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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 acylation 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-sz-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 [,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. It was identifìed 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.

xll



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 banier 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 rêticulum, 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 ananged 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 ¡aft 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 en¡iched in

(glyco)sphingolipid, cholesterol, specific membrane proteins or glycosylphosphatidylinositol-

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.



Figure l' The fluid mosaic model of the eukaryotic plasma membrane depicting
lipid, protein and carbohydrate moieties.



1.1.2 Membrane lipid

The biological membrane contains a large variety of lipids which may be categonzed

according to their molecular structure. The glycerol-based phospholipid þhosphoglyceride)

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 sn-l 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'u-C:o). The acyl group is usually saturated at the sn-l position and unsaturated atthe 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, serine. glycerol 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, phospharidylserine,

phosphatidylglycerol and cardiolipin (Figure 3).

Phospholipids are also classified according to the chemical linkages at the sn-l

position. The ether-linked phospholipids include I -alkenyl-2-acyl-glycerophosphocholine

(plasmenylcholine), I -alkyl-2-acyl-glycerophosphocholine (plasmanylcholine) and their

ethanolamine-containing analogues. The ether-linked phospholipid is a minor constituent of



most mammalian membranes but may be abundant in the mitochondria of certain electrically

active tissues (7) and in circulating cells such as neutrophils and macrophages (8). The

structures of plasmenylcholine and plasmanylcholine are depicted in Figure 4.
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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

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 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 rhe 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 (i).

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.

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 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.

t2



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 5t 56

Lysophosphatidylcho I ine n.d. n.d. n.d. 4 0.6 n.d. I n.d.

Phosphatidylethanolamine 36 to 33 26 30 28 28 25 13

Phosphatidylinositol 3 J 6 6 4 4 9 7 8

Phosphatidylserine l8 t2 t7 3 t 2 J J 4

Sphingomyelin I3 6 t2 5 J l2 5 4 6

Cardiolipin n.d. 2 0.7 9 II 9 4 5 4

Other n.d. n.d. 0.5 7 l2 2 7 I J

l3



Table 2. Lipid composition of some biological membranes

Data are expressed as weight percent of total lipid. Adapted from Cullis and Hope (13).
oHuman sources; bRat liver.

Lipid Er¡hrocyte" Myelin^ Mitochondriab
(inner and outer

membrane)

Endoplasmic
reticulumb

Cholesterol 23 22 a
6

Phosphatidylethanolamine 18 l5 35 l7
Phosphatidylcholine 17 10 39 40

Sphingomyelin 18 8 5

Phosphatidylserine -7
9 2 5

Cardiolipin 21

Glycolipid a
J 28

Others t3 I 27

t4



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).

l5



The de novo Biosynthesis of Glyceroripids in Mammalian Tissues.

1.2.L 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, l6). 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 purifting 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 prokaryotes 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

1.2

t6



function (17, l8). It is speculated that within the cell, separate lipid pools exist for

participation in various biological functions (19, 20). It is clear that rhe 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 glycol¡ic

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.I5), resulting in the production of l-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 purifìcation of the acyltransferase from rat liver microsomes Qe and a full

purifrcation 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 localizal.ion and Mg-2 126;. The microsomal enzyme is N-

ethylmaleimide sensitive and does not display any preference for saturated or unsaturated
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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 tlrosine kinase has been

purified from adipose tissue which reversibly inactivated the microsomal acyltransferase

(27).The mitochondrial acyltransferase was inactivated by an AMP-activated kinase (2g).

Due to diffrculties in reproducing the reported purification procedure (24),theamino

acid sequence of the microsomal acyltransferase is not yet available. In contrast, the

mitochondrial acyltransferase has been cloned from the mouse and rat liver (2g, 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 enryme 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 c}'tosol. 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 thar rhe 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 elycerolipids (34).

In an alternative pathway, lysophosphatidate is formed by the acylation of

dihydroxyacetone-phosphate and reduction of the newly formed l-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). Alternatively, phosphatidate is dephosphorylated to produce

diacylglycerol which is a precursor of triacyglycerol, phosphatidylcholine and

pho sphatidylethano lamine.

Phosphatidate is synthesized de novo from the acylation of lysophosphatidate in a

reaction catalyzed by acyl-CoA: 1-acyl-glycerol-sz-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-ø and LPAAT-B 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 all tissues but with higher expression in immune cells, epithelium and skeletal

muscle (41). Lysophosphatidate acyltransferase-B 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 
"vith 

the enhancement of a c¡okine-induced signaling response (40).

The LPAAT-a ,eene has been mapped to the class III region of the human major
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histocompatibility complex in the ch¡omosome band 6p21.3 (a3). The expressed LPAAT-a

displayed intermediate activity with arachidonyl-CoA (Cro,u) and the highest activity with

palmitoyl-CoA (C'uo). 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 $2)has been mapped to chromosome 9, region q34.3.

The expressed recombinant protein exhibited higher activity towards arachidonoyl-CoA than

stearoyl-CoA (C,r,o) or palmitoyl-CoA, @2).

1.2.4 cytidine diphosphate 1,2-diacyl-sz-glycerol (cDp-diacylglycerol)

CDP-diacyglycerol is produced from phosphatidate and CTP in a reactio n 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, CDSI 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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mitochondrial, 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 $$.

Although CDP-diacylglycerol synthase has been purified and cloned from bacteria,

yeast and Drosophila, purification of the enzyrne from mammalian sources has not been

achieved (50). Studies on the crude microsomal preparation indicate that the enzyme

requires Mg2= for activity and is stimulated by GTP. The enzyme is inhibited by CDp-

diacylglycerol and inactivated by non-ionic detergents such as Triton X-I00 (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 micr'osomal CDP-diacylglycerol synthase indicate that the enrqe

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-l 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-sz-glycerol

Diacylglycerol is produced from phosphatidate in a reaction catalyzed, by

phosphatidate phosphatase (EC 3.1.3.4) (Figure 7). Diacylglycerol is also synrhesized from

the acylation of monoacylglycerol which occurs readily in the enterocytes of the small
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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 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 mediared hydrolysis

of phosphatidylinositol-4,5-bisphosphate (55). Alternatively, the diacylglcyerol may be

produced in a sustained manner via the catabolism of phosphatidylcholin e catalyzed, by

phospholipase D (EC 3. 1.4.4) and phosphatidare phospharase (17).

At least two types of phosphatidate phosphatases exist in mammalian tissues (56).

The type I phosphatidate phosphatase is Mg2*-dependent and inactivated by N-

ethylmaleimide (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 may be regulated by a protein kinase

(58). Its regulation and subcellular localization indicate that rhe type I phosphatidate

phosphatase is for triacylglycerol and phospholipid biosynthesis (58). At presenr, 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 Mg2. 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 glycoprorein (59) and also

catalyzes the dephosphorylation of ceramide-l-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 a 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 altemate functions. The type II phosphatidate

phosphatase shares 48.1% and34.4%oidentity with Drosophila Wunen and rat Dn 4zproteins

which participate in germ cell migration and epithelial differentiation, respectively (65).

1.2.6 Phosphatidylcholine

Several metabolic pathways exist for phosphatidylcholine biosynrhesis (Figure g).

The CDP-choline pathway was first described by Kennedy and co-workers (15, l6). 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 reactio n catalyzedby CTp:

phosphocholine cytidylyltransferase (phosphocholine c¡idylyltransferase) (EC 2.7.7.15).

The condensation of CDP-choline with diacylglycerol catalyzed, by CDp-choline:
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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 phosphatidylcholine 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 phosphatidylcholine (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, Keruredy demonstrated that

cholinephosphotransferase catalyzes the condensation of diacylglycerol with CDp-choline

to form phosphatidylcholine (i6).

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

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 phosphatidylcholine synthesis

(71).

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

choline kinase. The enzyme displays an absolute requirement for Mg2=. 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 purif,red 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, g0). 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 et al.

suggest that phosphocholine produced from choline kinase may act as a second messenger

in a process leading to the induction of DNA synthesis (g1).

Phosphocholine is converted to CDP-choline by CTp: phosphocholine

c¡idylyltransferase. In the CDP-choline pathway, phosphocholine c¡idylyltransferase 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 enzymehas been

purified to homogeneity from rat liver and cloned (8S. 89). Three isoenzymes have been

characterized and include d-, Bl-, and B2- phosphocholine cytidylyltransferase (90). The

c¿ isoform contains a nuclear localization structure, a catal¡ic domain, a helical lipid binding

domain and a phosphorylation domain. The B 1 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 altemate 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 esrer (93) and anionic lipid (g4).

Immunofluorescence and electron microscopy studies indicate that the bulk of

phosphocholine c¡idylyltransferase d, is essentially nuclear in origin while some of the

enzyme is localized on the endoplasmic reticulum (95). The B1 and, þ2 isoforms are

exclusively confìned onto 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 cy'tidylyltransferase is highly phosphorylated, and dephosphorylarion is

concomitant with translocation and activation of the enzyme. It was hypothesized that

translocation of phosphochline c¡idylyltransferase 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 ofphosphocholine cytidylyltransferase with the cell cycle and

enzyme stability (99).
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Currently, the notion that phosphocholine c¡idylyltransferase 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. teported that c¡idylyltransferase ø 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 phosphatidylcholine, CDp-choline

condenses with diacylglycerol to form CMP and phosphatidylcholine in a reactio n catalyzed.

by cholinephosphotransferase. In this reaction, Mg2* or Mn2- 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 regulared 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 acc¡mulation in the

liver which in turn directly inhibits cholinephosphotransferase (105). Enzymeactivity is also

modulated by rhyroid hormone (r 06), shorr-chain c6-ceramide ( 107),

lysophosphatidylcholine and calcium concentration.

3l



Although a homogenous purification of cholinephosphotransferase has not yet been

obtained, the enzyme has been partially purified from the hamster heart (l0g). In an

altemative approach, a 55 kDa protein band was labeled by the photoaffinity probe 3'(2')-O-

(benzoyl)benzoyl [32P] 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. hCPTI is positioned to chromosome I2q, andthe gene

product is specific for CDP-choline (1 10). overexpression of hCPTI in yeast devoid of their

own cholinephosphotransferase reconsituted phosphatidylcholine biosynthesis. In contrast,

hCEPTI is found on chromosome 1, and its gene product utilizes both CDp-choline and

CDP-ethanolamine for phosphatidylcholine and phosphatidylethanolamine synthesis (1 I l).

