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ABSTRACT

The biological membrane surrounds all cells and delineates intracellular
compartments. Lipids form building blocks of the biological membrane, and
phosphatidylcholine is the principle lipid in the mammalian membrane. In this study.
phosphatidylcholine metabolism and the direct acylaticn of glycerol for lipid biosynthesis
were investigated.

The inhibition of phosphatidylcholine biosynthesis by extracellular phosphocholine
was studied in human umbilical vein endothelial cells. The activities of the enzymes in the
CDP-choline pathway were not altered, but the intracellular phosphocholine pool was
significantly reduced. The reduction was caused by competitive inhibition of choline uptake
by phosphocholine. Phosphocholine also caused a limited stimulation of arachidonate
release from phosphatidylcholine, and the release was potentiated by ATP. These studies
clearly demonstrate that exogenous phosphocholine has the potential to modulate
phosphatidylcholine metabolism 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 been
previously demonstrated. In this study, lipid biosynthesis in myoblast and hepatocyte cells
was reassessed by conducting pulse-chase experiments with [1.3-3H] glycerol. The results
suggested that a portion of labeled glycerol was directly acylated to form monoacylglycerol
and subsequently diacylglycerol and triacylglycerol. This pathway became prominent when

the glycerol-3-phosphate pathway was attenuated and when the exogenous glycerol

Xi



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: acyl-CoA acyltransferase, the enzyme which directly acylates glycerol is
located in the microsomal fraction of tissue homogenate. [t was identified as an 18 kDa
protein after purification by FPLC gel filtration, photoaffinity labeling and gel
electrophoresis. The purification was confirmed by immunoprecipitation 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

translocated to the membrane where enzyme activity is then conferred.

Xii



1 INTRODUCTION AND LITERATURE REVIEW

1.1 The Biological Membrane

1.1.1 The structure of the biological membrane

The biological membrane is essential to all cellular life (1). The function of the
biological membrane is to provide a permeability barrier and also a matrix for the association
of membrane protein. The plasma membrane is a biological membrane which surrounds all
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 mitochondria are
all delineated by membranes. The biological membrane also functions in the transmission
of inter- and intra-cellular signals. 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 carbohydrate. 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 originally 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 exclusively on the extracellular side
of the plasma membrane either in the form of glycolipid or glycoprotein. In isolation, the
bilayer membrane exists either in a viscous gel or a fluid liquid crystalline state. Under
physiological conditions, most if not all lipid membrane is in the liquid crystalline state.
Fluidity of the membrane is dependent on the nature of the acyl-chain region comprising the
hydrophobic 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 along the plane of the
membrane is generally unrestricted. The lipid raft is an area on the membrane where
movement of either the lipid or membrane protein is laterally 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 glvcosylphosphatidylinositol-
anchored proteins.

In summary, lipid performs a variety of biological functions related to membrane
structure, cellular signaling. fluidity and permeability. In the following sections, the

structure, composition and interaction of membrane lipid and protein will be discussed.
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Figure 1. The fluid mosaic model of the eukaryotic plasma membrane depicting
iipid. protein and carbohydrate moieties.
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1.1.2 Membrane lipid

The biological membrane contains a large variety of lipids which may be categorized
according to their molecular 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 along with cholesterol. which functions as a key modulator of membrane fluidity.

The general structure of a phosphoglyceride is shown in Figure 2. The s»n-1 and sn-2
hydroxyl groups of the glycerol backbone are esterified with fatty acids. The 1,2-sn-
diacylglycerophospholipid is the predominant form of phosphoglyceride found in
mammalian tissues. The acyl chains constitute the lipoidal moiety and may vary in length
and degree of unsaturation. Typically, the acyl chains are of medium and long chain lengths
(C,6-C+)- The acyl group is usually saturated at the sn-1 position and unsaturated at the s»n-2
position. The hydroxyl group of the glycerol moiety at the sn-3 position is linked to a
phosphate group which in turn is linked to the hydroxyl group of choline, ethanolamine.
inositol. serine. glvcerol or phosphatidylglycerol. The linkage of these polar head-groups to
the glycerol backbone of the lipoidal moiety forms the major phospholipids, e.g.
phosphatidylcholine, phosphatidylethanolamine, 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). 1-alkyl-2-acyl-glycerophosphocholine (plasmanylcholine) and their

