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ABSTRACT 

The biological membrane surrounds al1 cells and delineates intracellular 

compartments. Lipids fom building blocks of  the biological membrane, and 

phosphatidylcholine is the principle lipid in the mammalian membrane. in this study, 

phosphatidylcholine metabolism and the direct acylation of glycerol for lipid biosynthesis 

were investigated. 

The inhibition of phosphatidylcholine biosynthesis by extracellular phosphocholine 

was studied in hurnan umbilical vein endothelial celis. The activities of the enzymes in the 

CDP-choline pathway were not aitered, but the intracellular phosphocholine pool was 

significantly reduced. The reduction was caused by cornpetitive inhibition of choline uptake 

by phosphocholine. Phosphocholine also caused a limited stimulation of arachidonate 

release from phosphatidylchoiine, and the release was potentiated by ATP. These studies 

clearly demonstrate that exogenous phosphocholine has the potential to modulate 

p hosp hatidylc ho line metabo lism in mammalian tissues. 

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

glycerolipid biosynthesis. The direct acylation of glycerol in mammalian tissues has not k e n  

previously demonstrated. In this study, lipid biosynthesis in myoblast and hepatocyte cells 

was reassessed by conducting pulse-chase experiments with [ 1.3 -'HI glycerol. The results 

suggested that a portion of iabeled glycerol was directly acylated to form monoacylglycerol 

and subsequently diacylglycerol and triacylglycerol. This pathway becarne prominent when 

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



concentration was elevated. The present study indicates the existence of a novel lipid 

biosynthetic pathway that may be important during hyperglycerolemia produced in diabetes 

or other pathological conditions. 

G l ycerol : acy 1-CoA acyltransferase, the enzyme whic h directly ac y lates glycerol is 

located in the microsomal fraction of tissue homogenate. It was identified as an 18 kDa 

protein after purification by FPLC gel filtration. photoaffinity labeling and gel 

electro p horesis. The purification was conf~rmed by imrnunoprecipitation studies, and 

seqeunce analysis of the protein identified the acyltransferase as similar to myoglobin. These 

studies suggest that myoglobin in the pig heart may be modified and subsequently 

transIocated to the membrane where enzyme activity is then conferred. 

xii 



I INTRODUCTION AND LITEXUTURE REVIEW 

1.1 The Biological Membrane 

1 1  The structure of the biological membrane 

The biological membrane is essential to al1 cellular life (1). The function of the 

biological membrane is to provide a perrneability barrier and also a matrix for the association 

of membrane protein. The plasma membrane is a biological membrane which surrounds al1 

cells. It provides a selective semi-permeable barrier to regulate the transport of compounds 

such as nutrients. metabolic precursors and salts. The intracellular membrane delineates 

subcellular compartmentalization. and the enclosed organelles are vital to cellular processes. 

The Golgi body. endoplasmic reticulum, nuclear membrane. lysosomes and mitochondna are 

ali delineated by membranes. The biological membrane also functions in the transmission 

of inter- and intra-cellular signais. The activation of a specific membrane protein or the 

hydrolysis of lipid, generate signals which mediate a wide variety of cellular responses (2). 

The biological membrane is composed predominantly of lipid and protein but may 

also contain carbohydratc. The membrane is organized as a lipid bilayer with the membrane 

protein imbedded in the bilayer or associated peripherally (Figure 1). The structure of the 

biological membrane is described in the fluid mosaic model onginally proposed by Singer 

and Nicolson (3).  In this model, the lipid is arranged with the hydrophobic portion orientated 

toward the interior of the bilayer. The hydrophilic portion of the lipid is orientated toward 



the aqueous phase. Membrane carbohydrate is localized excïusively on the extracellular side 

of the plasma membrane either in the form of glycolipid or giycoprotein. In isolation, the 

bilayer membrane exists either in a viscous gel or a fluid liquid crystalline state. Under 

physiological conditions, most if not al1 lipid membrane is in the liquid crystalline state. 

FLuidity of the membrane is dependent on the nature of the acyl-chain region comprising the 

hydrophobie domain of the membrane. In the plasma membrane. fluidity is also dependent 

on the cholesterol content of the membrane. Movement of lipid or membrane protein in the 

transverse plane of the bilayer is thermodynamically unfavorable and thus would not 

spontaneously occur. Movement of lipid or membrane protein dong the plane of the 

membrane is generally unrestricted. The lipid raft is an area on the membrane where 

rnovement of either the lipid or membrane protein is lateraily constrained allowing for 

specialization of areas on the lipid membrane (4-6). The lipid raft may be enriched in 

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

anchored proteins. 

In summary. lipid performs a variety of biological fimctions related to membrane 

structure. cellular signaling, fluidity and perrneability. In the following sections, the 

structure, composition and interaction of membrane lipid and protein will be discussed. 



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



1.1.2 Membrane lipid 

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

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

is the predominant form of lipid in the mammalian membrane. The sphingosine-based lipid 

which includes sphingomyelin and glycosphingolipid, is also a major constituent of  the 

membrane dong with cholesterol. which functions as a key modulator of membrane fluidity. 

The general structure of a phosphoglycende is s h o w  in Figure 2. The sn-l and sn-2 

hydroxyi groups of the glycerol backbone are esterified with fatty acids. The 1,2-sn- 

diacylglycerophospholipid is the predominant form of phosphoglyceride found in 

mammalian tissues. The acyl chains constitute the Iipoidal moiety and may vary in length 

and degree of unsaturation. Typically, the acyl chains are of medium and long chain lengths 

(CI&,). The acyl group is usuaily saturated at the sn-1 position and unsaturated at the sn-2 

position. The hydroxyl group of the glycerol moiety at the sn-3 position is linked to a 

phosphate group which in tum is linked to the hydroxyl group of choline. ethanolamine. 

inositol. senne. glycerol or phosphatidylglycerol. The linkage of these polar head-groups to 

the glycerol backbone of the lipoidai moiety forms the major phospholipids, e.g. 

phosphatidylcholine. phosphatidylethanolarnine, phosphatidylinositol, phosphatidylserine. 

phosphatidylglycerol and cardiolipin (Figure 3). 

Phospholipids are also classified according to the chemical linkages at the sn-1 

position. The ether-linked phospholipids include 1-alkenyl-2-acyl-glycerophosphocholine 

(plasmenylcholine). I -alkyl-2-acyl-glycen>phosphocholine (plasmanylcholine) and their 

ethanolamine-containing analogues. The ether-linked phospholipid is a minor constituent of 
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O 
6 

R-C-+CH2 
I 

R'-C-O-CH O 
I I II 

H 
1 . O... H2C-O-P-O-CH,-C-NH,' 

I 
0- 

I 
COO- 

Phosphatidyl serine 

O 
II 

O 

R-C-O-CH, 
Il 

H,C-O-C-R 
I 

R'-C-O-CH O H 
r 

O HC-O-C-R' 
II I fl I a L II 
O H2C-O-P-O-CH,-C-CH,-O-P-O-CH2 0 

1 
0- 

1 
OH 

I 
0- 

Diphosph8 t i e î  glycerd 
Kaididipin) 

Figure 3. Five major typa of phospholipid found in marnmalian tissues. R and 
R' are acyl groups. 



RCOCH 

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

H2COCH2CbR 

II O I 
RCOCH 

1 :  + 
H2COPOCH2CHfl(CHd3 

t 

1 -alkyl-2-acy l-sn-glycero-3-p hosp hocholine 
(plasmanylcholine) 

Figure 4. Structures of plasmeoylcholine and plasrnanylcholine. 

8 



S phingornyelin, a sphingosine-based phospholipid, is predominately found in the 

plasma membrane of marnrnalian cells. The terminal hydroxyl group of ceramide is Iinked 

to phosphocho1 ine to fonn sphingomyelin. Cerarnide is the N-acylated denvative of 

sphingosine and is structurally similar to the glycerol backbone of phosphoglycende. A 

glycosphingolipid consists of a carbohydrate moiety linked to the terminal hydroxyl group 

of ceramide. In a cerebroside, the terminal hydroxyl group of ceramide is linked to a single 

glucosyl or galactosyl residue. More comptex glycolipid known as ganglioside contains 

oligosacharide chains with one or more residue of N-acetylneurarninic acid. Glycolipid is 

found on the extracellular leaflet of the plasma membrane and is involved in cellular 

recognition and adhesion (9). The stmctures of sphingosine, sphinogmyelin and cerebroside 

are depicted in Figure 5. 

Like sphingomyelin, cholesterol is primarily present in the plasma membrane of 

mammalian cells. The structure of a cholesterol molecule consists of four planar rings 

(Figure 6). Cholesterol is arnphipathic with the C-3 hydroxyl group as the polar head group. 

The steroid nucleus and the hydrocarbon side chah at C-17 form the non-polar hydrocarbon 

body. Physical analysis of the membrane indicates that the fluidity and permeability of the 

membrane is influenced by the cholesterol content (1 0). In addition to its role as a membrane 

constituent. cholesterol also serves as a precursor for a vanety of products with biological 

activities. A variety of steroid hormones such as estradiol and the D-vitarnins are produced 

from cholesterol by removal or modification of the side chain at C- 17 (1 0). 
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Lipid is not unifomly distributeci arnongst the various organelle membranes. Table 

1 and Table 2 list the lipid composition of various mammalian tissues and biological 

membranes. Phosphatidylcholine and phosphatidylethanolarnine are the most abundant 

phospholipids and appear to have the highest concentration in the mitochondna and the 

endoplasmic reticulum. Sphingomyelin is present in significant quantities in al1 the tissues 

exmined but not in the mitochondria or endoplasrnic reticulum. Cholesterol is 

predominately localized to the plasma membrane, although a small arnount of cholesterol can 

be found in the mitochondrial, endoplasrnic reticulum, and Golgi membranes (1). 

Cardiolipin is almost exclusively localized to the imer mitochondrial membrane (1 1). 