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 ¡rM and â V*o* of 10.5 nmol/min/mg for CDp-choline and an

apparent K, of l0l pM and a V,''u* of 4.35 nmol/min/mg for CDP-ethanolamine when

dioleoylglycerol (C,,,) 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 (Figwe 8). The methylation of phosphatidylethanolamine accounts for 20-
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40Yo of phosphatidylcholine synthesized in the liver (l 12). The pathway is not essential for

growth or development but is required for phosphatidylcholine synthesis when dietary

choline is deficient (ll3). 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 diflerences of the two pathways in the liver. For

example, an inverse relationship between phosphatidylethanolamine methyltransferase

activity and cell proliferation has been well established (1 17,118). 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 PEMT2.have been characterized (120).

PEMTI is localized on the endoplasmic reticulum. and PEMT2 is localized on the

endoplasmic reticulum-like membrane fraction that sediments with mitochondria after

centrifugation (120). K¡ock out studies have demonstrated that both isoforms are encoded

by the Pempt gene (l l3). Both isoforms catalyze the methylation of

phosphatidylethanolamine, phosphatidylmonomethylethanolamine, and
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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) (l2l). 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 c¡idylyltransferase þhosphoethanolamine cytidylyltransferase) (EC

2'7 '7 '14)' The condensation of CDP-ethanolamine with diacylglycerol catalyzedby CDp-

ethanolamine: diacylglcyerol ethano I aminepho sphotransferase

(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 calalyzed by ethanolamine kinase. Although many

choline kinases also contain ethanolamine kinase activify, 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 I. 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 17O-fold increase in

ethanolamine specifi c enzyme activity.

Phosphoethanolamine is converted to CDP-ethanolamine in a reaction car.alyzedby

CTP: phosphoethanolamine c¡idylyltransferase. 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 c¡idylyltransferases are separate enzymes (126). In contrast to

phosphocholine cytidylyltransferase, phosphoethanolamine c¡idylyltransferase 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
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cytidylyltransferase is actually distributed between the cisternae of the rough endoplasmic

reticulum and the cytosol (126). Thus, phosphoethanolamine c¡idylyltransferase activity

may also be modulated via translocation between the two subcellular compartments. The

enzyme however, does not contain the amphipathic s-helical membrane binding domain

found in phosphocholine cytidylyltransferase. Two putative phosphorylation sites on

phosphoethanolamine c¡idylyltransferase have been identified suggesting that the enzyme

may be regulated by phosphorylation (l2B).

The phosphoethanolamine cytidylyltransferase cDNA has been cloned from rat liver

and human glioblastoma cDNA libraries (128, l2g). Phosphoerhanolamine

c¡idylyltransferase contains a large repetitive intemal sequence in the N- and C- terminal

halves of the protein. Both repetitive sequences contain the HXGH motif, the most

conserved region of the active domain of other c¡idylyltransferases suggesting the existence

of two catalytic sites in phosphoethanolamine cytidylyltransferase (12g).

In the final step. CDP-ethanolamine is converted to phosphatidylethanolamine in a

reaction catalyzed by ethanolaminephosphotransferase. The enzyme has been purified to

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

ethanolaminephosphotransferase (1l l), the purified enzlirne also displays activity with CDp-

choline. The cDNA open reading frame predicts a 46.6 kDa protein containing seven

membrane-spanning domains.

1.2.7.2 Decarborylation of phosphatidylserine

Phosphatidylethanolamine is also generated via the decarboxylation of
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phosphatidylserine in a reaction catalyzed by phosphatidylserine decarboxylase (EC

4. I . 1 .65). The mamm alian enziwrie is localized to the outer leaflet of the inner mitochondrial

membrane (l3l). A partial purification of the enzyme from rat liver has been described,

although the yield was low, and the preparation was unstable (132). A phosphatidylserine

decarboxylase between 60-70 kDa from the plasma membrane of rat liver has also been

described (133). The cDNA for phosphatidylserine decarboxylase has been cloned by

complementation of a Chinese hamster ovary cell line auxotrophic for phosphatidylserine

(134). Transcriptional and translational studies indicate that rhe pssC gene product is

converted into mature phosphatidylserine decarboxylase via multiple steps of post-

translational processing ( I 35).

1.2.8 Triacylglycerol

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

diacylglycerol acyltransferase (diacylglycerol acyltransferase) (EC 2.3.1.20). 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*2 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 identified
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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 diacylglycerol. The gene was

expressed in all tissues examined, and expression correlated with the differentiation of NIH

2T2-Ll cells into adipocyres (13S).

1.2.9 Phosphatidylserine

Phosphatidylserine is a major phospholipid in the mammalian plasma membrane

making up 5-10% 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 base-

exchange reactions (139). Phosphatidylserine synthase I (EC 2.7 .g.S) uses

phosphatidylcholine as a substrate for exchange with serine. Phosphatidylserine synthase II

uses phosphatidylethanolamine as the phosphatidyl donor for exchange with L-serine to

produce phosphatidylserine. These reactions are energy-independent, require Ca2-, and have

a slightly alkaline pH optimum. Enzame activity is detectable in mitochondria (140), plasma

membrane (141), microsomes (1a2) and nuclei (143). Kinetic studies and purification of the

enzymes indicate that separate enzymes exist for choline, ethanolamine and serine base-

exchange activities. The cDNAs encoding for the enzymes have been obtained in a

complementation study r.vith phosphatidylserine auxotrophic Chinese hamster ovary cells

(144).
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The Direct Acylation of Glycerol

1.3.1 The direct acylation of glycerol

The biosynthesis of monoacylglycerol was studied by Kinsella who examined the

incorporation of ¡raC1 glycerol into the lipid fraction of bovine mammary cells (145). After

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-labeling. 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 labeled diacylglycerol or

lysophosphatidate. Remarkably, little is known about the in vivo directacylation of glycerol.

The acylation of glycerol-3-phosphate has been comprehensively studied (146,147).

To a lesser extent, the direct acylation of glycerol has also been documented (14g, 14g).

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 from

glycerol by a 60 kDa lysophospholipase-transacylase with lysophosphatidylcholine as the

acyl donor (149). In each case, a high concentration ofglycerol is required to detect product

formation. It has been documented that glycerol, ethanol, and several other alcohols form

esters with ¡'4C1-palmitate in the presence of adipose tissue microsomes (150). An g5 kDa

recombinant phospholipase A, was also reported to transfer an acyl group from

1.3
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phosphatidylcholine to glycerol.

1,3.2 Monoacylglycerol

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

monoacylglycerol in lipid biosynthesis and in signaling is not fully understood. In

enterocytes, the absorbed monoacylglycerol is derived from the hydrolysis of dietary

glycerolipids. In hepatocytes, cardiomyoctes and adipoctes, the monoacylglycerol is thought

to be derived from the hydrolysis of triacylglycerol (54). In Swiss 3T3 cells,

monoacyglycerol is preferentially incorporated into phosphatidylinositol ( 15 l ).

2-Arachidonylglycerol has recently been identifìed 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 (153), 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-phosphatidylcholine orphosphatidic acid (157, l5g).
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1.4 The Catabolism of phosphotipids

1.4.1 Phospholipases

Phospholipid is catbolized through the action of various phospholipases. The

different types of phospholipases are catego rized, according to the specific phospholipid bond

it hydrolyzes' Phospholipase Ar (EC 3.1.1 .3.2) specifically cleaves the acyl group at the sz- I

position, while cleavage of the acyl group atthe sn-Zposition is catalyzed by phospholipase

A2 (EC 3.1.1.4). Phospholipase c (EC 3.1.4.3) and phosphotipase D (EC 3.1.4.4) are

responsible for cleavage at the phosphate group (Figure r 0).

In mammalian cells, the cytosolic phospholipase A., (cpLA,) has been extensively

studied because it represents an attractive therapeutic target. The cpLA, preferentially

cleaves phosphatidylcholine containing arachidonate at the sn-2 position and is a key

mediator in arachidonate release. Arachidonate is a precursor of a wide spectrum of pro-

inflammatory mediators including prostaglandins, thromboxanes and leukotrienes (159). The

enryme is activated by micromolar amounts of Ca2* (160) which causes its translocation to

membrane fractions such as Golgi, endoplasmic reticulum and nuclear membranes (l6l).

cPLA' is also modulated by receptor activation in response to a wide variety of stimuli

including norepinephrine (162), bradykinin (163), c¡okine (164) and epidermal 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 all tissues ( 168). Structural studies of cPLA, have shown that the protein

contains a regulatory calcium binding domain (CaLB) at the N-terminus and a catal¡ic
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domain at the C-terminus. The CaLB domain displays a high affrnity fo¡ Ca2* and localizes

cPLA, to membrane structures (169). The cPLA" sequence also contains several consensus

phosphosphorylation sites for both serine / threonine and tyrosine kinases (170). The

activation ofprotein kinase C (l7l), mitogen activated protein kinase (162) andextracellular

signal-regulated kinas e 2 (p42 mitogen activated protein kinase) (172) has been correlated

with the activation of cPLA,. However, the involvement of the protein kinases in cpLA.,

activation is cell and stimuli specific (173).
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Figure 10. Sites of phospholipase action
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Lands Pathway

1.5.1 Phospholipid acyl composition

Structural studies of phospholipid molecules in mammalian tissues indicate that the

acyl content is highly specific in terms of chain length, position and saturation. As

previously mentioned, the acyl moiety esterifìed to the glycerol backbone is usually saturated

at the sz-l position and unsaturated at the sn-2 position. For example, in rat liver

phosphatidylcholine' 38'4% of the acyl moieties at the sn-1 position is occupied by stearate

(C,r,o), and 50Yo aLthe sn-2 position by arachidonate (C,ou) 074). The composition of acyl

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

the fluidity, permeability or bilayer thick¡ess of the membrane may modulate the activities

of membrane proteins (175).

