia in the isolated rat hem. Basic Res. Curd 81:454-

464.

Robinson, J. and E.A. Newsholme. 1967. Glycerol kinase activities in rat heart and
adipose tissue. Biochem. J 104:2C-4C.
Helenius, A. and K. Simons. 1975. Solubilization of membranes by detergents.
Biochem. Biophys. Acta. 4 lF9:29-79.

Mchdrew, RS., B.P. Leonard, and K.D. Chapman. 1995. P h o t o a ï f ~ t ylabeling of

cottonseed microsomal N-acylphosphatidylethan01arnine synthase protein with a
substrate analogue. 12-[(4-azidosalicyl)amino]dodecanoic acid. Biochirn. Biophys.
Acta. 12565 10-318,

Rajasekharan, R.. V. Nachiappan, and H.S. Roychowdhury. 1994. Photolabeling of
soybean microsomal membrane proteins with photoreactive acyl-CoA analogs. Eur.
J. Biochem. 220:1013-1018.
Cuadrado, A.. A. Carnero, F. Dolfi, B. Jimenz. and J.C. LacaI. 1993.

P hosp horylcholine: a novel second messenger essential for mitogenic activity of
growth factors. Oncogene. 82959-2968.

Klein. J.. R. Gomlez, A. Koppen. and K. Loffelholz. 1993. Free choline and choline

metabolites in rat brain and body fluids: sensitive detemination and implications for
choline supply to the b e n . Neurochem,inr. 22:293-300.
Barak, A.J. and D.J. Tuma- 1978. Determination of fiee choline and
phosphorylcholine in rat liver. Lipidx 14: 304-308.
Tijburg, L.B.M.. M. Houweling, M.J.H- Geelen. and L.M.G. van Golde. 1988.
EEects of dietary conditions on the pool sizes of precursoa of phosphatidylcholine

and phosphatidylethanolamine synthesis in rat liver. Biochim. Biophys. Acta 959: 1 8.

Desouky, M A . , A.M. Geller, and H.M.I. Jernigan. 1992. Effect of osmotic stress on
phosphorylcholine efflux and turnover in rat lenses. Exper. Eye Res. S4:269-276.
Zelinski, T.A. and P .Cs Choy. 1982. Phosphatidylethanolamine biosynthesis in
isolated hamster heart. Cun- J. Biochem. 60:8 17-833.
Zha, X., F.T. Jay. and P.C. Choy. 1992. Effects of amino acids and ethanolamine on
choline uptake and phosphatidylcholinebiosynthesis in baby hamster kidney-21 cells.
Biochem. CelZ Biol. 70:1319- 1324.

Clark. J.D., A.R. Schievella. E.A. Nalefski. and L.L. Lin. 1995. Cytosolic

phospholipase A,. J. LipidMediai. CellSignaZ- 12383-117.
Lesli. C.C. 1997. Properties and regulation of cytosolic phospholipase A,. J. Biol.

C'hem. 272:16709-16712.
Wilden, P.A., Y.M. Agazie, R Kaufarnn, and S.P.Halenda. 1998. ATP-stimulated
smooth muscle ce11 proliferation requires independent ERK and PUK signaling
pathways. Am. J. Physiol. 275: H 1209-H1215.

Duchene, A.D. and L. Takeda. 1997. P2Y- and P2U-mediated increasesin interna1
calcium in single bovine aortic endotheiial cells in primary culture. Endothelium.
5977-286,

Robergs. R.A. and S.E. Griffin. 1998. Glycerol- biochemistry and clinical and
practical applications-Sports Med 26: 145- 16%
Lin, E.C. 1977. Glycerol utilization and its regdation in mammals, In A n n d

Review of Biochemistry, E.E. Snell, P-D. Boyer. A. Meister, and C C . Richardson.
editors, Annual Reviews Inc. Palo ,41to. California. 765-795.
Kohlschutter, A., H.P.Willig?D. Schlamp, K. Kruse, E.R McCabe, H.J. Schafier, G.
Beckenkamp, and R. Rohkamm. 198% Infantile glycerol kinase deficiency- a
condition requiring prompt identification. Clinical, biochemical, and morphological
findings in two cases. Eur. J. Pediutr. 146:575-58 1.
Vinogradov, S.N.. D.A. Walz. B. Pohajdak. L. Moens, O.H. Kapp, T. Suniki, and
C.N. Trotman. 1993. Adventitious variability? The amino acid sequences of

nonvertebrate globins. Comp. Biochern. Physiol. B. 106: 1 -26.
Hou. S.. R.W. Larsen, D. Boudko, C.W. Riley, E. Karatan, M. Zimmer, G.W. Ordal.
and M. A l m . 2000.Myoglobin-like areotaxis transducers in Archaea and Bacteria.
Ahrrrre. 403:540-544.

Monson. E.K.. G.S. Ditta, and D.R. Fielinski. 1995. The oxygen sensor protein, FixL.
of Rhizobium meliloti. Role of histidine residues in heme binding. phosphorylation,
and signal transduction. J. Biol. Chem. 2705243-5250.

Probst. 1.. G. WolE and HG. Schlegel. 1979. An oxygen-binding flavohemoprotein

fiom Akaiigenes eutrophus. Biochini. Biophys. Acta. 576:47 1-478.

230.

Vasudevan, S.G., W.L.F. Amiarego, D.C. Shaw, P.E. Lille, N-E. Dixon, and R.K.
Poole. 1991. Isolation and nucleotide sequence of the hmp gene that encodes a
haemoglobui-like protein in Escherichai coii K- 1 2. Mol. Gea Genet. l-2:49-58.

231.

Gotz, F.M.. M. Hertel. and U. Groschel-Stewart. 1994. Fatty acid binding of
myoglobin depends on its oxygenation. Biol. Chem. Hoppe. Seyler. 3753 87-392.

232.

Gloster, J. and P. Harris. 1977. Fatty acid binding to cytoplasmic proteins of
myocardium and red and white skeletal muscle in the rat. A possible new role for
myogIobin. Biochem Biophys. Res. Commun. 74: 506-5 1 3.

233.

Yacksan, K.S. and W.I. Wingo. 1982. Transport of fatty acids by myoglobin- a
hypothesis. Med. Hypotheses- 8: 6 13-6 18.

234.

Kawai. H., T. Sebe. H. Nishino, Y. Nishida, and S. Saito. 199 1. Light and electron
rnicroscopic studies on localization of myoglobin in skeletal muscle cells in
neuromuscular diseases. Rinsho Shinkeigakzt. 29: 835-843.

23 5.

Shaklai, N. and H.R. Ranney. 1978. interaction of hemoglobin with membrane lipids:
a source of pathological phenornena. Isr. J. Med. Sci. 14: 1152- 1156.

236.

Kirschner-Zilber. I., E. Seîter, and N. Shaklai. 1987. Association of hemoglobin
chains with the ce11 membrane as a cause of red ceil distortion in thalassemia.
Biochem. Med. Merab. Biol. 38: 19-3 1 .

-