Studies on the lipid composition of  the bilayer leaflets in the plasma membrane indicate an 

asyrnmeûical distribution of phospholipids (1 1). A general feature of the plasma membrane 

is that phosphatidylinositol. phosphatidylethanolamine and phosphatidylserine are limited 

to the cytosolic half of the *bilayer. The outer layer is predominately composed of 

phosphatidylcholine. sphingomyelin and glycolipid. 

in summary. the lipid composition of a biological membrane is distinct to a particular 

membrane system. However, the lipid composition of the membrane varies dramatically 

among different cells and eveo organelles. In addition. the lipid composition of the same 

membrane systern in different species c m  also Vary significantly. Nevertheless, it is clear 

that biological membranes are composed of an astonishing variety of lipids. 



Table 1. Phospholipid composition of some mammalian tissues 

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

1 

Cow 

56 

n.d. 

13 

8 

4 

6 

4 

3 

Rat 

37 

n.d- 

36 

3 

12 

6 

2 

n.d. 

Tissue 

Source 

Phosphatidylchol ine 

Lysop hosp hat idy Ic ho1 ine 
--- 

Phosphatidylethanolamine 

Phosphatidylinositol 

Phosphatidy iserine 

Sphingomyelin 

Cardiolipin 

Other 

Cow 

30 

nad. 

33 

6 

17 

12 

0.7 

0.5 

Brain 

Human 

30 

n.d- 

36 

3 

18 

13 

n.d- 

nad- 

Heart 

Human 

JO 

4 

26 

6 

3 

5 

9 

7 

Rat 

36 

0.6 

30 

4 

3 

3 

1 1  

12 

Cow 

42 

n-d, 

38 

4 

- 7 

12 

9 

2 

Liver 

Human 

4.4 

1 

28 

9 

3 

5 

4 

7 

Rat 

51 

1 

25 

7 

3 

4 

5 

1 
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Table 2. Lipid composition of some biological membranes 

Data are expressed as weight percent of total Iipid. Adapted fiom Cullis and Hope (13). 
"Human sources; b ~ a t  Iiver. 

Myelina 

22 

15 

10 

8 

9 

- 

28 

8 

Lipid 

Cholesterol 

Phosphatidylethanolarnine 

Phosphatidykholine 

Sphingomyelin 

Phosphatidylserine 

Cardioiipin 

Glycolipid 

Others 

Mitochondriab 
( h e r  and outer 

membrane) 

3 

35 

39 

- 
2 

21 

- 
- 

Erythrocyte" 

23 

18 

17 

18 

7 

- 
3 

13 

Endoplasmic 
reticulumb 

6 

17 

40 

5 

5 

- 
- 

27 



1.1.3 Membrane protein 

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

membrane protein is associated with the hydrophilic part of the membrane that has limited 

interaction with the hydrophobic core of the lipid bilayer. The association of the peripheral 

protein with the membrane may occur by association with another membrane protein, 

electrostatic interaction or perhaps with the polar head group of acidic phospholipids. The 

peripheral protein can be removed fkom the membrane by treatment with salt (11). in the 

second category- of membrane protein, the intrinsic or integral membrane protein is 

associated with the membrane by interaction with the hydrophobic core of the lipid bilayer. 

The integral membrane protein can be M e r  categorized into simple or complex protein. 

The simple integral membrane protein spans the membrane through the hydrophobic core 

only once. whereas the complex integral membrane protein may pass the membrane multiple 

times. The integral membrane protein is hydrophobic in the region which spans the 

membrane and generally hydrophilic in the region which interacts with the aqueous 

environment. The majority of integrai membrane proteins c m  be extracted from the native 

membrane by treatment with detergents such as Triton X- 100 or Chaps (14). 



1.2 The de novo Biosynthesis of Glycerolipids in Mamrnalian Tissues. 

1.2.1 Inîroduction 

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

elucidated large1 y through work conducted in Eugene Kennedy's laboratory ( 15, 16). S ince 

then. a considerable amount of knowledge has been gained on the enzymes which catalyze 

the lipid biosynthetic reactions and factors which regulate lipid biosynthesis. Most of the 

lipid biosynthetic enzymes are associated with the membrane. and consequently the initial 

studies were hampered by difficulties in purifjing the enzymes. To cornpound this difficulty, 

kinetic analysis of the enzymes has not been straightforward since many of the substrates and 

products are insoluble in aqueous solutions. In the last few decades, in part due to 

advancement in technology and the wide availabiiity of nucleotide and amino acid sequence 

information, great strides in the understanding of these enzymes at the molecular level have 

been made. In particular, the sequence idormation obtained from lipid biosynthetic enzymes 

purified from prokaryotes and yeast have provided the means to search the expressed 

sequence tag database for the marnmalian homolog. Using this approach, several enzymes 

including acyl-CoA:l-acyl-sn-glycerol-3-phosphosphate acyltransferase (Section 1-24)! 

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 moIecules acting 

either as intracellular second messengers or as extracellular agonists that modulate ce11 



fünction (17. 18). It is speculated that within the cell, separate lipid pools exist for 

participation in various biological fùnctions (19, 20). It is clear that the signaling and 

moduIation of ce11 hc t i on  by lipids are important physiological aspects of cellular hct ion.  

A review on these topics however, is beyond the scope of this thesis. The following sections 

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

1.2.2 1-Acyt-sn-glycerol-3-phosphate (iysophosphatidate) 

The acylation of glycerol-3-phosphate represents the first committed step in 

glycerolipid biosynthesis (Figure 7). Glycerol-sn-3-phosphate is synthesized fiom the 

phosphorylation of glycerol in a reaction catalyzed by glycerokïnase (EC 2.7.1 -30). 

Alternatively, glycerol-sn-3-phosphate is produced from the reduction of the glycolytic 

intermediate dihydroxyacetone-3-phosphate in a reaction catalyzed by dihydroxyacetone-3- 

phosphate dehydrogenase (EC 1.1.1.94). The acylation of glycerol-sn-3-phosphate is 

catalyzed by acyl-CoA: glycerol-sn-%phosphate acyltransferase (glycerol-3-phosphate 

acyltransferase) (EC 2.3.l.lj), resulting in the production of 1 -acyl-sn-glycerol-3-phosphate 

(lysophosphatidate) (2 1 ). The enzyme exhibits the Iowest specific activity of al1 enzymes 

in the glycerol-3-phosphate pathway suggesting that this step may be rate limiting (22. 23). 

A partial purification of the acyltransferase fiom rat liver microsomes (24) and a full 

purification fiorn rat liver mitochondria have k e n  reported (25). Two isoenzyxnes have been 

identified based on differences in their pH optima, Km values. sensitivity to heat and N- 

ethylmaleimide. subcellular localization and Mg-' (26). The microsomal enzyme is N- 

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



acyl-CoAs. In contrast, the mitochondnal enzyme is insensitive to N-ethylmaleimide and 

exhibits substrate preference for saturated acyl-CoAs. Both acyltransferases may be 

regulated via a dephosphorylation ! phosphocylation mechanism. A tyrosine kinase has been 

purified fkom adipose tissue which reversibly inactivated the microsomal acyltransferase 

(27). The mitochondrial acyltransferase was inactivated by an AMP-activated kinase (28). 

Due to dificulties in reproducing the reported purification procedure (24), the amino 

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

mitochondriai acyltransferase has k e n  cloned fkom the mouse and rat liver (29, 30). 

Alignment of arnino acid sequences fiom various acyltransferases has revealed several 

regions of strong homology. Several amino acid residues have been identified in the 

mitochondrial acyltransferase which are criticai for cataiysis (3 1). Studies on the expressed 

recombinant mitochondrial acyltransferase indicate that the enzyme is an inte&@ membrane 

protein with NO trammembrane domains. The N and C termini are orientated toward the 

inner surface of the mitochondnal outer membrane while the intemal domain of the protein 

is exposed to the cytosol. Transcription of the mitoc hondrial acyltransferase is modulated 

during adipocyte differentiation (32,33), by insulin treatment and in fasted mice re-fed with 

a high carbohydrate diet (29). Indirect evidence indicates that the majority of 

lysophosphatidate produced from the mitochondnal acyltransferase is used for cardiolipin 

biosynthesis although a small amount of lysophosphatidate can move to other cellular sites 

for conversion to other glycerolipids (34). 

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

dihydroxyacetone-phosphate and reduction of the newly formed l-acyl-dihydroxyacetone-3- 



phosphate to lysophosphatidate (35). The acyl-CoA: dihydroxyacetone-3-phosphate 

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

microsomal activity is thought to aise from glycerol-3-phosphate acylaansferase since both 

glycerol-3-phosphate and dihydroxyacetone-3-phosphate are mutually cornpetitive. h 

addition, the enzyme activities display similar pH optima, acyl-CoA specificity and 

sensitivity to heat. N-ethyimaleirnide, trypsin and detergent (36). The peroxisomal enzyme 

activity is distinct fiom the microsomal enzyme activity and the former is required for 

plasmalogen biosynthesis (36). 1-Acyldihyroltyacetone-3-phosphate reductase (EC 

1.1.1.101). which catalyzes the formation of lysophosphatidate, is enriched in peroxisomes 

but is also found in microsornes (37). 
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1.2.3 Phosphatidate 

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

biosynthetic pathways (21). It is converted to CDP-diacylglycerol which serves as the 

precursor for the biosynthesis of  the acidic phosphoiipids such as phosphatidylinositol and 

cardiolipin (Figure 7) (38)- Altematively. phosphatidate is dephosphorylated to produce 

diacylglycerol which is a precursor of triacyglycerol. phosphatidylcholine and 

phosphatidylethanolamine. 