As previously discussed, the Iipoidal moiety of phosphatidylcholine is synthesized

via the glycerol-3-phosphate pathway. Phosphatidate is produced by the sequential action

of glycerol-3-phosphate and lysophosphatidate acyltransferases. In vivo and invilro 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 (111). In addition, the acyl composition of newly formed

phosphatidylcholine is similar to the diacylglycerol produced f¡om phosphatidate (176).

Rather, the proper acyl composition of phospholipids is acquired in a remodelingprocess

after de novo synthesis ( I 77).

1.5
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1.5.2 Deacylation / reacylation cycle

The phospholipid acyl moieties are remodeled in a deacylation / reacylation process

sometimes referred to as the Lands pathway (178). For example, phosphatidylcholine is

converted to lysophosphatidylcholine by phospholipase A (Figure l1). Subsequently,

lysophosphatidylcholine is reacylated back to phosphatidylcholine with the proper acyl chain

by acyl-CoA: l-acyl-sn-glycerol-3-phosphocholine acyltransferase (lysophosphatidylcholine

acyltransferase) (EC 2.3.1.23). Acyl-CoA: l-acyl-sn-glycerol-3-phosphocholine

acyltransferase highly prefers unsaturated acyl-CoA, and acyl-C oA:2-acyl-sn-glycerol-3-

phocholine acyltransferase highly prefers saturated acyl-CoA (17g, I s0).

Lysophosphatidylcholine acyltransferase has been detected in all mammalian tissues studied

(i8l). The enzyme is localized predominately to the microsomal membrane (182), but

activity can also be found in mitochondria and plasma membrane (183, 184). Alternatively,

lysophosphatidylcholine can be further catabolizedto glycerophosphocholine.

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 difficulty occurs because extrication of the

enzyme from its lipid membrane environment leads to irreversible inactivation of the

enzyme. The difficulty is compor-rnded by the fact that acyltransferase activity is also

inhibited by even low amounts of detergents. Since the solubilizationof 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 from microsomal membranes has been conducted
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(182). It was found that treatment of microsomes with l Yo Chapsand 0.lM KCI results in

the solubilization of 25-30o/o of total enryme activity.

The purification of lysophosphatidylcholine acyltransferase from the bovine brain and

heart has been reported (185, 186). The molecular weight of the proteins were found to be

43 and 64k<Da respectively. The enzyme utilizes a variety of unsaturated long chain acyl-

CoA but is specific for arachidonyl-CoA. The enzyme prefers lysophosphatidylcholine, but

also uses lysophosphatidylethanolamine, lysophosphatidylserine or lysophosphatidylinositol

as the acyl acceptor. In a separate study, lysophosphatidylcholine acyltransferase has also

been identified as a27l<Daprotein band by solubilization with high concentrations of oleoyl-

CoA and lysophosphatidylcholine (187). The acyltransferase converted oleoyl-CoA and

lysophophosphatidylcholine into vesicular phosphatidylcholine. The newly formed vesicles

contained a substantial amount of enzyme and was subsequently isolated by density gradient

centrifugation. The recovered acyltransferase displayed preference for unsaturated acyl-

CoAs and lysophoshatidylcholine.

Due to difficulties in reproducing the original purification protocol reported over a

decade ago, no further work has been reported on the purified enzymes. Hence, information

on the amino acid sequence of the enryme is not available and attempts to obtain the cDNA

have not been reported.
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Research Aims and Hypothesis

Lipids form 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 mammalian tissues. More specifically, the regulation of

phosphatidylcholine metabolism. the deacylation / reacylation cycle and the direct acylation

of glycerol were examined.

In the first part of the study, the control of phosphatidylcholine metabolism was

examined in human umbilical vein endothelial 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 radioactivitiês 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 work on the purified enryme has not

progressed due to diffìculties in reproducing the purification of the enzyme. We hypothesized

that multiple acyltransferase isozymes exist, and that each isozyme is specific for a defined

lysolipid and acyl goup. Since direct evidence for the existence of acyltransferase isozymes

1.6
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must come from studies with the purified enzyme, our initial attempt was to solubilize the

enryme from pig heart microsomes. Subsequently, column chromatography and gel activity

assays were employed to purifu 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 glycerol. The direct

acylation of glycerol was further examined in pulse-chase experiments by varying the

extracellular glycerol concentration or attenuating the glycerol-3-phosphate pathway. Studies

were conducted to determine substrate specificity, pH and temperature optima of acyl-CoA:

glycerol acyltransferase. Kinetic studies were conducted on the glycerol acyltransferase to

determine the K. and Vn,o, Values. FPLC gel filtration photoaffinity labeling and gel

electrophoresis were employed to purify the enzyme. Immunological studies were performed

to verify 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.
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MATERIALS AND METHODS

2.t Materials

All lipid standards were obtained from Serdary Research Laboratories (London,

Ontario, Canada). Thin-layer chromatography plates, (K6 Silica gel 60A) and DEg l (2.5cm)

filter discs were purchased from Whatman Inc. (Clifton, New Jersey, USA). lMethyl-3H]

choline (80.0 mCi/mmol) and CDP-[ Methyl-taCl choline (42.2 mCilmmol) were obtained

from Dupont Canada Limited (Mississauga, ON, Canada). Phospho-[Me thyt-3H)choline was

synthesized from lMethyl-3Hl choline as previously described (70). The radiolabeled

compounds [5,6,8,11,12,14,1s-tH(N)] arachidonare (230.5 cilmmol), It-toc] arachidonyl_

coA (51.6mci/mmole), [Nar2sl1 lto.sci/mg) and [1,3-3H] glycerol (3.5cilmmol) were

obtained from PerkinElmer Life Sciences Canada (Woodbridge, ON, Canada). Radiolabeled

1-stearoyl-2-[1-'tC] arachidonoyl-L-3-phosphatidylcholine (55 mCi/mmol) was purchased

from Amersham International (Amersham, UK). Type I collagenase was obtained from

Worthington Biochemical Corp. (Freehold, NJ, USA). Endothelial cell growth supplement

was obtained from Collaborative Biomedical Products (Bedford, MA, USA). protease

inhibitor cocktail tablets were purchased from Roche Diagnostics Corporation (Indianapolis,

IN, USA)' The BCl3-methanol kit was purchased from Supelco Inc. (Bellefonte, pA, USA).

All other chemicals were of analytical grade and obtained from Sigma Chemical Company

(St. Louis, MO.- USA). The HiTrap affìnity column was obtained from pharmacia Biotech

(NJ, USA). PrepSep C¡s disposable extraction columns were purchased from Fisher
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Scientific (Fair Lawn, NJ, USA). BCA protein assay reagents and Immunopure@

Immobilized Protein A were purchased from Pierce (Rockford, IL, USA). Millex@-Gp

syringe driven filter units were purchased f¡om Millipore 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 from

Amersham Pharmacia Biotec, Inc. (Baie d'Urfe, eC, Canada).
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2.2 Methods

2.2.1 Cell Culture

Endothelial cells were harvested from human umbilical vein using Type I collagenase

as previously described (l8S). The cells were grown in flasks or culture dishes pre-treated

with0.2%o gelatin, in Medium 199 (pH 7.4) supplemented with25 mM HEpES, 30 ¡rglml

endothelial cell growth supplement, g0 pglmL heparin, 10Yo fetal calf serum, 100 units/ml

penicillin, 100 pglml streptomycin and 1.25 pglmLFungizone. The cells were incubated

at37oC in an atmosphere of 95Y;ohumidified air,5Yocarbon dioxide until 70-g0oá confluency

was achieved. Cells from the third passage grown in 60 mm culture dishes (approximately

2.8 x 106 cells) were used for experiments.

H9c2 cells, a rat myoblast cell line and Chang liver cells were obtained from the

American Type Culture Collection. They were cultured in petri dishes in Dulbecco,s

modified Eagle's medium containing l0%o fetalbovine serum, 100 units/ml of penicillin G,

10 pglml of streptomycin and 0.25 p,g/mL amphotericin B. The cells were incubated at

37oC in an atmosph ete of 95%o humidified air, S%ocarbon dioxide until 90% confluencv was

achieved.

2'2.2 Determination of choline uptake and phosphatidylcholine biosynthesis

Endothelial cells rvere incubated with the indicated concentration of phosphocholine

in the culture medium (2 mL) for 2 h at 37'C. lMethyl-3Hl choline was added to a final

concentration of 30 ¡rM (0.17 ¡rCi/nmol), and cells were further incubated for I h. The

53



culture medium was removed, and the cells were washed and harvested. Aqueous and

organic metabolites were extracted by adding chloroform, methanol and water to final

proportions of 4:2:3 by vol. Choline-containing metabolites in the aqueous phase were

analyzed by thin-layer chromatography using a solvent system consisting of methano I I 0.6%

NaCl / NH4OH (50:50:5, by vol). Phosphatidylcholine in the organic phase of the cell

extracts was resolved by thin-layer chromatography using a solvent system consisting of

chloroform / methanol I water I aceTic acid (70:30:4:2,by vol). The radioactivity associated

with the various metabolites 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 mixture (100 ¡rL) contained 10 mM Tris-HCl (pH g.0), 20 p"M

dithiothreitol, I mM magnesium chloride, 1 mM ATP and I mM fmethyt-3H]choline (20,000

dpm/assay). The enzyme sample (10 pL) was added to the reaction mixture and incubated

at37oC for l5 min. Non-radiolabeled choline (final concentration 4 mM) was added, and

the mixhrre was subsequently incubated at 100oC for 5 min. The sample was centrifuged at

10,000 x g for 5 min and the supernatant was applied to a thin-layer chromatography plate.

The plate was developed in a solvent containing methanol I 0.6%NaCl / NH4OH (50:50:5,

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.
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2.2.4 CTP: phosphocholine cytidylyltransferase assay

Phosphocholine cytidylyltransferase activity was determined by measuring the

production of radioactive CDP-choline. The reaction mixture (100 ¡rL) contained 100 mM

Tris-succinate (pH 7 .0), 12 mM magnesium acetate,2.5 mM CTp and 1.0 mM phospho-

fmethyl-3Hl choline (1,000 dpm/nmol). The enzyme sample (-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 centrifuged at 5,000 g

for 10 min, and the supernatant was applied to a thin-layer chromatography plate. The plate

was developed in a solvent containing methanol / 0.6% NaCl / NHIOH (50:50:5, by vol).