ethanolamine-containing analogues. The ether-linked phospholipid is a minor constituent of
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Sphingomyelin, a sphingosine-based phospholipid, is predominately found in the
plasma membrane of mammalian cells. The terminal hydroxyl group of ceramide is linked
to phosphocholine to form sphingomyelin. Ceramide is the N-acylated derivative of
sphingosine and is structurally similar to the glycerol backbone of phosphoglyceride. A
glvcosphingolipid 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 complex glycolipid known as ganglioside contains
oligosacharide chains with one or more residue of N-acetylneuraminic acid. Glycolipid is
found on the extracellular leaflet of the plasma membrane and is involved in cellular
recognition and adhesion (9). The structures 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 amphipathic with the C-3 hydroxyl group as the polar head group.
The steroid nucleus and the hydrocarbon side chain 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 (10). In addition to its role as a membrane
constituent, cholesterol also serves as a precursor for a variety of products with biological
activities. A variety of steroid hormones such as estradiol and the D-vitamins are produced

from cholesterol by removal or modification of the side chain at C-17 (10).
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Lipid is not uniformly distributed amongst the various organelle membranes. Table
1 and Table 2 list the lipid composition of various mammalian tissues and biological
membranes. Phosphatidylcholine and phosphatidylethanolamine are the most abundant
phospholipids and appear to have the highest concentration in the mitochondria and the
endoplasmic reticulum. Sphingomyelin is present in significant quantities in all the tissues
examined but not in the mitochondria or endoplasmic reticulum.  Cholesterol is
predominately localized to the plasma membrane, although a small amount of cholesterol can
be found in the mitochondrial, endoplasmic reticulum, and Golgi membranes (1).
Cardiolipin is almost exclusively localized to the inner mitochondrial membrane (11).
Studies on the lipid composition of the bilayer leaflets in the plasma membrane indicate an
asymmetrical distribution of phospholipids (11). 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.

[n 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 even organelles. In addition, the lipid composition of the same
membrane system in different species can 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 from White (12). n.d.. not detected.

Tissue Brain Heart Liver

Source Human | Rat | Cow | Human | Rat | Cow | Human | Rat | Cow
Phosphatidylcholine 30 37 | 30 40 36 | 42 44 51| s6
Lysophosphatidylcholine | nd. | nd. | nd. 4 0.6 | nd. I I | ad
Phosphatidylethanolamine 36 36 33 26 30 28 28 25 13
Phosphatidylinositol 3 3 6 6 4 4 9 7 8
Phosphatidylserine 18 12 17 3 3 2 3 3 4
Sphingomyelin 13 6 12 5 3 12 5 4 6
Cardiolipin nd. 2 0.7 9 1 9 4 5 4
Other nd. nd. | 05 7 12 2 7 l 3




Table 2. Lipid composition of some biological membranes

Data are expressed as weight percent of total lipid. Adapted from Cullis and Hope (13).
*Human sources; °Rat liver.

Lipid Erythrocyte® | Myelin® Mitochondria® Endoplasmic
(inner and outer reticulum®
membrane)

Cholesterol 23 22 3 6
Phosphatidylethanolamine 18 15 35 17
Phosphatidyicholine 17 10 39 40
Sphingomyelin 18 8 - 5
Phosphatidylserine 7 9 2 5
Cardiolipin - - 21 -
Glycolipid 3 28 - -
Others 13 8 - 27

14



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 from the membrane by treatment with salt (14). 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 further 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 integral membrane proteins can 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 Mammalian Tissues.