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

reaction catalyzed by acyl-CoA: 1 -acyl-glycerol-sn3-phosphate acyltransferase 

(lysophosphatidate acyltransferase) (EC 2.3.1.51). The enzyme is located in the 

mitochondrial and microsomal fraçtions, but enzyme activity has also been detected in the 

plasma membrane (39). The LPAAT-a and LPAAT-P cDNAs have been isolated from 

human brain and leukocyte cDNA libraries (40) and encoded for separate isoforms of 

lysophosphatidate acyltransferase. Lysophosphatidate-a acyltransferase mRNA has been 

detected in al1 tissues but with higher expression in immune cells, epithelium and skeletal 

muscle (41). Lysophosphatidate acyltransferase-P mRNA was expressed in most human 

tissues but with higher expression in the heart, Iiver and pancreas (40- 42). From the 

ubiquitous expression of the tysophosphatidate acyltransferase in al1 tissues. it is clear that 

phosphatidate is an important intermediate in lipid biosynthesis. The role of the enzyme in 

signal transduction cannot be excluded since the over-expression of either isoenzyme is 

correlated with the enhancement of a cytokine-induced signaling response (40). 

The LPAAT-a gene has been mapped to the class III region of the human major 



histocompatibili ty complex in the chromosome band 6pZ 1.3 (43). The expressed LPAAT-a 

displayed intermediate activity with arachidonyl-CoA (C,,:,) and the highest activity with 

palmitoy 1-CoA (C ,, ,), Studies using confocal immuno fluorescence microscopy indicate that 

the isoenzyme is localized on the endoplasmic reticulurn. In contrat, the LPAAT-P cDNA 

obtained from a human heart libtary (42) has been mapped to chromosome 9. region q34.3. 

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

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

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

C DP-diacygl ycerol is produced fiom phosphatidate and CTP in a reaction catalyzed 

by CDP-diacylglycerol synthase (EC 2.7.7.4 1). In mammalian tissues, CDP-diacylglycerol 

is produced as a precursor for phosphatidylinositol and cardiolipin synthesis (38)- Since the 

concentration of CDP-diacylglycerol is much lower than phosphatidate. CDP-diacylglycerol 

synthase is thought to be the rate-limiting enzyme in phosphatidylinositol and cardiolipin 

synthesis (38). It appears that the phosphatidylinositol pool is tightly regulated. since the 

overexpression of CDP-diacylglycerol synhase and phosphatidylinositol synthase in COS-7 

cells did not result in elevated phosphatidylinositol levels (41). Two isoforms of CDP- 

diacy lglycerol synthase have k e n  cloned fiom various sources (45.46). Studies employ ing 

fluorescence in situ hybndization indicate that the genes encoding CDP-synthase, CDS 1 and 

CDS? are localized to chromosomes 4q2 1.1 and ZOp 1 3, respectively (47). Subcellular 

fiactionation studies indicate that the majority of CDP-diacylglycerol synthase activity is 

localized in the endoplasmic reticulum, but activity has also been detected in the 



mitochondriai, nuclear and plasma membranes {48,49). It is postulated that the enzyme 

associated with the endoplasrnic reticulum is for the synthesis of phosphatidylinositoi wheras 

the mitochondrial enzyme is for the synthesis of cardiolipin (44). 

Although CDP-diacylglycerol synthase has k e n  purified and cloned fiom bacteria, 

yeast and Drosophila, purification of the enzyme from mammaiian sources has not k e n  

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

requires Mg'- for activity and is stimulated by GTP. The e q m e  is inhibited by CDP- 

diacylglycerol and inactivated by non-ionic detergents such as Triton X-100 (50). In 

contrast, the rnitochondrial enzyme is not inactivated by non-ionic detergents nor stimulated 

by GTP. The two isoenzymes are separable by ion-exchange chromatography and display 

different kinetic properties. These studies indicate that the mitochondrial and microsomal 

CDP-diacylglycerol synthases are separate and distinct proteins. 

In vitro studies of microsomal CDP-diacylglycerol spthase indicate that the enzyme 

has Iittle or no selectivity for the acyl composition in phosphatidate. In contrast. structural 

studies on CDP-diacylglycerol isolated from mammalian tissues show an abundance of 

starate at the sn-1 position and arachidonate at the sn-2 position (5 1). The mechanism for 

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

1.2.5 1,2-Diacyl-sn-glycerol 

DiacylglyceroI is produced fiom phosphatidate in a reaction catalyzed by 

phosphatidate phosphatase (EC 3.1 3.4) (Figure 7). Diacylglycerol is also synthesized fiom 

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



intestine and liver (52). The reaction is catalyzed by acyl-CoA: monoacylglycerol 

acyltransferase (EC 2.3.1.22). The enzyme is also active in adipose tissue (53) and 

cardiomyocytes (54). Diacylglycerol is acylated to form triacylglycerol in a reaction 

catalyzed by diacylglycerol: acyl-CoA acyltransferase (EC 2.3.1.20). Altematively. it is also 

the precursor for phosphatidy lethanolamine and phosphatidylc holine biosynthesis. 

Diacyglycerol is also an important signal transduction molecule which activates protein 

h a s e  C. The signaling diacylglycerol is produced in a phospholipase C mediated hydrolysis 

of phosphatidylinosito1-4f5-bisphosphate (55). Altematively, the diacylglcyerol may be 

produced in a sustained manner via the catabolisrn of phosphatidylcholine catalyzed by 

phospholipase D (EC 3.1 -4.4) and phosphatidate phosphatase (1 7). 

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

The type 1 phosphatidate phosphatase is Mg?-dependent and inactivated by N- 

et hylmaIeimide (56. 5 7). The enzyme translocates from the cytosol to the endoplasmic 

reticulum on stimulation by fatty acids or acyl-CoAs (58). It is stimulated by glucagon. 

glucocorticoid, CAMP, growth hormone and inhibited by insulin. The enzyme is displaced 

from the membrane by okadaic acid suggesting that it rnay be regulated by a protein kinase 

(58). Its regdation and subcellular LocaIization indicate that the type I phosphatidate 

phosphatase is for triacylglycerol and phospholipid biosynthesis (58). At present. the 

microsomal phosphatidate phosphatasr of mammalian cells has not yet been purified or 

identified at the molecular level. 

The reaction catalyzed by type II phosphatidate phosphatase is important in signal 

transduction (59). The type 11 phosphatidate phosphatase is localized to the plasma 



membrane, not dependent on M g '  for activity and not inactivated by N-ethylmaleimide (60). 

Several investigators have reported on the purification and characterization of type II 

phosphatidate phosphatase (61-63). The enzyme is a 35 kDa glycoprotein (59) and also 

catalyzes the dephosphorylation of ceramide- l -phosphate. lysophosphatidate and 

sphingosine-l -phosphate (64). Sequence analysis of the purified type II phosphatidate 

phosphatase cDNA sequences indicates the existence of at least two isoenzymes in 

mammalian tissues (65). Expression of the enzyme in a human prostatic adenocarcinorna 

ce11 line has been s h o w  to be modulatesi by androgens (66). Computer modeling predicts 

that the -pe II phosphatidate phosphatase is a channel-like i n t e p l  membrane protein with 

six trammembrane domains (67). Surprisingly, the type II phosphatidate phosphatase 

sequence is hi@y homologous to proteins with altemate hc t ions .  The type II phosphatidate 

phosphatase shares 48.1% and 34.4% identity with Drosophila Wunen and rat Dri 32 proteins 

which participate in genn ce11 migration and epithelial differentiation, respectively (65). 

1.2.6 Phosphatidylcholine 

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

The CDP-choline pathway was first described by Kennedy and CO-workers (1 5 .  16). In this 

pathcvay, choline is transported across the membrane into the ce11 via a choline transporter. 

Choline is then converted to phosphocholine by choline kinase (EC 2.7.1.32). 

Phosphocholine is subsequently converted to CDP-choline in a reaction catalyzed by CTP: 

phosphocholine cytidylyltransferase (phosphocholine cytidylyitransferase) (EC 2.7.7.15). 

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



diacy lglycerol c holinephosphotrasnfera~e (c holinephosphotramferase) (EC 2.7.8.2) produces 

phosphatidylcholine and CMP. A small arnount of phosphatidylcholine c m  be produced 

through the base exchange pathway, but the process is generally considered as a minor 

pathway. In the liver, a significant amount of the phosphatidylcholine is synthesized by the 

progressive methylation of phosphatidylethanolamine. The transfer of methyl groups from 

S-adenosylmethionine is catalyzed by phosphatidylethanolamine N-methyltransferase (EC 

2.1.1.1 7). The major pathways for phosphatidylcholine biosynthesis in marnmalian tissues 

will be M e r  examined in the following sections. 
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1.2.6.1 CDP-choline pathway 

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

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

essential substrate for the incorporation of phosphocholine into phosphatidylchoiine (1 5). 

They also demonstrated that CTP: phosphocholine cytidyldyltransferase cataiyzes the 

formation of CDP-choline, and the enzyme is located in the cytosolic and microsomal 

fractions of guinea pig liver. In a separate report, Kennedy demonstrated that 

cholinephosphotransferase catalyzes the condensation of diacylglycerol with CDP-choline 

to form phosphatidylcholine (16). 

Choline is an essential nutnent in the diet, and its absence may have profound effects 

on phosphatidylcholine biosynthesis (68,69). In the heart. choline is taken up by a sanirable 

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

concentration (approximately 0.18mM) may provide a mechanism for the regulation of 

choline uptake in the heart. In other tissues, two types of choline transporters have been 

identified. One transporter e-xhibits a relatively high aff1nity for choline and requires Na' for 

activity (7 1). This receptor is associated with the synthesis of acetylcholine in cholinergic 

synaptosomes. The other receptor is a low affinity, Na- -independent receptor which 

transports choline into non-cholinergic cells. This receptor is responsible for transporting 

choline for subsequent phosphorylation by choline kinase and phosphatidykholine synthesis 

(7 1)- 

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

choline kinase. The enzyme displays an absolute requirement for Mg? In most instances. 



the enzyme has been recovered exclusively in the hi&-speed supernatant of tissue or ce11 

homogeaates indicating that the enzyme is cytoplasrnic in origin (72). In isolated cases, 

choline kinase activity has aiso been detected in membrane fiactions (73, 74). The enzyme 

has been purified to homogeneity fiom nurnerous sources including the rat kidney. liver and 

brain (75, 76). In most cases. the purified enzyme aiso display-s significant activity with 

ethanolamine (77). immunologicai studies and chromatographie analysis of choline kinase 

indicate that the enzyme exists in multiple isoforms (78). This observation is supported by 

the discovery of several distinct cDNA clones coding for choline kinase (79, 80). Certain 

chernical carcinogens, growth factors and transfection of cells with the ras/& oncogene have 

been shown to elevate choline kinase activity in the ce11 (77). From these studies, Kiss et al. 