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

Imaging Scanner (Bioscan Inc., V/ashington 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 cholinphosphotransferase activity was determined by measuring the production

of radioactive phosphatidylcholine. The reaction mixture ( 1 .0 mL) conrained 100 Tris-HCl

(pH 8.5), 10 mM magnesium chloride, I mM ethylenediaminetetraacetic acid, 0.4 mM CDp-

lmethylaCl choline (1.0 pCi/¡rmol) and 1.0 mM diacylglycerol (prepared in 0.015% Tween

20by sonication). The enzyme sample (-100 ¡-rg protein) was added, and the reaction was

incubated at 37'C fbr 15 min. The reaction was terminated by the addition of 3 mL

chloroform / methanol (2:l v/v) to the mixture. Water (0.5 mL) was added to the mixture

55



to cause phase separation. The organic phase was washed twice with 2 mL of 40olo 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%o of the radioactivity in the lower phase was from

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 pCi/ml [3H]

arachidonate in the culture medium. The cells were washed with HEPES-buffered saline

(140 mM Nacl, 4 mM KCl, 5.5 mM glucose, 10 mM HEPES (pH7.4),1.5 mM cacl, and

1.0 mM MgClr) containing 0.025% (w/v) essentially fatty acid-free bovine serum albumin.

The cells were then incubated with HEPES-buffered saline containing phosphocholine and/or

ATP as outlined in the text. The buffer was removed, and 50 ¡rL glacial acetic acid was

added to halt any further reactions. The mixture was centrifuged for 5 min at 800 x g, and

a 0.8 mL aliquot was used for lipid extraction in a solvent mixture consisting of chloroform

/ methanol I 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: I , by vol). The fatty acid band was visualized by iodine

vapor, and the associated radioactivity was determined by liquid scintillation counting.
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2.2.7 Determination of phospholipase A, activity

Phospholipase A, activity was assayed as described by Tran et at. (189). Cells were

lysed by sonication in a buffer conraining 50 mM Tris-HCl (pH g.0), I mM EDTA, l0 pM

leuptin, 10 ¡rM aprotinin,20 mM NaF and l0 mM NøHpO+. The cell lysate was centrifuged

at 100'000 g for 60 min' The supernatant was designated as the soluble fraction while the

pellet was resuspended in the buffer described above and designated as the membrane

fraction. Phospholipase A, activities in the subcellular fractions were determined by the

hydrolysis of 1-stearoyl-2-lI-t4Cl arachidonoyl-sn-glycero-phosphocholine to yield free

radiolabelled arachidonate. The substrate was resuspended in dimethylsulfoxide (less than

0.5% of the final volume) by vortexing and sonication in a water bath sonicator. The assay

mixture contained 50 mM Tris-HCl (pH 8.0), 1.5 mM CaCl,,Q.9 nmole of srearoyl_2_l1_r4C]

arachidonoyl-sn-glycero-3-phosphocholine (100,000 dpm/assay) and approximately 10 pg

protein in a final volume of i00 ¡rL. The reaction mixture was incubated at37oC for 30 min

and then terminated by the addition of 1.5mL of chloroform / methanol (2: I v/v). Total lipid

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 from a local abattoir. A l0% homogenate (ilv) was

prepared in a buffer containing l0 mM Tris-HCr (pH 7.4),0.25 M sucrose, 1 mM

ethylenediaminetetraacetic acid and 0.1 mM phenylmethanesulfonyl fluoride. Subcellular

fractions were obtained by differential centrifugation as previously described (7). The cross-
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contamination of each subcellular fraction was assesse d,by ertryme markers. Fumarase (190)

and succinate dehydrogenase (191) activities were used as mitochondrial markers. Glucose-

6-phosphatase (192),5'-nucleotidase (193) and K*-stimulated p-nitrophenylphosphatase

activities (193) were employed as microsomal markers. From the determination of these

enzyme activities, the microsomal fraction was contaminated by 5o/o of the mitochondrial

material, whereas the mitochondrial fraction was contaminated by 9% of microsomal

material. The cytosolic fraction was contaminated by less than 7o/o of mitochondrial or

microsomal materials. The protein content in each fraction was determined by the

bicinchoninic acid method (lg4).

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 g0

mM Tris-HCl (pH 7.4),100 ¡rM [1-'oC] arachidonyl-CoA (51.6 mCi/mmole) and 150 ¡rM

lysophosphatidylcholine. The enryme sample (-50 pg protein) was added and incubated at

37oC for l0 min. The reaction was terminated by the addition of 3 mL chloroform /

methanol (2:l vlv)' Non-radioactive phosphatidylcholine (10 ¡rg) was added as a carrier.

Phase separation was caused by the addition of 0.8 mL water to the mixture. The lower

phase was analyzed by thin-layer chromatography. The plate was developed in chloroform

/ methanol lwater / acetic acid (70:30:4:2,by vol). The phosphatidylcholine band was

visualized by exposure of the plate to iodine vapor. The silica gel containing the

phosphatidylcholine was removed from the plate, and its radioactivity was determined by
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scintillation counting.

2.2.10 Glycerol: acyl-CoA acyltransferase assay

The glycerol acyltransferase activity was determined 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 pVt ¡t-t4Cl arachidonyl-CoA (51.6

mCi/mmole), 0.1 mM ethylenediaminetetraacetic acid and 5% (vlv) glycerol in a total

volume of 60 ¡rL. The reaction was terminated by addition of 0.75 mL chloroform /

methanol (2:l vlv). Water (0.25 mL) was added to mixture, and centrifugation was used to

speed up phase separation. The organic phase was recovered and analyzed, by thin-layer

chromatography. The radioactivity associated with monoacylglycerol was determined by

scintillation counting. Counts recovered from a control assay mixture lacking glycerol were

subtracted from experimental values.

2.2.|t Glycerokinase âssay

Glycerokinase activity was determined using a modified method described by

Westergaard et al. ( I 95). The enzyme activity was determined by measuring the rate of [ 1,3-

'H1 gly".tol-3-phosphate production. H9c2 or Chang liver cells were scraped from the petri

dish and suspended in a phosphate buffered saline solurion (pH7.fi. A cocktail of protease

inhibitors was added to the cell suspension, and a homogenate (-0.1 mg protein/ml) was

produced by sonication. A 10 ¡iL aliquot of cell homogenate was incubated with a reaction

mixture containing 25 mVHepes buffer (pH7.4),3 mM ATp,2.5 mM Mgcl2 and 32.3 ¡rM
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[1,3-3H] glycerol (3.5 Cilmmol) in a total volume of 100 ¡rL for l0 min at37oC. The

reaction was terminated by incubating the mixture at l00oC for 5 min. The mixture was

centrifuged for 5 min at 10,000 g, and the supematant was applied onto a DE3-81 Whatman

filter disc. The disc was placed onto a scintered glass filter under vacuum and slowly washed

with 25 mL 80%o ethanol. The radioactive glycerol-3-phosphate associated with the filter

was determined by scintillation counting. Counts from a control assay mixture lacking ATp

were subtracted from experimental values.

2.2.12 Pulse-chase analysis

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

until they became 90olo confluent. Culture medium containing [1,3-3H] glycerol (3.5

Cilmmol) was added to each dish for the prescribed time. The medium containing the label

was removed from the dish, and the cells were incubated in culture media containing non-

radiolabeled glycerol for various times. Subsequently, the dishes were rinsed 3 times with

ice cold phosphate buffered saline solution @H7.4). Cells were scraped into a test tube with

1 mL methanol / HCI (100:l v/v), and chloroform (1.3 mL) and water (0.7 mL) were added

to the tube. The lipid fraction was recovered in the organic phase arñ, analyzed by thin-layer

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
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systems. The thin-layer chromatography plate (20 cm x 20 cm) was activated by incubating

at 135oC for at least I h and allowed to cool to room temperature before sample application.

The plate was developed in a solvent containing chloroform / methanol I water / acetic acid

(70:30:4:2, by vol) until the solvent front reached i I cm from the origin. After drying, the

plate was fully developed in a second solvent containing benzene / 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 further separation of phospholipids. Lipid fractions were visualized

by exposure to iodine vapor. The bands on the thin-layer chromatography plate

corresponding to authentic lipid standards were scraped into scintillation vials, and their

radioactivities were determined.

2.2.14 Lipid determination

For the determination of monoacylglycerol, diacylglycerol, triacylglycerol,

lysophosphatidate, phosphatidate and phosphatidylcholine, the acyl groups were converted

to the respective methyl esters by reaction with BCl3-methanol (196). The total fatty acid

methyl esters were quantified using a Hewlett Packard HP 58904 gas chromatograph

equipped with a Supelcowax l0 30 m x 0.25 mm, 0.25 pm fused 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 acyltransferase was solubilized from the microsomal membrane by detergent

treatment. The appropriate amount of detergent was added to the microsomal sample, and
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the mixture was incubated at 4oC for I h with gentle stirring. The enzyme activity in the

supematant after centrifugation at 100,000 g for 60 min was regarded as the solubilized form

of the enzyme.

Microsomal protein from the pig heart was solubilized with Nonidet p-40 (0.2%), and

passed through a0.22 pm pore filter. Purification of glycerol acyltransferase was performed

by FPLC using a Sepharose 6B 16/50 HR column. The column was equilibrated with l0

mM Tris-HCl (pH 7.0),0.1 mM ethylenediaminetetraacetic acid, 0. i M KCl, and l0% (v/v)

glycerol. After application of the sample to the column, the same buffer was used to elute

the sample at a flow rate of 0.75 mllmin. Fractions of 1.8 mL were collected. and the

elution profile was monitored by absorbance at 280 nm.