1.2.1 Introduction

Studies on lipid biosynthesis date back to the 1950s when most of the pathways were
elucidated largely through work conducted in Eugene Kennedy’s laboratory (15. 16). Since
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 purifying the enzymes. To compound 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 availability 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 information obtained from lipid biosynthetic enzymes
purified from prokarvotes and yeast have provided the means to search the expressed
sequence tag database for the mammalian homolog. Using this approach, several enzymes
including acyl-CoA:1-acyl-sn-glycerol-3-phosphosphate acyltransferase (Section 1.2.4),
CDP-choline: 1,2 diacylglycerol cholinephosphotransferase (Section 1.2.7.1) and CDP-
diacylglycerol 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 molecules acting

either as intracellular second messengers or as extracellular agonists that modulate cell

16



function (17, 18). It is speculated that within the cell, separate lipid pools exist for
participation in various biological functions (19, 20). It is clear that the signaling and
modulation of cell function by lipids are important physiological aspects of cellular function.
A review on these topics however, is beyond the scope of this thesis. The following sections

will instead focus on the de novo biosynthesis of phosphoglycerides in mammalian tissues.

1.2.2 1-Acyl-sn-glycerol-3-phosphate (lysophosphatidate)

The acylation of glycerol-3-phosphate represents the first committed step in
glycerolipid biosynthesis (Figure 7). Glycerol-sn-3-phosphate is synthesized from the
phosphorylation of glycerol in a reaction catalyzed by glycerokinase (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-3-
phosphate dehydrogenase (EC 1.1.1.94). The acylation of glycerol-sn-3-phosphate is
catalyzed by acyl-CoA: glycerol-sn-3-phosphate acyltransferase (glycerol-3-phosphate
acyltransferase) (EC 2.3.1.13), resulting in the production of 1-acyl-sn-glycerol-3-phosphate
(lysophosphatidate) (21). The enzyme exhibits the lowest specific activity of all enzymes
in the glycerol-3-phosphate pathway suggesting that this step may be rate limiting (22. 23).

A partial purification of the acyltransferase from rat liver microsomes (24) and a full
purification from rat liver mitochondria have been reported (25). Two isoenzymes have been
identified based on differences in their pH optima, K, values, sensitivity to heat and N-
ethylmaleimide. subcellular localization and Mg™ (26). The microsomal enzyme is N-

ethylmaleimide sensitive and does not display any preterence for saturated or unsaturated

17



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

Due to difficulties in reproducing the reported purification procedure (24), the amino
acid sequence of the microsomal acyltransferase is not yet available. In contrast, the
mitochondrial acyltransferase has been cloned from the mouse and rat liver (29, 30).
Alignment of amino acid sequences from various acyltransferases has revealed several
regions of strong homology. Several amino acid residues have been identified in the
mitochondrial acyltransferase which are critical for catalysis (31). Studies on the expressed
recombinant mitochondrial acyltransferase indicate that the enzyme is an integral membrane
protein with two transmembrane domains. The N and C termini are orientated toward the
inner surface of the mitochondrial outer membrane while the internal domain of the protein
is exposed to the cytosol. Transcription of the mitochondrial 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 mitochondrial 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 1-acyl-dihydroxyacetone-3-
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phosphate to lysophosphatidate (35). The acyl-CoA: dihydroxyacetone-3-phosphate
acyltransferase (EC 2.3.1.42) activity is found in microsomes and peroxisomes. The
microsomal activity is thought to arise from glycerol-3-phosphate acyltransferase since both
glycerol-3-phosphate and dihydroxyacetone-3-phosphate are mutually competitive. In
addition, the enzyme activities display similar pH optima, acyl-CoA specificity and
sensitivity to heat, N-ethylmaleimide, trypsin and detergent (36). The peroxisomal enzyme
activity is distinct from the microsomal enzyme activity and the former is required for
plasmalogen biosynthesis (36). 1-Acyldihyroxyacetone-3-phosphate reductase (EC
1.1.1.101). which catalyzes the formation of lysophosphatidate, is enriched in peroxisomes