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

in a process leading to the induction of DNA synthesis (8 1). 

Phosphocholine is converted to CDP-choline by CTP: phosphocholine 

cytidylyltransferase. Ln the CDP-choline pathway, phosphocholine cytidylyltransferase is the 

rate-limiting enzyme in phosphatidylcholine biosynthesis. The enzyme is regulated 

transcnptionally (82, 83) and at the pst-translational level. For exarnple. the enzyme is 

regulated by protein phosphorylation (84). trandocation to the membrane (85). alteration in 

membrane composition (86) and the rate of enzyme turnover (87). The enzyme has been 

purified to homogeneity fiom rat liver and cloned (88, 89). Three isoenzymes have been 

characterized and include a-. p 1-, and PZ- phosphocholine cytidylyltransferase (90). The 

a isoform contains a nuclear localization structure. a catalytic domain, a helical lipid binding 

domain and a phosphorylation domain. The pl and PZ isoforms also contain the highly 



homologous cataiytic domain and the lipid binding domain. However, they lack the nuclear 

localization signal and differ at the C termini (91). The P isoforms are produced fiorn the 

same gene by alternate splicing of the transcript, 

The translocation of phosphocholine cytidylyltcansferase from the cytosol to the 

membrane activates the enzyme. and it is regarded as an important rnechanism for replation 

of phosphatidylcholine biosynthesis. Enzyme translocation is stimulated by choline 

deficiency (92). diacylglycerol, phorbol ester (93) and anionic lipid (94). 

Immunofluorescence and electron microscopy studies indicate that the bulk of 

phosphocholine cytidylyltransferase a is essentially nuclear in origin while some of the 

enzyme is localized on the endoplasmic reticuium (95). The p l  and PZ isoforms are 

exclusively confined ont0 the endoplasmic reticulum (91). The membrane binding domain 

of phosphocholine cytidylyltransferase is an amphipathic helical structure which interacts 

with lipid and membrane. The domain exerts an inhibitory control over catalytic activity in 

the absence of lipid but becomes activating in the presence of lipid (96). The soluble pool 

of phosphocholine cytidylyltransferase is highiy phosphorylated. and dephosphorylation is 

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

tram location of phosphochline cytidylyltrans ferase is regulated by a proline-direc ted pro tein 

kinase (97). Subsequently. mutation analysis on the phosphorylation dornain of the enzyme 

indicates that membrane association is not triggered by dephosphorylation (98). At present, 

the physiological significance of the phosphorylation domain is not clearly understood but 

may play a role in coordination of phosphocholine cytidylyltransferase with the ce11 cycle and 

enzyme stability (99). 



Currently, the notion that phosphocholine cytidylyl tram ferase is activated upon 

translocation to the membrane has k e n  challenged. In a study by Northwood et uL, 

cytidylyltransferase redistributed €rom the nucleus to the endoplasmic reticulurn in 

fibroblasts with the concomitant movement of enzyme activity (100). In addition. DeLong 

er al. reported that cytidylyltransferase a is Iocaiized exclusively to the nucleus. and shuttling 

between the nucleus and cytoplasm does not occur. Rather. previous observations of 

cytidylyltransferase shuttling were due to the non-specific detection of the isoenzymes 

present in the various subcellular compartments (1 0 1). Further studies will be required to 

settle this controversy. 

In the final step for the de novo formation of phosphatidylcholine. CDP-choline 

condenses with diacylgiycerol to form CMP and phosphatidytcholine in a reaction catalyzed 

by cholinephosphotransferase. In this reaction, M g -  or Mn'- are essential cofactors for 

maximal activity. The analysis of subcellular fractions with marker enzymes indicates that 

most of the enzyme activil resides on the endoplasmic reticulum (102). Enzyme activity 

has also been detected in the Golgi. mitochondrial and nuclear membrane fractions (103). 

Although phosphatidylcholine biosynthesis is predominately regulated by phosphociioline 

cytidylyltransferase, choiinephosphotransferase may also become rate limiting. 

Phosphatidylcholine biosynthesis may be decreased by limited diacylglyceroi avaiIability 

(1 04) and by short-term fasting. The fasting causes argininosuccinate accumulation in the 

liver which in turn directly inhibits cholinephosphotransferase (LOS). Enzyme activity is also 

modulated by thyroid hormone (1 O6), short-chah C6-ceramide ( 107). 

lysophosphatidylcholine and calcium concentration. 



Although a homogenous purification of cholinephosphotransferasp has not yet been 

obtained? the enzyme has been partially purified from the hamster heart (108). In an 

alternative approach. a 55 kDa protein band was labeled by the photoaffi~nity probe Y(2')-0- 

(benzoyl) benzoyl r2P] CDPsholine. The labeled protein was subsequentl y identified as 

cholinephosphotransferase after gel electrophoresis and autoradiography (109). 

Analysis of the human expressed sequence tag database for the yeast 

cholinephosphotransferase homolog has resulted in the cloning of  two distinct 

cholinephosphotransferase genes. hCPTl is positioned to chromosome 12q, and the gene 

product is specific for CDP-choline (1 10). Overexpression of hCPT 1 in yeast devoid of k i r  

O wn cholinephosphotransfefa~e teconsituted phosphatidylcholine biosynthesis. In contrast. 

hCEPT1 is found on chromosome 1, and its gene product utilizes both CDP-choline and 

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

The choline / ethanolarninephosphotransferase is expressed ubiquitously in al1 tissues and 

utilizes a broad range of diacylglycerol (1 1 1). Kinetic studies on the expressed enzyme 

indicate an apparent Y, of 37 pM and a V,, of 10.5 nmol/minfrng for CDP-choline and an 

apparent Km of 101 pM and a V,, of 4.35 nmoVmidmg for CDP-ethanolamine when 

dioleoylglycerol (C ,,: ,) is used. 

1.2.6.2 Methylation of pbosphatidylethanolamiae 

Phosphatidylcholine is also synthesized in the liver via the progressive methylation 

of phosphatidylethanolamine in reactions catatyzed by phosphatidylethanolamine N- 

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



40% of phosphatidylcholine synthesized in the liver ( 1 12). The pathway is not essential for 

growth or development but is required for phosphatidylcholine synthesis when dietary 

choline is deficient (1 13). Expression of phosphatidylethanolarnine methyltransferase in 

Chinese hamster ovary cells defective in de novo synthesis of phosphatidylcholine at the 

restrictive temperature failed to prevent ce11 death (1 14). It was postulated that insuficient 

phosphatidylcholine was produced by the rnethylation pathway to maintain the necessary 

p hosphatidylcholine levels required for cellular replication ( 1 1 5). Phosphatidy lcholine fiom 

the methylation paîhway was fou& to contain a diverse amay of long chain polyunsaturatted 

species and a high amount of arachidonate. In contrast, newly formed phosphatidylcholine 

from the CDP-choline pathway contains mostly medium length saturated acyl chains (1 16). 

The molecular distinction of phosphatidylcholine produced from the methylation and CDP- 

choline pathways may reflect on fùnctional differences of the two pathways in the liver. For 

example. an inverse relationship between phosphatidylethanolamine methyltransferase 

activity and ce11 proliferation has been well established (1 17. 1 18). Thus. it is speculated that 

phosphatidylethanolarnine methyltransferase may function as a suppressor of hepatocyte 

growth and transformation (119). 

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

PEMTl is localized on the endoplasmic reticulum. and PEMTZ is localized on the 

endoplasmic reticulum-like membrane fraction that sediments with mitochondria afier 

centrifügation (1 20). Knock out studies have demonstrated that both isoforms are encoded 

by the Pempt gene (1 13). Both isoforms catalyze the methylation of 

phosphatidylethanolamine, phosphatidylmonomethylethanolamine, and 



phosphatidy ldimethylethanolarnine. 

1.2.7 Phosphatidykthanolamine 

Phosphatidylethanolamine makes up about 20-30% of the total phosphotipid content 

in most mammalian tissues. Most of the phosphatidylethanolamine is produced via the 

CDP-ethanolamine pathway (Figure 9) (12 1). In this pathway, ethanolarnine is converted 

to phosphoethanolamine by ethanolarnine kinase (EC 2.7- 1 -87). Phosphoethanolamine is 

subsequently converted to CDP-ethanolamine in a reaction catalyzed by CTP: 

phosphoethanolamine cytidylyltransferase (phosphoethanolamine c)~idylyltransferase) (EC 

2.7.7.2 4). The condensation of CDP-ethanolamine with diacylglycerol catalyzed by CDP- 

e thano l amine :  diacylglcyerol  e thanolaminephosphotransferase  

(ethanolaminephosphotransferase) (EC 2.7.8.1 ) produces phosphatidylethanolamine. A 

small amount of phosphatidytethanolarnine is synthesized via the base exchange pathway, 

but this process represents a rninor pathway. Phosphatidylethanolamine is also produced 

from the decarboxylation of phosphatidylserine. The major pathways for 

phosphatidylethanolarnine biosynthesis in mamrnalian tissues will be M e r  examined in the 

following sections. 