2-2.16 Synthesis of Jr2sI¡ labeled l2-[(4-azidosalicyl)amino]-dodecanoyl-CoA

Azidosalicylaminododecanoic acid (ASD) was synthesized in the dark as previously

described (197). A mixture of 12-aminododecanoic acid (12 mg), the N-hydroxysuccinimide

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 after the addition of I 1.6 M HCI

(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

correct product formation was confirmed by thin-layer chromatography analysis using a

solvent consisting of chloroform: methanol (5:l v/v). The R¡values for l2-aminododecanoic
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and ASD were 0.00 and 0.63 respectively as previously reported (197).

l2-[(4-Azidosalicyl)amino]-dodecanoyl-CoA (ASD-CoA) was synthesized

enzymatically as previously described (197). The structure of ASD-CoA is depicted in Figure

12. The reaction mixture contained 1.5 mg azidosalicylaminododecanoic acid, 50 mM Tris-

HCI (pH 8.0), 7.5 mM MgCl2,0.3yo Triton X-100, 4.3 mM CoA and 5 mM 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 2.2mL. The reaction was carried

out for 2 h at 28oC and stopped by boiling for 2 min. ASD-CoA was purified using the

PrepSep C¡s column previously washed with 2.0 mL methanol,2.0 mL water and2.0 mL l0

mM KH2PO4 (PH 5.3). After sample loading, the column was washed with 3.0 mL l0 mM

KH2PO4 þH 5.3). ASD-CoA was eluted with 4 mM methanol into a pre-weighed test tube.

The solvent was evaporated to dryness, and the residue was dissolved in ethyl acetate /

methanol (2:1vlv).

ASD-CoA was iodinated as previously described (198). The reaction mixture

contained 60 ¡rL chloramine T, 0.5 ¡rg ASD-Co A,200 ¡rL ethyl acetate / methanol (2:l vlv)

and 0.25 mCi [Nar25I]. The mixture was incubated for 30 min at room temperature in the

dark, and 100 ¡rL ethyl acetate and 100 ¡rL l0% NaCl (w/v) were added ro the reacrion

mixture. The upper phase was collected, and the aqueous phase was extracted twice more

with ethyl acetate. The ¡r25¡ labeled ASD-CoA was srored in ethyl acetate at_70oC.
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2.2.17 Photoaffïnify labeling

Photoaffinity labeling was performed by incubating fractions from gel filtration

chromatography with the photoaffinity probe at room temperature in the dark for l5 min. The

reaction mixture (215 p'L) contained 1.9 ¡rCi ¡r25I1 ASD-CoA and a fraction aliquot (0.1 mL)

in 20 mM Tris-Succinate (pH 6.0),40 ¡rM ethylenediaminetetraacetic acid and 4.2% (v/v)

glycerol. Cross-linkage of the photoaffinity probe to the enzyme was induced by exposing

the reaction mixture to ultraviolet light. A hand-held ultraviolet lamp (Model UVS-54, from

Ultraviolet Productions Inc. San Gabriel, CA) was held at a distance of 5 cm f¡om the sample

for 15 min. Trichloroacetate (10%w/v) was added to stop the reaction and to cause protein

precipitation. The mixture was incubated at -20oC 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 ¡rL 0.1 N NaOH. Sample buffer (15 ¡rL) was added to each

sample and analyzed directly by tricine-sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (Tricine-SDS PAGE) (a3). The gel was stained for protein using Serva Blue

G, dried, and the labeled protein bands were identified by autoradiography. Band density

was analyzed by Scion Image software (Scion co.p., Frederick, Maryland, USA).

2.2.18 Gel electrophoresis

Tricine-SDs PAGE was used to separate low molecular weight proteins with

exceptionally high resolution. Tricine, used as the trailing ion, allows resolution of small

proteins at lower acrylamide concentrations than in glycine-SDS-PAGE systems (199). The

stacking and resolving gels containing 4o/o and 70Yo polyacrylamide respectively were cast
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in a mini gel apparaTus. The anode buffer was composed of 100 mM Tris-HCl (pH g.9), and

the cathode buffer consisted of 100 mM Tris-HCl (pH g.25),100 mM Tricine and I .0% sDS.

The protein sample was prepared by incubating with sample buffer containing 150 mM Tris-

HCI (pH 7 '0),30yo glycerol, l2% SDS, 6%o þ-mercaptoethanol, and 0.05% Serva Blue G for

30 min at 40oC. After electrophoresis, the protein sample was electrophoretically transferred

from the Tricine-SDS gel onto a polyvinylidene difluoride membrane using a Bio-Rad semi-

dry transfer cell. The protein band in the membrane was carefully excised and used for

amino acid sequencing. Sequencing was conducted by the Protein Microsequencing

Laboratory (Victoria, BC, Canada).

2.2.19 Production of antibody

Rabbit polyclonal antibody was produced by National Biological Laboratory Ltd.

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

¡l'5I1 asn-coA photoaffinity labeling. Each protein band was electrophoretically eluted

from the polyacrylamide 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 two additional booster shots (300-320 ¡:,gprotein) over four weeks. Control

serum was obtained from the the pre-immunized animal. The IgG fraction was purifìed from

the rabbit serum using a HiTrap affinity column. The purify of the antibody was assessed by

polyacrylamide gel electrophoresis.
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2.2.20 Immunoprecipitation of glycerol acyltransferase

The immunoprecipitation reaction was conducted by incubating various amounts of

IgG with solubilized microsomal protein for 30 min at 4oC. The incubation mixture

contained 50 mM Tris-HCl (Fffi 7.4),150 mM NaCl, and 5 mM ethylenediaminetetraacetic

acid in a final volume of 200 ¡rL. Protein A immobilized onto agarose beads (15 ¡rL) was

added to the mixture 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.

2.2.21 Statistical analysis

Data were analyzed using the paired Students' / test unless otherwise indicated. The

level of statistical significance was defined as p < 0.05. The data presented without

statistical analysis were perforr-ned in duplicate. The values from duplicate experiments were

always within I}Yo of each other and were reproducible in at least three separate

experiments.
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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

The effect of exogenous phosphocholine on phosphatidylcholine biosynthesis in

human umbilical vein endothelial cells was examined. In a preliminary study, the cells were

incubated with phospho-fmethyt-3H1 cholinefor2h, washed and the radioactivity in the cells

was determined. Less than0.01%o of the labeled material was found in these cells indicating

that phosphocholine was not taken up by the cells. To study the effect of phosphocholine on

phosphatidylcholine biosynthesis, the endothelial cells were preincubated with 0-10 mM

phosphocholine for 2 h, and fmethyl-3Hl 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 cells with

phosphocholine caused the reduced incorporation of fmethyl-3Hl choline into

phosphatidylcholine (Figure i3). In the presence of 1.0 mM phosphocholine

phosphatidylcholine labeling was decreased by 32Yo, and, at 5.0 mM phosphocholine, the

labeling of phosphatidylcholine was reduced by more than half of the control value (56%).

Increase in phosphocholine concentration to 10.0 mM caused a further inhibition in the

labeling of phosphatidylcholine.
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Figure 13. Effect of phosphocholine on phosphatidylcholine biosynthesis in
human umbilical vein endothelial cells. Confluent monolayers of human umbilical
vein endothelial cells were incubated with the indicated concentration of
phosphocholine for 2 h. lMerhyl-3Hl choline (0.17 prCi/nmol) was added to a final
concentration of 30 p.tM, and the cells were incubated further for I h. The cells were
harvested, and the radioactivity in the phosphatidylcholine fraction was determined
as described in Materials and Methods. These data represent the mean r standard
deviation of three experiments.

69



3.1.2 Effect of phosphocholine on choline containing metabolites

The observed decrease in phosphatidylcholine labeling may be reflected in changes

in the labeling of intermediates in the CDP-choline parhway. Thus, the effect of

phosphocholine on the incorporation of lmethyt-3H1 choline into the choline-containing

metabolites which are found in the aqueous phase of the cell extracts was investigated.

When cells were pre-incubated with 5 mM phosphocholine, the amount of radioactivity in

the aqueous fraction was decreased by 15 % (Table 3). Analysis of the choline-containing

metabolites revealed that the in vívo labeling of phosphocholine was significantly reduced.

Since changes in the labeling of phosphocholine could result from changes in the enzyme

activities in the CDP-choline pathway, the activities of choline kinase, phosphocholine

cytidylyltransferase and cholinephosphotransferase were determined in cells with and

without pre-incubation with phosphocholine. No significant changes in enzyme activities

were detected.
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Table 3. Radioactivity of aqueous choline-containing metabolites.

Confluent monolayers of human umbilical vein endothelial cells were incubated with 0 or
5.0 mM phosphocholine for 2h. lMerhyl-3Hl choline (0.r7 ¡rClnmol) was added ro a final
concentration of 30 pM, and the cells were incubated further for I h. The radioactivity
associated with the choline-containing metabolites was determined as described in Materials
and Methods. These data represent the mean É standard deviation of three experiment s. *p< 0.05 compared with the control.

[3H¡ Radioacrivify 1Ap*i fdlairf, *ffg

Aqueous fraction

Choline

Phosphocholine

CDP-choline

56.2 t 5.9

0.7 t 0.2

43.9 t 4.7

10.1 + 3.6

47.9 L2.g *

0.7 + 0.1

35.6 t2.7 *

10.9 + t.2
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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 umbilical vein endothelial cells were incubated with

different concentrations of fmethyl-3Hl 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 l4). Analysis of the data in a double-reciprocal plot showed that

choline uptake has a v,"o* of 0.5 ¡imol/h, with a K* of 47 ¡tM (Figure 14, inset). In the

presence of 5.0 mM phosphocholine, the V,"* of choline was unchanged, while a K, of g3

¡rM was obtained. These data suggest that the inhibition of choline uptake by

phosphocholine was competitive.
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Figure 14. Effect of phosphocholine on choline uptake by endothelial cells. In
(A), confluent monolayers of human umbilical vein endothelial cells were incubated
with 0 mM (o ) or 5.0 mM (l ) phosphocholine for 2 h. fMethyt-3Hlcholine (10
¡^tCi total) was added at the indicated concentrations, and the cells weie incubated
ñuther for t h. The uptake of choline into the cells was determined. In (B), the data
in (A) were re-plotted as a double-reciprocal plot.
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3.1.4 Effect of phosphocholine on ATp-induced arachidonate release

The effect of phosphocholine on arachidonate release in endothelial cells was

investigated. After pre-labeling of cellular lipids with [3H] arachidonare as described in

Materials and Methods, the cells were incubated with 0 or 1.0 mM phosphocholine for 2 h.