but is also found in microsomes (37).
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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 phospholipids 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 from the acylation of lysophosphatidate in a
reaction catalyzed by acyl-CoA: I-acyl-glycerol-sn-3-phosphate acyltransferase
(lysophosphatidate acyltransferase) (EC 2.3.1.51). The enzyme is located in the
mitochondrial and microsomal fractions, but enzyme activity has also been detected in the
plasma membrane (39). The LPAAT-a and LPAAT-f3 cDNAs have been isclated from
human brain and leukocyte ¢cDNA libraries (40) and encoded for separate isoforms of
lysophosphatidate acvltransferase. Lysophosphatidate-a acyltransferase mRNA has been
detected in all tissues but with higher expression in immune cells, epithelium and skeletal
muscle (41). Lysophosphatidate acyltransferase-§ mRNA was expressed in most human
tissues but with higher expression in the heart, liver and pancreas (40. 42). From the
ubiquitous expression of the lysophosphatidate acyltransferase in all 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
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histocompatibility complex in the chromosome band 6p21.3 (43). The expressed LPAAT-a
displayed intermediate activity with arachidonyl-CoA (C,,.;) and the highest activity with
palmitoyl-CoA (C,4,). Studies using confocal immunofluorescence microscopy indicate that
the isoenzyme is localized on the endoplasmic reticulum. In contrast, the LPAAT-B cDNA
obtained from a human heart library (42) has been mapped to chromosome 9. region q34.3.
The expressed recombinant protein exhibited higher activity towards arachidonoyl-CoA than

stearoyl-CoA (C,4,) or palmitoyl-CoA (42).

1.2.4 Cytidine diphesphate 1,2-diacyl-sn-glycerol (CDP-diacylglycerol)
CDP-diacyglycerol is produced from phosphatidate and CTP in a reaction catalyzed
by CDP-diacylglycerol synthase (EC 2.7.7.41). 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 synthase and phosphatidylinositol synthase in COS-7
cells did not result in elevated phosphatidylinositol levels (44). Two isoforms of CDP-
diacylglycerol synthase have been cloned from various sources (45. 46). Studies employing
fluorescence in situ hybridization indicate that the genes encoding CDP-synthase, CDS1 and
CDS2 are localized to chromosomes 4q21.1 and 20p13, respectively (47). Subcellular
fractionation studies indicate that the majority of CDP-diacylglycerol synthase activity is

localized in the endoplasmic reticulum, but activity has also been detected in the
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mitochondriai, nuclear and plasma membranes (48, 49). It is postulated that the enzyme
associated with the endoplasmic reticulum is for the synthesis of phosphatidylinositol wheras
the mitochondrial enzyme is for the synthesis of cardiolipin (44).

Although CDP-diacylglycerol synthase has been purified and cloned from bacteria,
yeast and Drosophila, purification of the enzyme from mammalian sources has not been
achieved (50). Studies on the crude microsomal preparation indicate that the enzyme
requires Mg~ for activity and is stimulated by GTP. The enzyme is inhibited by CDP-
diacylglycerol and inactivated by non-ionic detergents such as Triton X-100 (50). In
contrast, the mitochondrial 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 synthase indicate that the enzyme
has little or no selectivity for the acyl composition in phosphatidate. In contrast. structural
studies on CDP-diacylglycerol isolated from mammalian tissues show an abundance of
stearate at the sn-1 position and arachidonate at the sn-2 position (31). The mechanism for

CDP-diacylglycerol to acquire its specific fatty acid composition is not clear.

1.2.5 1,2-Diacyl-sn-glycerol
Diacylglycerol is produced from phosphatidate in a reaction catalyzed by
phosphatidate phosphatase (EC 3.1.3.4) (Figure 7). Diacylglycerol is also synthesized from