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



1.2.7.1 CDP-ethanolamine pathway 

Et hano lamine is converted to phosphatidy lethano lamine after thtee sequential 

reactions in a pathway similar to the CDP-choline pathway. Ethanolamine is phosphorylated 

to phosp hoethanolamine in a reaction catalyzed by ethanolamine kinase. Although many 

choline kinases also contain ethanolamine kinase activity. several ethanolamine-specific 

kinases have been identified (122. 123). Two distinct ethanolamine kinases have k e n  

purified to homogeneity fiom the rat liver (124). Ethanolamine kinase 1 is a 36 kDa protein 

and displays no choline kinase activity. Ethanolamine kinase II is a 160 kDa protein and 

displays different kinetic properties fiom ethanolamine kinase 1. The human cDNA for an 

ethanolamine-specific kinase has been recently obtained from searching the expressed 

sequence tag data base (125). The cDNA encodes a protein with a predicted molecular size 

of 49.7 kDa. Overexpression of the cDNA in COS-7 cells resulted in a 170-fold increase in 

ethanolamine specific enzyme activity. 

Phosphoethanolamine is converted to CDP-ethanolamine in a reaction catalyzed by 

CTP: phosphoethanolarnine cytidylyltransferase. The conversion of phosphoethanolamine 

to CDP-ethanolamine is considered as the rate-limiting step of the pathway. The enzyme has 

been purified from rat liver- and extensive studies confirm that the phosphoethanolamine and 

phosphoc holine cytidyly ltransferases are separate enzymes (1 26). In contrast to 

phosphocholine cytidylyltransferase, phosphoethanolarnine c'idylyltransferase activity is 

not affected by phospholipid. ln addition, the analysis of subcelIular fractions with marker 

enzymes indicates that the enzyme is predominately localized in the cytosolic fraction (127). 

Zmmunogold electron microscopy studies revealed that phosphoethanolarnine 



cytidylyltransferase is actually distributed between the cistemae of the rough endoplasmic 

reticulum and the cytosol(126). Thus, phosphoethanolamine cytidylyttransferase activity 

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

enzyme however. does not contain the amphipathic a-helical membrane binding domain 

found in phosphocholine cytidylyltransferase* Two putative phosphorylation sites on 

phosphoethanolamine cytidylyltransferase have k e n  identified suggesting that the enzyme 

rnay be regulated by phosphorylation (128). 

The phosphoethanolamine cytidylyltransferase cDNA has been cloned fkom rat liver 

and hurnan glioblastoma cDNA libraries (12& 129). Phosphoethanolamine 

cytidylyltransferase contains a large repetitive intemal sequence in the N- and C-  terminai 

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

CO nserved region of the active domain of other cytidyly 1 tramferases suggesting the existence 

of two catalytic sites in phosphoethanolarnine cytidylyltransferase (1 28). 

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

reaction catalyzed by ethanolaminephosphotransferase. The enzyme has been purified to 

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

ethanolaminephosphotransferase ( I  1 1). the purified enzyme also displays activity with CDP- 

choline. The cDNA open reading frame predicts a 16.6 kDa protein containing seven 

membrane-spanning domains. 

1.2.7.2 Decarboxylation of phosphatidylserine 

Phosphatidylethanolamine is also generated via the decarboxylation of 



phosphatidylserine in a reaction catalyzed by phosphatidylserine decarboxylase (EC 

4.1.1 -65). The mammalian enzyme is localized to the outer leaflet of the Uiner mitochondrial 

membrane ( 2  3 1). A partial purification of the enzyme fiom rat Iiver has been described, 

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

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

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

complementation of a Chinese hamster ovary cell line auxotrophic for phosphatidylserine 

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

converted into mature phosphatidylserine decarboxylase via multiple steps of post- 

trmslational processing (1 3 5).  

1.2.8 TriacylgtyceroI 

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

diacylglt-cerol acyltransferase (diacylglycerol acyltransferase) (EC 2.3. t -20). The regulation 

of diacylglycerol acyltransferase may be important in triacylglycerol biosynthesis during 

intestinal fat absorption. lipoprotein assembly, the regulation of plasma triacylglycerol 

concentrations. fat storage in adipocytes, energy metabolism in muscle and in milk 

production (36). Diacylglycerol acyltransferase activity is localized on the endoplasmic 

reticulum. and its activity is strongly dependent on Mg" concentration (136). The enzyme 

has been purified to homogeneity and identified as a 60 kDa protein although no amino acid 

sequence information was reported (137). In a homology search of the expressed sequence 

tag database using acyl CoA: cholesterol acyltransferase (EC 2.3.1.26). a clone was idsntified 



homologous to the C terminus of the cholesterol acyltransferase (1 38). Expression of the 

cDNA did not result in cholesterol acyltransferase production. Rather, the cDNA encodes 

for an enzyme with acy ltransferase activity specific for diac y lglycerol. The gene was 

expressed in al1 tissues examined, and expression correlated with the differentiation o f  NIH 

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

1.2.9 Phosphatidylserine 

Phosphatidylsenne is a major phospholipid in the mammalian plasma membrane 

making up 510% of the total phospholipid pool. As previously mentioned, 

phosphatidylserine is also an intermediate in the biosynthesis of phosphatidylethanolamine. 

In mammalian tissues, phosphatidylserine is synthesized in mammalian cells via the base- 

exc hange reactions (1 39). Phosphatidylserine synthase 1 (EC 2.7.8.8) uses 

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

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

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

a slightly alkaline pH optimum. Enzyme activity is detectable in mitochondria (140)? plasma 

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

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

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

complernentation study with phosphatidylserine auxotrophic Chinese hamster ovary cells 

(1 44). 



1.3 The Direct Acylation of Glycerol 

1.3.1 The direct acylation of glycerol 

The biosynthesis of monoacylgtycerol was studied by Kinsella who examined the 

incorporation of [ L 4 ~ ]  glycerol into the lipid fraction of bovine mammary cells (1 45). M e r  

the cells were incubated with radiolabeled glycerol, the specific radioactivities of 

monoacylglycerol, diacylglycerol, triacylglycerol and other various lipids were determined. 

More than any other lipid. the monoacylglycerol pool was found to have the highest specific 

radioactivity immediately after pulse-labeIing. The labeling profiles clearly indicated 

monoacylglycerol as an early intermediate in lipid biosynthesis. Since de novo 

monoacylglycerol biosynthesis had not been previously established, the production of 

monoacylglycerol was instead attributed to the catabolism of the IabeIed diacylglycerol or 

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

The acylation of glycerol-3-phosphate has k e n  comprehensively studied (146. 147)- 

To a Iesser extent, the direct acylation of glycerol has also been documented (148. 149). 

Glycerol was found to compete with water as a nucleophile at the active site of the enzyme, 

resulting in the formation of monoacylglycerol. Monoacy lglycerol is also produced fiom 

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

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

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

esters with ['4~]-palrnitate in the presence of adipose tissue microsomes (1 50). An 85 kDa 

recombinant phospholipase AI was also reported to tmnsfer an acyl group from 



phosphatidy lcholine to glycerol. 

1.3.2 Monoacy lglycerol 

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

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

enterocytes. the absorbed rnonoacylglycerol is derived from the hydrolysis of d i e t q  

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

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

monoacygtyceroI is preferentially incorporated uito phosphatidyiinositol(15 1). 

2-Arachidonyiglycerol has recently been identified as the endocannabinoid which 

binds to the cannabinoid receptors found in nervous tissues and in cells of the immune 

system (152). The cannabinoid system has been implicated in the regulation of cellular 

homeostasis (1 5 3 ,  vascular health (154) and the immune system (155). It is speculated that 

the cannabinoid system represents one element of a neurotransmitter system which controls 

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

of direct evidence for the synthesis, release and effects of endocannabinoids at the junction 

between nerve cells. Indirect evidence indicates 2-arachidonylglycerol is produced via the 

catabolism of diarachidonyl-phosphatidylcholine or phosphatidic acid (1 57' 158). 



1.4 The Catabolism of Phosphoüpids 

1.4.1 Phospholipases 

Phospholipid is catbolized through the action of  various phospholipases. The 

different types of phospholipases are categorized according to the specific phospholipid bond 

it hydrolyzes. Phospholipase A, (EC 3.1 -1 3.2) specifically cleaves the acyl group at the sn-1 

position, while cleavage of the acyl group at the sn-2 position is catalyzed by phospholipase 

(EC 3- 1.1 -4). Phospholipase C (EC 3.1 -4.3) and phospholipase D (EC 3.1.4.4) are 

responsible for cleavage at the phosphate group (Figure 10). 

In rnammalian cells, the cytosolic phospholipase A: (cPLA2) has been extensively 

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

cleaves phosphatidy-lcholine containhg arachidonate at the sn-2 position and is a key 

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

inflarnmatory mediators including prostaglandins. thromboxanes and leukotrienes (1 59). The 

enzyme is activated by micromolar amounts of Ca2- (1 60) which causes its translocation to 

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

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

including norepinephrine (1 62),  bradykinin (1 63). cytokine ( 164) and epidemal growth 

factor (165). cPLA? has been purified and cloned from several sources (166, 167). The 

nucleotide sequence predicts a protein with a molecular weight of 85.2 kDa. and the gene is 

expressed in al1 tissues (168). Structural studies of cPLA, have shown that the protein 

contains a regulatory calcium binding domain (CaLB) at  the N-terminus and a catalytic 



domain at the C-terminus. The CaLB domain displays a hi& affinity for Ca" and localizes 

cPLA2 to membrane structures (169). The cPLA2 sequence also contains several consensus 

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

activation of protein kinase C (1  71), mitogen activated protein kinase (1 62) and extracellular 

signal-regulated kinase 2 (p4S mitogen activated protein kinase) (1  72) has been correlated 

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

activation is ce11 and stimuli specific (173). 



Figure 10. Sites of phospholipase action 



1.5 Lands Pathway 

1.5.1 Phospholipid acyl composition 

Structurai studies of phospholipid molecuies in mammalian tissues uidicate that the 

acyl content is highly specific in terms of chah length, position and satwation. As 

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

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

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

(C , ,,), and 50% at the sn-2 position by arachidonate (C30 ,) (1 74). The composition of acyl 

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

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

of membrane proteins ( 1 75). 