The cells were then exposed to 0 or 100 ¡rM ATP, a known stimulator of arachidonate

release (200). The release of arachidonate into the medium was determined. A small

enhancement 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 1.0 mM phosphocholine in the presence of i00 pM ATp, a significant

(20%) enhancement of arachidonate release was observed when compared to cells incubated

without phosphocholine.

The importance of cystosolic phospholipase(s) A, in arachidonate release from

endothelial cells has been previously demonstrated (188, 189). Thus the phospholipase A,

activity in the endothelial cells after phosphocholine treatment was examined. Cells were

incubated for 2 h with 0 or 5.0 mM phosphocholine. The cells were lysed and the

phospholipase A, activity was determined in the total cell lysate and soluble and membrane

fractions. Pre-incubation of the cells with phosphocholine did not result in detectable

changes in phospholipase A, activities in these two sub-cellular fractions (Table 4).
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Figure. 15. Effect of phosphocholine on ATP-induced arachidonate release in
endothelial cells. Near-confluent monolayers of human umbilical vein endothelial
cells were incubated lor 20 h with t prCi/ml [3H] arachidonate (200 ¡rCi/nmol).
After incubation with ['H] arachidonare, the cells were incubated with 0 mM (open
bars) or 1 mM phosphocholine (hatched bars) for 2 h. The cells were then incubated
with 0 or 100 ¡rM ATP for l0 min, and the [3H1 arachidonic acid released into the
medium was determined as described in Materials and Methods. These data
represent the mean + standard deviation of th¡ee experintents. *p < 0.05 compared
with cells incubated with 0 mM.
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Table 5. Effect of phosphocholine on phosphoripase A, activity

Confluent monolayers of human umbilical vein endothelial cells were incubated for 2 h with
0 mM (control) or 5.0 mM phosphocholine. After incubation, phospholipase A., activity was
determined in total cell lysate and membrane and soluble fractions as described in Materials
and Methods' These data represent the mean t standard deviation of three experiments.

Phospholipase A, Activity (pmoUmin/mg protein)

Total activity

Membrane fraction

Soluble fraction

control

9.01 L 1.28

1.85 + 0.29

6.91 + 0.88

5mMph choline

9.10 + 0.29

2.45 ! 0.55

6.67 + 0.21
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3.2 Studies on the Deacylation / Reacylation Cycle

The deacylation / reacylation cycle is an important process in establishing the proper

fatty acid composition in the phospholipid. Phospholipases have been 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 enz.rme has not been employed in any subsequent studies (185,

186). In this study, FPLC chromatography and gel activity assays were employed to obtain

the purified enzyme. Unfortunately, the various approaches have not been successful, and

further 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 lysophosphatidylcholine

acyltransferase is given in the following sections.

3.2.1 Gel fTltration chromatography

The solubilization of lysophosphatidylcholine acyltransferase from the microsomal

membrane was completely re-evaluated by Mukherjee (182). A significant portion (35%)

of the enzyme activity was solubilized by a combination of l% Chaps and 1 M KCl.

Solubilized pig heart microsomes were applied onto an FPLC gel filtration column

containing Sepharose 68. The severe loss of enzyme activity during chromatography was

partially overcome by including20% glycerol in the elution buffer. Acyltransferase activity

was determined in each fraction by measuring the production of radioactive
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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 serum

albumin (data not shown). Unfortunately, attempts to further purifu the enzyme by other

chromotographic methods resulted in the complete loss of enzyme activity.

Unexpectedly, several fractions catalyzedthe production of a radioactive compound

which did not correlate to lysophophatidylcholine, arachidonyl-CoA, arachidonate or

phosphatidylcholine. The radioactive compound migrated near the solvent front when

analyzed by thin-layer chromatography using a solvent system containing chloroform /

methanol lwatet /acetic acid (70:30:4:2,by vol). The radioactive compound was re-

analyzed by thin-layer ch¡omatography using a solvent system containing benzene /

diethylether / ethanol / water (50:40:2:0.2, by vol). The radioactive compound co-migrated

identically with the monoacylglycerol standard. The detection of radioactive

monoacylglycerol suggested that a microsomal enzyme catalyzed the direct acylation of

glycerol. The direct acylation of glycerol catalyzed by pig heart microsomes 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 Tetrahymena

macronuclei represented an alternative approach for the purifìcation and identification of

lysophosphatidylcholine acyltransferase (201). Brownell and Allis reported the detection of

histone acetyltransferase after gel electrophoresis by the incorporation of radioactive acetate

into histone substrates polymerized directly into the gel.
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In a typical experiment, pig heart microsomal protein was separated by SDS-pAGE.

After electrophoresis, the gel was incubated in a buffer containing 15% isopropanol to

remove the SDS from the gel. Subsequently, the gel was washed in buffer containing either

7 M guanidine or 8 M urea to completely denature the acyltransferase. The gel was then

incubated in a buffer containing detergent (e.g. sodium cholate, Nonidet p-40, tween 20 or

tween 40) to allow the protein to refold into the native enzyme. To detect

lysophosphatidylcholine acyltransferase activity, the gel was incubated with [,oC]

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 chromatography. 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

successful for the purification of lysophosphatidylcholine acyltransferase.
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Studies on the Direct Acylation of Glycerol.

3.3.1 Confirmation ofmonoacylglycerol production

Rigorous analysis was conducted to confirm the identity of monoacylglycerol formed

by the glycerol acyltransferase reaction. The glycerol acyltransferase reaction was 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 monoacylglycerol isomers werc analyzed by using

a boric acid impregnated thin-layer chromatography plate (202). After 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

l0% ofthe monoacylglycerol produced was of the 2-isomer and,g}yowas 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 thin-

layer chromatography (data not shown). The conversion of monoacylglycerol to

diacylglycerol is consistent with the presence of monoacylglycerol acyltransferase in

cardiomyocytes (54).

3.3
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Table 5. Identification of monoacylglycerol

The glycerol acytransferase reaction was performed as described in Materials and Methods.
Multiple solvent systems were employed to verify the identification of monoacylglycerol.
The solvent ratio is indicated by vol. The TLC plate was developed fully in the indicated
solvent system unless otherwise noted. TLC, thin-layer chromatography.

Chromatographic Solventsystem
system

R¡ value of
MG

One dimensíonal
TLC

Multi one

dimensionalTLC

Two Dimensional
TLC

0.08

0.02

0.23

0.02

0.08

0.05

0.01

0.04

0.0s (r(3)-MG)
0.1(2-MG)

0.03

Diethyl ether: toluene: ethanol: acetic acid (40150/l/0.5)

Hexane: diethyl ether: acetic acíd(70/30/l)

B ezene : diethyl ether: ethano I : acetic acid (50 / 40 12/ 0.2)

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

Petroleum ether: diethyl ether: acetic acid (50/50/l)

Heptane: diethyl ether: methanol : acetic acid (9 0 /20 /2 /3)

Hexane: isopropyl ether: diethyl ether: acetone: acetic acid
(8st12/1/4/1)

Heptane: isopropyl ether: aceric acid (60/401a)

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

Diethylether: hexane (60/40) 7cm; Diethyl erher: petroleum
ether:formic acid (90/10/l) l8cm

Isopropyl ether; acetic acid (90/10/l) l3cm; perroleum erher:
diethyl ether: acetic acid (85112/t/4/t) tïcm

Diethyl ether: toluene: ethanol: acetic acid (45/501110.5) l2cm;
Diethyl ether: hexane (8/92) l Scm

Chloroform: methanol: acetic acid: water (70130/412) 9cm
Diethyl ether: hexane: ethanol: aceric acid (40/50/210.2) lgcm;
Chloroform: methanol: acetic acid: water (70130/4/2) l3cm

Benzene: diethyl ether: ethanol: acetic acid (501401210.2);
Benzene: diethyl ether: ethanol: ammonium hydroxide
(s0/40/2/0.2)

Benzene: diethyl ether: ethanol: acetic acid (50/40/210.2);
Diethyl ether: hexane: acetic acid(60/40/l)

0.15

0.t6

0.68
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3.3.2 The direct acylation of glycerol

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

glycerolípid biosynthesis. However, since the direct acylation of glycerol occurs in vítro, 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

[1,3-3H] glycerol (3.SCi/mmol) for 1 min and then incubated in culture medium containing

I mM non-radiolabeled glycerol for various times. The specific radioactivities of

monoacylglycerol, diacylglycerol, lysophosphatidate and phosphatidate were determined at

each time 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 radioactivity of diacylglycerol peaked after 5 min of

incubation. The labeling of lysophosphatidate was almost linear, and its specific

radioactivity remained low at all time points. The labeling of phosphatidate was not clearly

defined but appeared to peak after 10-15 min of incubation. The labeling profile indicates

that a considerable portion of the radiolabeled glycerol taken up by the cell was directly

acylated to form monoacylglycerol. 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 been 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 l0+18 pmole/min/mg protein whereas
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the glycerokinase activity was found to be 8.3t1.8 pmole/minlmg protein. The low

glycerokinase activity may account for the low [1,3-3H] glycerol 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 [,3-3H] glycerol (3.5 Ci/mmol) for I min. The pre-incubation
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containing I mM non-radiolabeled glycerol for different times. The specific
radioactivities of monoacylglycerol (o), diacylglycerol (I), lysophosphatidate (A)
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3.3.3 Inhibition of glycerokinase

Monobutyrin is a known inhibitor of glycerokinase (205) and was chosen for the

following studies since its ability to enter the cell has been demonstrated (195). The

compound could be used to study the contribution of the direct acylation of glycerol by

attenuating the glycerol-3-phosphate pathway. Our approach was to select a cell 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

monobutyrin could inhibit cellular glycerokinase in vivo, Changliver cells were incubated

for I 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 (pH7.4) containing 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 43yo from

119.5110 nmole/min/mg protein to 68+10 nmole/min/mg protein. In contrast, glycerol

acyltransferase activity was stimulatedby 38% from92.7+4 pmole/min/mg protein to l2g+9

pmole/min/mg protein. It is clear that monobutyrin has the ability to selectively atrenuate the

glycerol-3 -phosphate pathway.