the acylation of monoacylglycerol which occurs readily in the enterocytes of the small
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intestine and liver (532). 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 phosphatidylethanolamine and phosphatidylcholine biosynthesis.
Diacyglycerol is also an important signal transduction molecule which activates protein
kinase C. The signaling diacylglycerol is produced in a phospholipase C mediated hydrolysis
of phosphatidylinositol-4.5-bisphosphate (55). Alternatively, the diacylglcyerol may be
produced in a sustained manner via the catabolism 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 I phosphatidate phosphatase is Mg’ -dependent and inactivated by N-
ethylmaleimide (56, 57). The enzyme translocates from the cvtosol 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 may be regulated by a protein kinase
(58). Its regulation and subcellular localization indicate that the type [ phosphatidate
phosphatase is for triacylglycerol and phospholipid biosynthesis (58). At present. the
microsomal phosphatidate phosphatase 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 II phosphatidate phosphatase is localized to the plasma
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membrane, not dependent on Mg** for activity and not inactivated by N-ethylmaleimide (60).
Several investigators have reported on the purification and characterization of type H
phosphatidate phosphatase (61-63). The enzyme is a 35 kDa glycoprotein (59) and also
catalyzes the dephosphorylation of ceramide-i-phosphate. lysophosphatidate and
sphingosine-1-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 2 human prostatic adenocarcinoma
cell line has been shown to be modulated by androgens (66). Computer modeling predicts
that the type II phosphatidate phosphatase is a channel-like integral membrane protein with
six transmembrane domains (67). Surprisingly, the type II phosphatidate phosphatase
sequence is highly homologous to proteins with alternate functions. The type II phosphatidate
phosphatase shares 48.1% and 34.4% identity with Drosophila Wunen and rat Dri 42 proteins

which participate in germ cell 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 (15, 16). In this
pathway. choline is transported across the membrane into the cell 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 cytidylyltransferase) (EC 2.7.7.15).

The condensation of CDP-choline with diacylglycerol catalyzed by CDP-choline:

N
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diacylglycerol cholinephosphotrasnferase (cholinephosphotransferase) (EC 2.7.8.2) produces
phosphatidylcholine and CMP. A small amount of phosphatidylcholine can 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 phosphatidyicholine biosynthesis in mammalian tissues

will be further examined in the following sections.
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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 catalyzes 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 nutrient in the diet, and its absence may have profound effects
on phosphatidylcholine biosynthesis (68, 69). In the heart, choline is taken up by a saturable
mechanism with a K, 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 exhibits a relatively high affinity for choline and requires Na™ for
activity (71). This receptor is associated with the synthesis of acetylcholine in cholinergic
svnaptosomes. 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 phosphatidylcholine synthesis
(71).

Phosphocholine is synthesized from choline and ATP in a reaction catalyzed by

choline kinase. The enzyme displays an absolute requirement for Mg*". In most instances.
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the enzyme has been recovered exclusively in the high-speed supernatant of tissue or cell
homogenates indicating that the enzyme is cytoplasmic in origin (72). In isolated cases,
choline kinase activity has also been detected in membrane fractions (73, 74). The enzyme
has been purified to homogeneity from numerous sources including the rat kidney. liver and
brain (75, 76). In most cases. the purified enzyme also displays significant activity with
ethanolamine (77). Immunological studies and chromatographic 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
chemical carcinogens, growth factors and transfection of cells with the ras/raf oncogene have
been shown to elevate choline kinase activity in the cell (77). From these studies, Kiss ef al.
suggest that phosphocholine produced from choline kinase may act as a second messenger
in a process leading to the induction of DNA synthesis (81).

Phosphocholine is converted to CDP-choline by CTP: phosphocholine
cytidylyltransferase. In the CDP-choline pathway, phosphocholine cytidylyltransferase is the
rate-limiting enzyme in phosphatidylcholine biosynthesis. The enzyme is regulated
transcriptionally (82, 83) and at the post-translational level. For example. the enzyme is
regulated by protein phosphorylation (84). translocation to the membrane (85), alteration in
membrane composition (86) and the rate of enzyme turnover (87). The enzyme has been
purified to homogeneity from rat liver and cloned (88. 89). Three isoenzymes have been
characterized and include a-, B1-, and B2- phosphocholine cytidylyltransferase (90). The
o isoform contains a nuclear localization structure. a catalytic domain, a helical lipid binding

domain and a phosphorylation domain. The f1 and B2 isoforms also contain the highly
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homologous catalytic domain and the lipid binding domain. However, they lack the nuclear
localization signal and differ at the C termini (91). The B isoforms are produced from the
same gene by alternate splicing of the transcript.