As previously discussed. the lipoidal moiety of phosphatidylcholine is synthesized 

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

of glycerol-3 -phosphate and lysophosphatidate acy 1 transferases. In vivo and in vitro studies 

demonstrated that unlike the endogenous phospholipid pool. newly formed phosphatidate 

contains predominately monoenoic and dienoic acyl species. It is apparent that 

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

specific acyl composition (1 11). In addition. the acyl composition of newly fonned 

p hosphatidylcholine is similar to the diacylglycerol produced fiom phosphatidate (1 76). 

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

afier de novo synthesis (1 77). 



1.5.2 Deacylation / reacytation cycle 

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

sometimes referred to as the Lands pathway (1 78). For example. phosphatidylcholine is 

converted to lysophosphatidylcholinc by phospholipase A (Figure 11). Subsequently. 

lysophosphat idy lc holine is reacy lated back to phosphatidy lcholine with the proper acyl chah  

by acyl-Co A: 1 -acyl-sn-glycerol-3-phosphocholine acy ltransferase (lysophosphatidy1choline 

ac yltrans ferase) (EC 2.3.1 -23). Acyl-Co A: 1 -ac y 1-sn-glycero 1-3 -p hosphocho line 

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

phocholine acyltransferase highly prefers saturated acyl-CoA (1 79, 180). 

Lysophosphatidylcholine acyltransferase has k e n  detected in al1 mammalian tissues studied 

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

activity can also be found in mitochondria and plasma membrane (1 83, 184). Altematively? 

lysophosphatidylcho1ine can be fùrther cataboIized to glycerophosphocho1ine. 

Major advances in delineating the mechanisms which govern phospholipid 

remodeling and maintenance of the acyl composition have been hindered by difficulties in 

purification of lysolipid acyltransferases. The dificulty occurs because extrication of the 

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

enzyme. The dificulty is compounded by the fact that acyltransferase activity is also 

inhibited by even low amounts of detergents. Since the solubilization of the enzyme from 

the membrane in an active form is paramount to its subsequent purification by 

chromatography. a complete reassessment of detergents for solubilization of 

lysophospahtidylcholine acyltransferase fiom microsoma! membranes has been conducted 



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

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

The purification of lysophosphatidy lc holine acy ltransferase fiom the bovine brin and 

heart has been reported (1 85, 186). The molecular weight of the proteins were found to be 

43 and 64 kDa respectively. The enzyme utilizes a variety of unsaturated long chain acy-l- 

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

also uses lysophosphatidylethanoiamine~ lysophosphatidylserine or lysophosphatidylinositol 

as the acyl accepter. in a separate study, lysophosphatidylcholine acyltransferase has ais0 

been identified as a 2 1 kDa protein band by solubilization with hi& concentrations of oleoyl- 

CoA and lysophosphatidylcholine (1 87). The acyltransferase converted oleoyl-CoA and 

lysop hophosphatidy lcholine into vesicuiar phosphatidylcholine. nie newly formed vesicles 

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

centrifugation. The recovered acyltransferase displayed preference for unsaturated acyl- 

CoAs and iysophoshatidylcholine. 

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

decade ago, no M e r  work has been reported on the purîfied enzymes. Hence, information 

on the amino acid sequence of the enzyme is not availabte and attempts to obtain the cDNA 

have not been reported. 
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Figure II .  Deacylation I nacylation cycle 



1.6 Research Aims and Hypothesis 

Lipids f o m  the building blocks of the biological membrane? and phosphatidylcholine 

is the principle lipid in mammalian tissues. The purpose of this research was to study the 

control of lipid metabolism in marnmalian tissues. More specifically. the regplation of 

phosphatidy lc holine metabolism, the deacylation / reacylation cycle and the direct ac y lation 

of glycerol were exarnined. 

In the first part of the study? the control of phosphatidylcholine rnetabolism was 

exarnined in human mbilical vein endotheliai cells. We hypothesized that phosphocholine, 

a phosphatidylcholine precursor could modulate phosphatidylcholine metabolism. In order 

to test this hypothesis. cells were treated with and without phosphocholine and incubated 

with radioactive choline. After cellular disruption and isolation of the choline-containing 

compounds, the radioactivities of the metabolites were determined. Activities of the 

enzymes in the CDP-choline pathway were also determined. The effect of phosphocholine 

on phosphatidylcholine catabolism was studied by measuring arachidonate release and 

determining cPLA, activity. 

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

phosphatidylcholine was examined. Although purification of lysophosphatidylcholine 

acyltransferase was reported over a decade ago, further w-ork on the purified enzyme has not 

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

that multiple acyltransferase isozymes exist, and that each isoqme is specific for a detined 

lysolipid and acyl group. Since direct evidence for the existence of acyltransfemse isozymes 



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

enzyme from pig heart microsomes. Subsequently, column c hromatography and gel activity 

assays were ernployed to puri@ the enzyme. 

In the final part of the study, the direct acylation of glycerol was examined. 

Preliminary studies indicated that the direct acylation of glycerol was catalyzed by 

microsomal acyl-CoA: glycerol acyltransferase. We hypothesized that glycerol could be 

directly acylated for lipid biosynthesis. To test this hypothesis, pulse-chase studies were 

conducted with hepatocyte or myoblast cells using radiolabeled glycerd. The direct 

acylation of glycerol was M e r  examined in pulse-chase experirnents by varying the 

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

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

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

determine the Km and V,, values. FPLC gel filtration photoafinity labeling and gel 

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

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

The results of these studies enable us to better understand the control of glycerolipid 

metabolism in mammalian tissues. 



2 MATERIALS AND METHODS 

2.1 Materials 

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

Ontario, Canada). Thin-layer c hromatography plates, (K6 Silica gel 60A) and DE8 1 (2.5cm) 

filter discs were purchased fiom Whatman inc. (C lifion. New Jersey. USA). [Met&[-'H] 

choline (80.0 mC ihrnol)  and CDP-[MethyZ-"Cl choline (42.2 mCi/rnrnol) were obtained 

fiom Dupont Canada Limited (Mississauga ON, Canada). Phospho-[MehyL'H] choline was 

synthesized f?om [MethyZ-'H] choline as previously described (70). The radiolabeled 

compounds [5.6,8.11,12,14.15-'H(N)J arachidonate (230.5 Ci/mmol). [l -'"CI arachidonyl- 

CoA (5  1.6mCi/mmole), w a 1 ? j  (16SCi/mg) and [1,3-'HI glycerol (3.5Ci/mmol) were 

obtained fiom PerkinElmer Life Sciences Canada (Woodbridge? ON. Canada). Radiolabeled 

1 -stearoyl-2-[ l - 'T l  arachidonoyl-l-3 -phosphatidylcholine (55 mC i/mmol) was purchased 

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

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

was obtained fiom Collaborative Biomedical Products (Bedford. MA, USA). Protease 

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

IN, USA). The BC13-methmol kit was purchased from Supelco Inc. (Bellefonte, PA, USA). 

Al1 other chernicals were of analytical grade and obtained fiom Sigma Chernical Company 

(St. Louis, MO.. USA). The HiTrap afinity column was obtained from Pharmacia Biotech 

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



Scientifc (Fair Lawn, NJ, USA). K A  protein assay reagents and Imrnuno~ure@ 

Immobilized Protein A were purchased fiom Pierce (Roclaord, IL, USA). ~illex@-GP 

syringe driven filter units were purchased h m  MiIlipore Corporation (Bedford, MA. USA). 

The electrophoresis system and polyvinylidene difluoride membrane were obtained from 

Bio-Rad Laboratories Ltd. (Mississauga ON. Canada)- The FPLC system was obtained fkom 

Amersham Pharmacia Biotec, Inc. (Baie d'Urfe, QC,  Canada). 



2.2 Methods 

2.2.1 Cell Culture 

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

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

with 0.2% gelatin. in Medium 199 (pH 7.4) supplemented with 25 m M  HEPES, 30 pglmL 

endothelial ce11 growth supplement, 90 &mL heparin. 10% fetal calf senun, 100 units!mL 

peniciliin, 100 &mL streptomycin and 1-25 pg/mL Fungizone. The cells were incubated 

at 3 7 ' ~  in an atmosphere of 95% humidified air. 5% carbon dioxide until70-80% confluency 

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

2.8 x 106 cells) were used for experiments. 

H9c2 cells. a rat myoblast ce11 line and Chang liver cells were obtained from the 

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

rnodified Eagle's medium containing 10% fetal bovine serum. 100 units/ml of peniciIlin G, 

10 pg/rnL of streptomycin and 0.25 amphotericin B. The cells were incubated at 

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

ac hieved. 

2.2.2 Determination of choline uptake and phosphatidylcholine biosynthesis 

Endothelial ceils were incubated with the indicated concentration of phosphoc ho1 ine 

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

concentration of 30 pM (0.1 7 pCilnmol), and cells were fùrther incubated for 1 h. The 



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

organic metabolites were extracted by adding chloroforrn, methanol and water to fmal 

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

analyzed by thin-layer chromatography using a soIvent system consisting of methanol / 0.6% 

NaCl / NH,OH (50505 ,  by vol). Phosphatidylchoiine in the organic phase of the ce11 

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

chloroform / methmol/ water 1 acetic acid (70:j0:4:2, by vol). The radioactivity associated 

with the various metabdites was determined by liquid scintillation counting. 

2.2.3 Choline kinase assay 

Choline kinase activity was determined by measuring the production of radioactive 

phosphocholine. The reaction rni'vture (1 00 PL) contained 1 0 mM Tris-HC1 (pH 8.0)* 20 pM 

dithiothreitol. 1 mM magnesium chlonde. 1 mM ATP and 1 m i  [methYi-'q choline (20,000 

dpmhssay). The enzyme sample (10 PL) kvas added to the reaction mixture and incubated 

at 3 7 ' ~  for 15 min. Non-radiolabeled choline (final concentration 4 mM) was added. and 

the mixture was subsequently incubated at 100°C for 5 min. The sample was centrifüged at 

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

The plate was developed in a solvent containing methanolf 0.6% NaCl / NH,OH ( 5 0 5 0 5 .  

by vol). and exposed to iodine vapor to visualize the choline and phosphocholine bands. The 

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

radioactivity of phosphocholine was determined by scintillation counting. 