3.3.4 Attenuation of 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 l0 mM
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monobutryin and then incubated with a medium containing 0.1 mM [1,3-3H] (3.5 Cilmmol)

glycerol for 2 min. The media containing the label was removed from the dish, and the cells

were subsequently incubated in culture media containing I 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, lysophosphatidate was immediately labeled (Figure

17A)' The specific radioactivity of lysophosphatidate decreased as the incubation time

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

profile closely resembled the phosphatidate profile but was never higher in specific

radioactivity. In concurrence with the glycerol acyltransferase and glycerokinase activities

in Chang liver cells, the majority of glycerol was metabolized through the glycerol-3-

phosphate pathway. After the uptake of glycerol, lysophosphatidate was synthesized and

subsequently converted to phosphatidate. Alternatively, a smaller percentage of glycerol was

directly acylated to form monoacylglycerol and acylated again to form diacylglycerol.

When Chang cells were pre-incubated with l0 mM monobutyrin (Figure l7B), the

specific radioactivity prohle for lysophosphatidate was reduced during the first minute of

incubation when compared to cells treated without monobutyrin. In contrast, the specific

radioactivity in monoacylglycerol increased by 20% initially and as much as 32yo midway

during the chase period. These results indicate that the direct acylation pathway could

function as a shunt when the glycerol-3-phosphate pathway is attenuated.
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lysophosphatidate (!) a1a phosphatidate (v) weie determined anã ã*pr.rr"à u,
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3.3.5 Effect of glycerol concentration on the direct acylation pathway

To determine whether the direct acylation of glycerol could be affected by exogenous

glycerol concentration, pulse-chase experiments using H9c2 cells at different glycerol

concentrations were conducted. The cells were growït ina24 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 [1,3-3H] glycerol (3.5 Cilmmole) in serum free culture medium.

Serum, which contained glycerol, was excluded from the labeling media to avoid diluting the

specific radioactivity of glycerol. The cells were subsequently incubated in culture medium

containing I or l0 mM glycerol respectively for different times, and the specific

radioactivities of the lipids were determined after each incubation. In comparison to the first

pulse-chase experiment (Figure 16), the labeling profiles for monoacylglycerol and

diacylglycerol were noticeably altered (Figure 184). The differences may be due to the

absence of serum in the labeling medium and the consequent reduced uptake of glycerol

(195,206). At 0.2 mM glycerol, the specific radioactivity curves for monoacylglycerol,

triacylglycerol, and phosphatidylcholine were low and remained linear throughout the

incubation. Lysophosphatidate was immediately labeled at the beginning 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 concentrations, a small amount of the labeled glycerol is

converted to lysophosphatidate subsequently to phosphatidate and diacylglycerol in H9c2

cells.
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When H9c2 cells were pulse-labeled with high levels of glycerol, the labeling profiles

of phosphatidylcholine, monoacylglycerol, diacylglycerol, and triacylglycerol were

significantly altered (Figure 188). Monoacylglycerol was immediately labeled, and its

specific radioactivity rapidly decreased within 1 min. Diacylglycerol and triacylglycerol

were also labeled and their specific radioactivity curves peaked after 6 and 12 min of

incubation respectively. The specif,rc radioactivity of phosphatidylcholine gradually

increased as the incubation progressed. These results indicate that atphysiological levels,

glycerol is metabolized through the glycerol-3-phosphate pathway in1gc2cells. I¡ 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 labeled with 0.2 mM (A) or 2.0
mM (B) [1,3-3H] glycerol (3.5 cilmmol) in serum free medium for 5 min. The
medium was removed and the cells were further incubated with medium containing
I mM (A) or 10 mM (B) non-radiolabeled glycerol for different time periods. The
specific radioactivities of monoacylglycerol (o), diacylglycerol (l), triacylglycerol
(Â) lysophosphatidate (o), phosphatidate (tr) and phosphatidylcholine (A) were
determined. Values are expressed as means t SEM of two separate experiments done
in quadruplicate; 

- 
p<0.05 when compared to the corresponding value in (A).
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3.3.6 Characterization of glycerol: acyl-CoA acyltranseferase

Since the identity of glycerol acyltransferase activity has not been previously

demonstrated, the activity of this enryme was determined in a variety of tissues. As shown

in Table 6, the distribution of the enryme appears to be tissue and species specific. Because

of the high glycerol acyltransferase activity in pig heart, this tissue was chosen as the source

for enzltne purification. In 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 microsomal

fraction. The microsomal enzyme was active over a broad pH range, with the optimal activity

at pH 6.0 (Figure i 9). Enzyme activity was found to be optimal at 55oC (Figure 19, inset),

but incubation at 60oC resulted in an irreversible inactivation of the enzyme. The enzyme

displayed the highest activity with arachidonyl-CoA (Cro,.,) (100%) bur lower activity wirh

palmitoyl-CoA (C,uo) Q5%), stearoyl-CoA (C,r,,) (40%) and oleoyl-CoA (C,r,) (60%). No

activity was observed when arachidonate was used. The apparent K, values of the enzyme

for glycerol and acyl-CoA were determined by varying one substrate concentration while

maintaining the other substrate concentration constant (Figure 21). From the Lineweaver-

Burke plots, the apparent K* for glycerol was l.l mM whereas the apparent K, for

arachidonyl-CoA was 0.17 mM.
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Table 6. Glycerol acyltransferase activity in microsomal rat and porcine tissue.

The reaction mixture contained l0 pg of protein, 64.4 p,M [t-'oc] arachidonyl-coA (51.6
mCi/mmole) and l0% (vlv) glycerol in 50 mM Tris-HCl (pH 7.8). The reaction mixture was
incubated at37oC for 30 min. The enzlmeactivity was determined as described in Materials
and Methods. ND, not determined.

Specific activity (nmoles/m inl mgprotein)

heart

liver

skeletal muscle

kidney

brain

0.56

L06

0.86

0.35

ND

3.88

1.04

3.78

2.16

0.96

92



4

3

'õ
^=à9

'5 ö0otr(d<
q).!

ñ€
àEoo

0

987654

pH

Figure 19' Effect of pH and temperature (inset) on glycerol acyltransferase
activity- Enzyme activify at the indicated pH or t.rnp.ruirre was determined as
described in Materials and Methods.

'õ
x9

oF
cú -i
c) .L
Ëb
Èt 

-"-.-
a.)o

E

temperarure, 
oC

93



1.5

,=o .=

O
1.0 >

Figure 20. Kinetic analysis of glycerol acyltransferase. The apparent Kn values
for glycerol (A) and arachidonyl-CoA (B) were determined by varying one substrate
concentration while maintaining the other subshate 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-Bu¡k plots. Velocity is expressed as
nmoles/min/mg protein.
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3.3.7 Purification of glycerol: 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). While all 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 solubili zed. 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 micelles. A minor activity peak was

detected in fractions containing low molecular weight protein. The fractions from the minor

activity region were analyzedby Tricine-SDs PAGE. Densitometric analysis of the protein

bands in each fraction 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 conventional techniques. The enzyme was completely inactivated

when the active fraction from the gel filtration column was further purified by ion-exchange

or affi nity chromatography.
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Table 7. Detergent solubilization of glycerol acyltransferase.

Pig heart microsomes were incubated with various detergents at 4oC for I h as described in
Materials and Methods. The mixture was centrifuged at 100,000 g for I h, and glycerol
acyltransferase activity in the supernatant was determined. Enzyme activity of control was
2.63 nmoles/min/mg protein.

Detergent o/o total activity

control (no detergent)

Nonidet P-40

0.01%

0.02%

0.0s%

0.r%

0.2%

0.3%

Triton X-100

0.01%

0.02%

0.05%

Chaps

2mM

5mM

1OmM

100

2t

22.1

24.4

30.4

39

3r.9

3s.3

39.7

35.9

25

26.6

31.6
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Figure 21. Gel fÏltration analysis of solubilized microsomes. Nonidet p-40
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3.3.8 Photoaffinity labeling glycerol: acyl-CoA acyltransferase

Since further purihcation of the glycerol acyltransferase could not be achieved by

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

labeling. Photoaffinity labeling has been successfully used for the identification of several

acyltransferases from plant sources (210, 21 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 light, the radiolabeled probe would be covalently linked to the enryme in order

to facilitate the identification of the enzyme band after 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 enryme was assayed in the dark in the presence of ASD-CoA, the incorporation

of ¡l-14C1 arachidonyl-CoA into glycerol was decreased in a dose-dependent manner (Figure

23). The inhibition of the enryme activity by ASD-CoA was competitive in nature (data not

shown). In another set of experiment, microsomes were incubated with 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. Alternatively, 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
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the same binding site on the enzyme, and hence ASD-CoA might be a suitable probe for the

photoaffinity labeling of the enzyme.

Active fractions from both peaks eluted from the gel filtration chromatography were

incubated with ¡l2sli labeled ASD-CoA. The mixture was exposed to ultraviolet light, and

the labeled proteins were analyzed by Tricine-SDS PAGE. An autoradiogram was produced

from the gel, and several protein bands (15, 18, 43, 67, and 94 kDa) were found to be labeled

(data not shown). In fractions containing the low molecular weight proteins, the l5 and 18

kDa bands were prominently labeled (Figure 228). Densitometric analysis of the

autoradiogram indicated that the 18 kDa band was labeled with ¡'2511 ASD-CoA in a manner

consistent with elution of glycerol acyltranseferase activity from the gel f,rltration column

(Figure 22C). The other photoaffinity labeled protein bands (15, 43, 67 , 94 kDa ) were found

to be unrelated to the elution of glycerol acyltransferase activity. In addition, none of the

photoaffinity labeled protein bands (including the l8 kDa protein) from the major activity

peak could be correlated to the elution of glycerol acyltransferase activity since the proteins

likely eluted in the form of mixed micelles.
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Figure 23. The effect of ASD-CoA on glycerol acyltransferase. Pig heart
microsomes (-10¡rg protein) were incubated in the da¡k with various concentrations
of ASD-CoA. Enzyme activity was determined as described in Materials and
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Table 8. ASD-coA photoinactiviation of gryceror acyltransferase.