The translocation of phosphocholine cytidylyltransferase from the cytosol to the
membrane activates the enzyme. and it is regarded as an important mechanism for regulation
of phosphatidylcholine biosynthesis. Enzyme translocation is stimulated by choline
deficiency (92), diacylglycerol, phorbol ester (93) and anionic lipid (94).
Immunofluorescence and electron microscopy studies indicate that the bulk of
phosphocholine cytidylyltransferase « is essentially nuclear in origin while some of the
enzyme is localized on the endoplasmic reticulum (95). The B1 and $2 isoforms are
exclusively confined onto the endoplasmic reticulum (91). The membrane binding domain
of phosphocholine cytidylyltransferase is an amphipathic helical structure which interacts
with lipid and membrane. Thé 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 highly phosphorylated. and dephosphorylation is
concomitant with translocation and activation of the enzyme. It was hypothesized that
translocation of phosphochline cytidylyltransferase is regulated by a proline-directed protein
kinase (97). Subsequently. mutation analysis on the phosphorylation domain 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 cytidylyltransferase with the cell cycle and

enzyme stability (99).



Currently, the notion that phosphocholine cytidylyltransferase is activated upon
translocation to the membrane has been challenged. In a study by Northwood et al.,
cytidylyltransferase redistributed from the nucleus to the endoplasmic reticulum in
fibroblasts with the concomitant movement of enzyme activity (100). In addition. DeLong
et al. reported that cytidylyltransferase « is localized 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 (101). Further studies will be required to
settle this controversy.

In the final step for the de novo formation of phosphatidyicholine, CDP-choline
condenses with diacylglycerol to form CMP and phosphatidylcholine in a reaction catalyzed
by cholinephosphotransferase. In this reaction, Mg>~ or Mn*~ are essential cofactors for
maximal activity. The analysis of subcellular fractions with marker enzymes indicates that
most of the enzyme activity 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 phosphocholine
cytidylyltransferase, cholinephosphotransferase may also become rate limiting.
Phosphatidylcholine biosynthesis may be decreased by limited diacylglycerol availability
(104) and by short-term fasting. The fasting causes argininosuccinate accumulation in the
liver which in tumn directly inhibits cholinephosphotransferase (105). Enzyme activity is also
modulated by thyroid hormone (106), short-chain Cé6-ceramide (107),

lysophosphatidylcholine and calcium concentration.



Although a homogenous purification of cholinephosphotransferase 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 photoaffinity probe 3'(2")-O-
(benzoyl)benzoyl [**P] CDP-choline. 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. hCPT]1 is positioned to chromosome 12q, and the gene
product is specific for CDP-choline (110). Overexpression of hCPT1 in yeast devoid of their
own cholinephosphotransferase reconsituted phosphatidylcholine biosynthesis. In contrast,
hCEPT!1 is found on chromosome 1, and its gene product utilizes both CDP-choline and
CDP-ethanolamine for phosphatidylcholine and phosphatidylethanolamine synthesis (111).
The choline / ethanolaminephosphotransferase is expressed ubiquitously in all tissues and
utilizes a broad range of diacylglycerol (111). Kinetic studies on the expressed enzyme
indicate an apparent K, of 37 pM and a V of 10.5 nmol/min/mg for CDP-choline and an
apparent K, of 101 uM and a V_,, of 4.35 nmol/min/mg for CDP-ethanolamine when

dioleoylglycerol (C,q.,) is used.