2.2.4 CTP: phosphocholine cytidyiyltransferase assay 

Phosphocholine cytidylyltransferase activity was determined by m e a s u ~ g  the 

production of radioactive CDP-choline. The reaction mixture (1 00 PL) contained 100 mM 

Tris-succinate (pH 7.0), 12 mM magnesium acetate, 2.5 mM CTP and 1.0 mM phospho- 

[methyl-'HJ choline (1,000 dpm/nrnol). The enzyme sarnple (-50 pg protein) was added to 

the mixture and incubated at 37°C for 15 min. The reaction was stopped by incubating the 

mixture in a boiling water bath for 5 min. The reaction mixture was centrifùged at 5,000 g 

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

was developed in a solvent containing methanol / 0.6% NaCl / NWOH (50505, by vol). 

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

Imaging Scanner (Bioscan Inc., Washington DC, USA). The silica gel corresponding to the 

CDP-choline fraction was scraped, and its radioactivity was determined by scintillation 

counting. 

2.2.5 CDP-choline: 1,2 diacylglycerol cholinephosphotransferase assay 

The cholinphosphotransferase activity was determined by measuring the production 

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

(pH 8.5). 10 mM magnesium chlonde. 1 m M  ethylenediaminetetraacetic acid. 0.4 mM CDP- 

[n~ethyZ-'~C] choline (1 .O pCi/pmol) and 1 .O rnM diacylglycerol (prepared in 0.0 15% Tween 

20 by sonication). The enzyme sarnple (-100 pg protein) was added, and the reaction was 

incubated at 37°C for IS min. The reaction was terminated by the addition of 3 mL 

chloroforrn / methanol (2: 1 v/v) to the mixture. Water (0.5 mL) was added to the mixture 



to cause phase separation. The organic phase was washed twice with 2 mL of 40% methanol, 

and the solvent in the lower phase was subsequently evaporated. The radioactivity associated 

with phosphatidylcholine was determined by scintillation counting. Analysis by thin-layer 

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

phosphatidylcholine. 

2-2.6 Measurment of arachidonate release 

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

(188). Endothelial cells were incubated for 20 h in the presence of 1 pCi1mL VIX] 

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

(140 mLM NaCl, 4 rnM KCI, 5.5 mM glucose, 10 mM HEPES (pH 7.4), 1.5 mM CaCl, and 

1 .O mM MgCl-) containing 0.023% (wlv) essentially fatty acid-free bovine serum alburnin. 

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

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

added to halt any tùrther reactions. The mixture \vas centrifüged for 5 min at 800 x g, and 

a 0.8 mL aliquot was used for Iipid e-xtraction in a solvent mixture consisting of chloroform 

/ methmol/ water (432 .  by vol). Oleic acid was added, and the fatty acids in the organic 

phase were resolved by thin-layer chromatography in a solvent system consisting of hexane 

/ diethyl ether / acetic acid (70:30:1, by vol). The fatty acid band was visualized by iodine 

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



2.2.7 Determinition of phospholipase A, activity 

Phospholipase A2 activity was assayed as described by Tran et a(. (1 89). Cells were 

lysed by sonication in a buffer containing 50 mM Tris-HCI (pH 8.0), 1 rnM EDTA, 10 pM 

leuptin. 10 pM aprotinin, 20 mM NaF and 10 rnM Na2HP0,. The ce11 lysate was centrifuged 

at 100.000 g for 60 min- The supernatant was designated as the soluble fiaction while the 

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

fraction. Phospholipase A2 activities in the subcellular fractions were determined by the 

hydro 1 ysis of 1 -stearoyl-2-[1 -'"Cl arachidonoy lm-glycero-p hosp hoc holine to yield free 

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

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

mixture contained 50 mM Tris-HCI (pH 8.0), 1.5 rnM CaCl,, 0.9 mole of stearoyl-2-El-'"Cl 

arachidono yl-sn-glycero-3-phosphocholine (1 00,000 dpdassay) and approximately 10 pg 

protein in a final volume of 100 PL. The reaction mixture was incubated at 37'C for 30 min 

and then terminated by the addition of 1.5mL of chloroform / methanol(2: 1 v/v). Total Iipid 

was extracted. and the radioactivity of the free arachidonate was determined as described 

above. 

2.2.8 Preparation of subcellular fractions 

Pig heart was obtained fresh fiorn a local abattoir. A 10% homogenate (wv) was 

prepared in a buffer containing 10 mM Tris-HCl (pH 7.4). 0.25 M sucrose, 1 m M  

ethylenediaminetetraacetic acid and 0.1 mM phenylmethanesulfonyl fluoride. Subcellular 

fractions were obtained by differential centrifugation as previously described (7). The cross- 



contamination of each subcellular fraction was assessed by enzyme markea Fumarase (1 90) 

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

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

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

enzyme activities, the microsomal hc t ion  was contaminated by 5% of the rnitochondrial 

material. whereas the rnitochondrial fraction was contaminated by 9% of microsomal 

material. The cytosoiic fraction was contarninated by less than 1% of  mitochondnal or 

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

bicinchoninic acid method (194). 

2.2.9 Acyl-CoA: lysophosphatidycholine acyltransferase assay 

Lysophosphatidylcholine acyltransferase activity was determined by measuring the 

production of radioactive phosphatidylcholine- The reaction mixture (0.7 mL) contained 80 

mM Tris-HCI (pH 7.4). 100 p M  [l -14C] arachidonyl-CoA (5 1 -6 mCi/rnrnole) and 1 50 pM 

lysophosphatidylcholine. The enzyme sampLe (-50 pg protein) was added and incubated at 

37°C for 10 min. The reaction was terminated by the addition of 3 mL chloroform / 

rnethanol (2: 1 vh). Non-radioactive phosphatidylcholine (1 0 pg) was added as a carrier. 

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

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

/ methanol / water / acetic acid (70:30:3:2, by vol). The phosphatidylcholine band was 

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

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



scintillation counting. 

2.2.10 Glycerol: acyl-CoA acyltransferase assay 

The glycerol acyltransferase activity was deterrnined by measuring the production of 

radioactive monoacylglycerol. The enzyme sample (-10 pg protein) was incubated in a 

buffer containing 50 mM Tris-succinate (pH 6.0). 32.2 pM [ l - ' k ]  arachidonyl-CoA (5 1.6 

mCi/mrnole), 0.1 mM ethylenediarninetetraacetic acid and 5% (vk) glycerol in a total 

volume of 60 PL. The reaction was tenninated by addition of 0.75 mL chiorofonn / 

methanol(2: 1 dv). Water (035 rnL) was added to mixture. and centrifugation was used to 

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

chromatography. The radioactivity assoçiated with monoacylglycerol was determined by 

scintilIation counting. Counts recovered fiom a control assay mixture lacking glycerol were 

subtracted from experimentai values. 

2.2.1 1 Glycerokinase assay 

Glycerokinase activity was determined using a modified method described by 

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

'HI glycerol-3-phosphate production. K9c2 or Chang liver cells were scraped frorn the petri 

dish and suspended in a phosphate buffered saline solution @H 7.4). A cocktail of protease 

inhibitors was added to the ceil suspension, and a homogenate (-0.1 mg proteidml) was 

produced by sonkation. A 10 pL aliquot of ce11 homogenate was incubated with a reaction 

mixture containing 25 mM Hepes buffer (pH 7.4), 3 rnM ATP. 2.5 m M  MgCl? and 32.3 pM 



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

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

centrifûged for 5 min at 10,000 g, and the supernatant was applied ont0 a DE3-8 I Whatman 

filter disc. n i e  disc was placed ont0 a scintered g l a s  filter under vacuum and slowly washed 

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

was deterrnined by scintillation counting. Counts nom a control assay mi-xture lacking ATP 

were subtracted fkom experimental vaiues. 

2.2.12 Pulse-chase analysis 

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

untii they became 90% confluent. Culture medium containing [1 J-~H] glycerol (3 -5 

Ci/mrnol) was added to each dish for the prescribed time. The medium containing the label 

was rernoved from the dish. and the cells were incubated in culture media containing non- 

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

ice cold phosphate buEered saline solution @H 7.4). Cells w-ere scraped into a test tube with 

1 mL methmol/ HCl(100: 1 vh), and chloroform (1 -3 mL) and water (0.7 mi,) were added 

to the tube. The lipid fraction was recovered in the organic phase and analyzed by thin-iayer 

chromatography. 

2.2.13 Separation of lipids 

The simultaneous separation of radiolabeled neutral lipid and phospholipid was 

performed by one-dimensional thin-layer chromatography using multiple development 



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

at 1 3 5 ' ~  for at l e s t  l h and allowed to cool to room temperature before sample application. 

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

(70:30:4:2, by vol) until the solvent front reached 1 1 cm Erom the origin. AAer drying, the 

plate was fully developed in a second solvent containing benzene I diethyl ether / ethanol / 

acetic acid (50:40:2:0.2, by vol). Again the plate was dried and then developed in the first 

solvent to 12.5 cm for fiuther separation of phospholipids. Lipid fiactions were visualized 

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

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

radioactivities were detennined. 

2.2.14 Lipid determination 

For the detemination of monoacylglycerol. diacylglycerol. triacylglycerol, 

lysophosphatidate. phosphatidate and phosphatidylcholine. the acyl groups were converted 

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

methyl esters were quantified using a Hewlett Packard HP 5890A gas chromatograph 

equipped with a Supelcowax 10 30 m x 0.25 mm, 0.25 Fm fked  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 



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

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

of the enzyme. 