Glycerol acyltransferase was solubilized from the microsomal membrane with 0.2% (v/v)
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 nmole/min/mg protein.

Reaction mixture Relative activ
100%

62%

62%

42%

70.2%

Enzyme + UV

Enryme + 0.05mM ASD-CoA + UV

Enzyme + 0.05mM ASD-CoA + UV + 0.05mM arachidonyl-CoA

Enzyme + 0.lmM ASD-CoA + UV

Enzyme + 0.05mM ASD-CoA + 0.05mM arachidonyl-CoA + UV
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3.3.9 Immunoprecipitation of glycerol acyltransferase

Immunological studies were conducted to verifu that glycerol acyltransferase was

correctly identified as the i 8 kDa band. Polyclonal antibodies were produced against each

of the photoaffinity labeled protein bands. Of the antibodies developed, only the anti- l8 kDa

antibody was found to inhibit the glycerol acyltransferase activity. Incubation of the anti-1g

kDa antibody with solubilized enzyme sample caused the immunoprecipitation of the

enzyme in a dose dependent manner (Figure 24). 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 enryme sample provided us with an unambiguous

identity of the 18 kDa band in the Tricine-SDS-pAGE.
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3.3.10 Sequence Analysis

The 18 kDa band obtained from the most active fraction (fraction 42) was isolated

from the Tricine-SDs PAGE, transferred to a polyvinylidene 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 glycerol. When myoglobin (i-5 pg) was preincubated with the microsomal

fraction containing 50 pg of protein for I 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

from pig myoglobin produced similar effects as the anri-18 kDa IgG.
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Figure 26. Alignment of amino acid sequences. Pig myoglobin (MypG) amino
acid sequences are compared to the first 20 amino acid residues of the purified l8
kDa protein band.
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4.1

4 DISCUSSION

studies on the Modulation of Phosphatidytcholine by Phosphocholine

The mitogenic effect of exogenous phosphocholine (1-25 mM) on NIH 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 elevated two- to four-

fold in the ras-transformed cells. In the rat, phosphocholine concentrations in plasma is 0.1

prM wheras it is much higher in the cerebrospinal fluid (1.7 pM) (213). In rhe rat liver,

phosphocholine level is 2-3 pmol/g, and the level may be altered by fasting and re-feeding

(2I4,215). In rat lens, phosphocholine concentration is greater than 10 mM (216). 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 modulate phosphatidylcholine

biosynthesis is clearly demonstrated. The study confirmed that exogenous phosphocholine

was not taken up by the endothelial 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 phosphatidylcholine biosynthesis is transported across
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the cellular membrane by a saturable mechanism, and the transport can be inhibited by

choline analogs (70). For example, ethanolamine is a competitive inhibitor of choline

uptake in the hamster heart and in baby hamster kidney-21 cells (217,218). In addition,

choline uptake is inhibited by hemicholinium-3 in a non-competitive manner (217). It is

clear from this study that phosphocholine regulates phosphatidylcholine biosynthesis via its

inhibition of choline uptake.

The release of arachidonate in mammalian tissues can be induced by ATP (219). In

this study, the ATP induced arachidonate release was enhanced by phosphocholine in human

umbilical vein endothelial cells. The cytosolic phospholipase A, has been shown to be the

key enzyme for arachidonate release in endothelial cells (220). C¡osolic phospholipase A,

can also be induced by another bioactive lipid, lysophosphatidylcholine, in human umbilical

vein endothelial cells (188). The treatment of the cells with lysophosphatidylcholine causes

activation of cPLA, by phosphorylation of the enzyme. In the present study, the cy.tosolic

phospholipase A, 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 (221,222), the level of intracellular calcium may be

potentiated 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.
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4.2 Studies on the Deacylation / Reacylation Cycle

Limited progress was made in the purification of lysophosphatidylcholine

acyltransferase. However, the attempt was not fruitless 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 4oC resulted in a differential loss of acyltransferase activity for

different acyl donors (182). Additional support for multiple forms of acyltransferase comes

from 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 observed. Direct evidence for the existence of acyltransferase isozymes

must come from studies with the purified enzyme.
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Studies on the Direct Acylation of Glycerol

It has been well established that glycerol is first phosphorylated to glycerol-3-

phosphate before acylation occurs. Consequently, results from previous studies on glycerol

metabolism might have been misinterpreted especially when other metabolic routes for

glycerol are present (Figure 27). Glycerol metabolism was re-examined 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 liver cells demonstrated that glycerol

could be directly converted to monoacylglycerol and subsequently to other lipids. Secondly,

we have identified, purified and characferized 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. Surprisingly, the

newly identified glycerol acyltransferase shares the same identity as myoglobin.

Glycerol acyltransferase was readily solubilized from the microsomal fraction, but

its purif,rcation 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. Unfotunately,

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 altemative approach was developed to identify the enzyme in its inactive form.

Photoaffinity labeling of the enzyme enabled identification of the inactive glycerol

acyltransferase at every stage of purification. The ability to identi$ the inactive enzyme

provided the opportunity to utilize other techniques. including the high-resolution power of
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Tricine SDS-PAGE for protein isolation. The limitation of photoaffinity 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 corresponded with

enzyme activity in fractions eluted from the gel filtration chromato$aphy. The positive

identification of this protein band as the enzyme itself, however, would require additional

confirmation. Hence, antibodies to each of the five protein bands were produced, and

immunological 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 all cells at a concentration of about 0.1 mM (223). In human serum, the

glycerol level fluctuates from 0.04 to 0.4 mM (224). Kinetic studies of the enzyme revealed

that it has an apparent K* value of 1.1 mM for glycerol, indicating the rate of acylation is

directly proportional to the intracellular glycerol concentration. As such, the direct acylation

of glycerol may only occur in limited capacity during normal physiological conditions.

Alternatively, 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 pathw'ay 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
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monobutyrin and in H9c2 cells. When the glycerol-3-phosphate pathway was inhibited in

Chang liver cells, the acylation of glycerol was increased immediately as an altemative

mechanism for the production of monoacylglycerol. In H9c2 cells, lipid biosynthesis

increased dramatically when the direct acylation pathway was activated by elevated glycerol

levels.

Unexpectedly, glycerol acyltransferase was found to share the same identity as

myoglobin. It can be argued that glycerol acyltransferase may be a minor protein with similar

molecular mass as myoglobin and would make it indistinguishable from myoglobin in the

polyacrylamide gel. There are several lines of evidence against this argument. Firstly and

the foremost, antibodies against myoglobin are effective in inhibiting the enzyme activity.

Secondly, if the enzyme has a similar molecular mass as myoglobin, the enzyme that is

covalently bound to the photoaffrnity probe would have a different molecular mass, which

would make it appatent in the autoradiogram. Indeed, no other protein band was observed

near the l8 kDa region, w'ith our without photoaffinity labeling. Thirdly, proteins other than

myoglobin were not apparent in the l8 kDa protein band during amino acid sequence

analysis. One intriguing aspect of the study is that myoglobin is a soluble prorein, 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

modif,rcation, 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.

Myoglobin belongs to the globin family, which is wide spread and has been
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chatactenzed in an expanding list of organisms including invertebrates, such as plants, fungi,

protozoa, bacteria and archaebacteria. Comparison of these proteins has unexpectedly

revealed a great diveristy in function and structure (226). For example, the myoglobin in

Halobacterium salinarum functions to bind oxygen, and to transmit a signal through its C-

terminal domain mediating chemotaxis (227). In Rhizobium, FixL is a chimeric protein

which contains both globin and kinase domains (228).In Alcoligenes eutrophrzs, the globin

contains a diaphorase activity (229), and in Escherichai coli, the globin shows a

dihydropterine reductase activity (230). Since globin proteins with alternate functions are

not novel, we speculate that glycerol acyltransferase is a specialized myoglobin molecule that

has undergone some minor modification. Under normal conditions, the myoglobin facilitates

the transport of oxygen to the mitochondria. Physiological stress causing hyperglycerolemia

would result in modification of the myoglobin molecule and cause its translocation to the

lipid 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 fatry acid (231-233) and translocates to membrane structures e3a-T6). The

bi-functional myoglobin would provide the cell a facile mechanism to cope with excess

glycerol levels without the delay and energy requirements necessary for new protein

synthesis.
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SUMMARY

The research described in this thesis was designed to investigate the control of

glycerolipid metabolism in mammalian tissues. in the first part of the study, the effect of

exogenous phosphocholine on phosphatidylcholine biosynthesis and arachidonate release

from human umbilical vein endothelial cells was examined. In the second part, several

attempts to purify lysophosphatidylcholine acyltransferase were made. In the third part of

this study, the direct acylation of glycerol was demonstrated and characterized.

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 unaffected. 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 competitive inhibition of

choline uptake. Extracellular ATP induced arachidonate release from the endothelial cells,

and the release was signifìcantly enhanced in the presence of phosphocholine. These studies

demonstrate that phosphocholine may modulate phosphatidylcholine metabolism by affecting

choline uptake and arachidonate release.

In the second part of the study, the deacylation / reacylation cycle of

phosphatidylcholine metabolism was examined. Several attempts were made to purifu the

lysophosphatidylcholine acyltransferase but met with limited success. The enzyme was
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rapidly inactivated after isolation by a second chromatographic column. In additio n, enryme

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 frnal part of this study, the direct acylation of glycerol was examined in

myoblast and hepatocyte cells. Glycerol was directly acylated to form monoacylglycerol,

diacylglycerol and triacylglycerol. This pathway became prominent when the glycerol-3-

phosphate pathway was attenuated and when glycerol levels became elevated. These studies

clearly demonstrate the existence of a novel lipid biosynthetic pathway thatmay be important

during hyperglycerolemia.

Glycerol acyltransferase activity was detected in the microsomal fraction of

mammalian tissues. The enz'yme was identified as an 18 kDa protein after 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 modified and translocated

to the membrane where enzyme activity is then conferred.
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