1.2.6.2 Methylation of phosphatidylethanolamine
Phosphatidylcholine is also synthesized in the liver via the progressive methylation
of phosphatidylethanolamine in reactions catalyzed by phosphatidylethanolamine N-

methyltransferase (Figure 8). The methylation of phosphatidylethanolamine accounts for 20-

(93]
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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 (113). Expression of phosphatidylethanolamine methyltransferase in
Chinese hamster ovary cells defective in de novo synthesis of phosphatidylcholine at the
restrictive temperature failed to prevent cell death (114). It was postulated that insufficient
phosphatidylcholine was produced by the methylation pathway to maintain the necessary
phosphatidylcholine levels required for cellular replication (115). Phosphatidylcholine from
the methylation pathway was found to contain a diverse array of long chain polyunsaturated
species and a high amount of arachidonate. In contrast, newly formed phosphatidylcholine
from the CDP-choline pathway contains mostly medium length saturated acyl chains (116).
The molecular distinction of phosphatidylcholine produced from the methylation and CDP-
choline pathways may reflect on functional differences of the two pathways in the liver. For
example, an inverse relationship between phosphatidylethanolamine methyltransferase
activity and cell proliferation has been well established (117. 118). Thus. it is speculated that
phosphatidylethanolamine methyltransferase may function as a suppressor of hepatocyte
growth and transformation (119).

Two isoforms of the enzyme, PEMT1 and PEMT?2. have been characterized (120).
PEMTI is localized on the endoplasmic reticulum. and PEMT?2 is localized on the
endoplasmic reticulum-like membrane fraction that sediments with mitochondria after
centrifugation (120). Knock out studies have demonstrated that both isoforms are encoded
by the Pempt gene (113). Both isoforms catalyze the methylation of

phosphatidylethanolamine, phosphatidylmonomethylethanolamine, and



phosphatidyldimethylethanolamine.

1.2.7 Phosphatidylethanolamine

Phosphatidylethanolamine makes up about 20-30% of the total phospholipid content
in most mammalian tissues. Most of the phosphatidylethanolamine is produced via the
CDP-ethanolamine pathway (Figure 9) (121). In this pathway, ethanolamine is converted
to phosphoethanolamine by ethanolamine kinase (EC 2.7.1.82). Phosphoethanolamine is
subsequently converted to CDP-ethanolamine in a reaction catalyzed by CTP:
phosphoethanolamine cytidylyltransferase (phosphoethanolamine cytidylyltransferase) (EC
2.7.7.14). The condensation of CDP-ethanolamine with diacylglycerol catalyzed by CDP-
ethanolamine: diacylglcyerol ethanolaminephosphotransferase
(ethanolaminephosphotransferase) (EC 2.7.8.1) produces phosphatidylethanolamine. A
small amount of phosphatidylethanolamine is synthesized via the base exchange pathway,
but this process represents a minor pathway. Phosphatidylethanolamine is also produced
from the decarboxylation of phosphatidylserine. The major pathways for

phosphatidylethanolamine biosynthesis in mammalian tissues will be further examined in the

following sections.
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1.2.7.1 CDP-ethanolamine pathway

Ethanolamine is converted to phosphatidylethanolamine after three sequential
reactions in a pathway similar to the CDP-choline pathway. Ethanolamine is phosphorylated
to phosphoethanolamine 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 been
purified to homogeneity from the rat liver (124). Ethanolamine kinase I is a 36 kDa protein
and displays no choline kinase activity. Ethanolamine kinase II is a 160 kDa protein and
displays different kinetic properties from ethanolamine kinase . 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: phosphoethanolamine 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
phosphocholine cytidylyltransferases are separate enzymes (126). In contrast to
phosphocholine cytidylyltransferase, phosphoethanolamine cytidylyltransferase activity is
not affected by phospholipid. In addition, the analysis of subcellular fractions with marker
enzymes indicates that the enzyme is predominately localized in the cytosolic fraction (127).

Immunogold electron microscopy studies revealed that phosphoethanolamine



cytidylyltransferase is actually distributed between the cisternae of the rough endoplasmic
reticulum and the cytosol (126). Thus, phosphoethanolamine cytidylyltransferase activity
may also be modulated via translocation between the two subcellular compartments. The
enzyme however, does not contain the amphipathic «-helical membrane binding domain
found in phosphocholine cytidylyltransferase. Two putative phosphorylation sites on
phosphoethanolamine cytidylyltransferase have been identified suggesting that the enzyme
may be regulated by phosphorylation (128).

The phosphoethanolamine cytidylyltransfera