Microsornai protein fiom the pig heart was solubilized with Nonidet P-40 (0.2%), and 

passed through a 0.22 pm pore filter- Purification of glycerol acyltransferase was performed 

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

mM Tris-HCI (pH 7.0), 0.1 mM ethylenediarninetetraacetic acid, 0.1 M KCI. and 10% (vh) 

glycerol. Afier application o f  the sample to the colurnn, the same buffer was used to elute 

the sarnple at a flow rate of  0.75 mL/min. Fractions of 1 -8 mL were collected, and the 

elution profile was monitored by absorbance at 280 nm. 

2.2.16 Synthesis of ( 1 2 5 ~ ]  Iabeled 12-[(4-~zidosalieyl)aminoJ-dodecanoybCoA 

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

descri bed ( 197). A mixture of 1 2-arninododecanoic acid ( 12 mg). the N-hydroxysuccinirnide 

ester of 4-azidosalicylic acid (27 mg), anhydrous 1,2,3.4-tetrahydro-9-fluorenone (2.0 mL) 

and pyridine (0.2 mL) was stirred for 72 h in the dark at room temperature. The entire 

mixture was evaporated to dryness under a nitrogen Stream aeer the addition of 1 1.6 M HC 1 

(0.2 mL). The residue was dissolved in 5 mL ethyl acetate and extracted twice with 5 mL 

of 30 mM HCI. The organic phase was dried over sodium sulfate. The product was 

evaporated under a nitrogen Stream and resuspended at 10 mg/mL in ethyl acetate. The 
r 

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

solvent consisting of chloroform: methanol(5: 1 v/v). The Rf values for 12-arninododecanoic 



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

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

enzymatically as previously described ( 1 97). The structure of ASD-Co A is depicred in Figure 

1 2. The reaction mixture contained 1 -5 mg azidosdicylaminododecanoic acid? 50 mM Tris- 

HCI (pH 8.0). 7.5 mM MgCI2. 0.3% Triton X-100,4.3 mM CoA and 5 m M  ATP in a volume 

of 1.8 mL- The mixture was sonicated for 10 min to emulsify the substrate, and 0.4 units of 

acyl-CoA synthetase were added to give a final volume of 2.2 mL. The reaction was carried 

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

PrepSep C lg  colu~nn previously washed with 2.0 mL methanol, 2.0 mL water and 2.0 rnL 10 

m M  w P O J  (pH 5.3). Mer sample loading, the column was washed with 3.0 mL 10 mM 

KHzP04 (pH 5.3). ASD-CoA was eluted with 4 mM rnethanoi into a pre-weighed test tube. 

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

methanol(2: 1 v/v). 

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

contained 60 pL chloramine T. 0.5 pg ASD-CoA, 200 pL ethyl acetate / methanol(2: 1 v/v) 

and 0.25 mCi ~ a " ' ~ ] .  The mixture was incubated for 30 min at room temperature in the 

dark, and 100 pL ethyl acetate and 100 pL 10% NaCl ( d v )  were added to the reaction 

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

with ethyl acetate. The ["'I] labeled ASD-CoA was stored in ethyl acetate at -70'~. 



Figure 12. Structure of ASD-CoA 



2.2.17 Photoaffinity la beling 

P h o t ~ a ~ n i t y  labeling was performed by incubating fractions from gel filtration 

chromatography with the photoaffity probe at room temperature in the dark for 15 min. The 

reaction mixture (2  15 PL) contained 1.9 pCi [12jI] ASD-CoA and a hction aiiquot (0.1 mL) 

in 20 mM Tris-Succinate (pH 6.0)' 40 p M  ethylenediarninetetraacetic acid and 4.2% (v/v) 

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

the reaction mixture to ultraviolet light. A hand-held ultraviolet larnp (Mode1 WS-54, from 

Ultravioiolet Productions hc. San Gabriel, CA) was held at a distance of 5 cm from the sample 

for 15 min. Trichloroacetate (10Y0 w/v) was added to stop the reaction and to cause protein 

precipitation. The mixture was incubated at -20°C for 15 min to allow full precipitation of 

the labeled protein. The precipitated protein was sedimented at 10.000 g for 5 min. and the 

pellet was resuspended in 15 pL 0.1 N NaOH. Sample buffer (15 PL) was added to each 

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

electrophoresis (Tricine-SDS PAGE) (43). The gel was stained for protein using Sema Blue 

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

was analyzed by Scion Image software (Scion Corp.. Frederick, Maryland' USA). 

2.2.18 Gel eiectrophoresis 

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

exceptionally high resolution. Tricine, used as the trailing ion, allows resolution of srna11 

proteins at lower acrylarnide concentrations than in glycine-SDS-PAGE systems (1 99). The 

stacking and resolving gels containing 4% and 10% polyacrylarnide respectively were cast 



in a mini gel apparatus. The anode buffer was composed of 100 mM Tris-HCI (pH 8.9), and 

the cathode buffer consisted of 100 rnM Tris-HCl (pH 8.25), 100 mM Tricine and 1.0% SDS. 

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

HCl (pH 7.0). 30% glycerol, 12% SDS, 6% P-mercaptoethanol, and 0.05% Serva Blue G for 

30 min at 40OC. After electrophoresis, the protein sarnple was electrophoretically transferred 

from the Tncine-SDS gel ont0 a polyvinylidene di fluoride membrane using a Bio-Rad semi- 

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

amino acid sequencing. Sequencing was conducted by the Protein Microsequencing 

Laboratory (Victoria, BCI Canada). 

2.2.19 Production of antibody 

Rabbit polyclonal antibody was produced by National Biologicai Laboratory Ltd. 

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

["'II ASD-CoA photoafhity labeling. Each protein band was electrophoretically eluted 

fiorn the polyacrylarnide gel and recovered in an enclosed dialysis bag. The protein sample 

( 1 00 pg) was injected subcutaneously into the rabbit with Freud's incomplete adjuvant 

followed by hvo additional booster shots (300-320 pg protein) over four weeks. Control 

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

the rabbit s e m  using a HiTrap affinity column. The purity of the antibody was assessed by 

polyacrylarnide gel electrophoresis. 



2.2.20 Immunoprecipitation of giycerol acyltransferase 

The imunoprecipitation reaction was conducted by incubating various amounts of 

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

contained 50 mM Tris-HCi (pH 74), 150 mM NaCi, and 5 rnM ethyienediaminetetraacetic 

acid in a final volume of 200 PL- Protein A immobilized ont0 agarose beads (15 PL) was 

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

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

supernatant was determined. 

2.2.2 1 Statis tical analysis 

Data were analyzed using the paired Students' r test udess otherwise indicated. The 

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

statiçticd analysis were performed in duplicate. The values from duplicate expenments were 

altvays within 10% of each other and were reproducible in at least three separate 

experiments. 



3. EXPERIMENTAL RESULTS 

3.1 Studies on Phosphatidylcholine Metabolism in Human Endothelial Cells 

3.1.1 Effect of phosphocholine on phosphatidylcholine biosynthesis in human 

umbilical vein endothelial cells 

n ie  effect of exogenous phosphocholine on phosphatidylcholine biosynthesis in 

hurnan umbilical vein endothelial cells was examined. In a preiiminary snidy. the cells were 

incubated with phospho-[merhyl-'Hl choline for 2 h, washed and the radioactivity in the cells 

was determined. Less than 0.0 1% of the labeled material was found in these cells indicaihg 

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

phosphatidylcholine biosynthesis. the endothelial cells were preincubated with 0-1 0 mM 

phosphocholine for 2 h. and [methyl-'Hl choline was added (final concentration 30 PM) to 

the incubating mixture. The cells were incubated for another 60 min. and the radioactivity 

incorporated into phosphatidylcholine was determined. Pre-incubation of the celis with 

phosphocholine caused the reduced incorporation of [methyl-'Hl choline into 

phosphatidylcholine (Figure 13). In the presence of 1 .O mM phosphocholine 

phosphatidyIcholine labeling was decreased by 32%, and at 5.0 mM phosphocholine, the 

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

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

labeling of phosphatidylcholine. 
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Figure 13. Effect of phosphocholine on phosphatidylcholine biosynthesis in 
hurnan umbilicai vein endothelia1 cells. Confluent monolayers of human umbilical 
vein endotheliai cells were incubated with the indicated concentration of 
phosphocholine for 2 h. [MerhyL'H] cho iine (0.1 7 pCi/nmol) was added to a final 
concentration of 30 PM, and the cells were incubated fiuther for 1 h. The celIs were 
harvested, and the radioactivity in the phosphatidylcholine fraction was determined 
as described in Materials and Methods. These data represent the mean standard 
deviation of three experiments. 



3.1.2 Effect of phosphocholine on choline containhg metabolites 

The observed decrease in phosphatidylcholine labeling may be reflected in changes 

in the labeling of intemediates in the CDP-choline pathway. Thus, the effect of 

phosphocholine on the incorporation of [meth#H] choline into the choline-containing 

metabolites which are found in the aqueous phase of the ce11 extracts was investigated. 

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

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

metabolites reveded that the in vivo labeling of phosphochoiine was significantly reduced. 

Since changes in the labeling of phosphocholine couid result fiom changes in the enzyme 

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

c ytidy ly ltransferase and c holinephospho~ansferase were determined in cells with and 

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

were detected. 



Table 3. Radioactivity of aqueous choline-containing metabolites. 

Confluent monolayers of human umbilical vein endothelid ceils were incubated with O or 
5 .O mM phosphocholine for 2 h. [Methyl-jH] choline (0.1 7 pC/nmol) was added to a final 
concentration of 30  FM, and the cells were incubated M e r  for 1 h. The radioactivity 
associated with the choline-containing metabolites was determined as described in Materials 
and Methods. These data represent the mean * standard deviation of three experiments. *p 
-= 0.05 compared with the control. 

['Hl Radioactivity (dpm x 10'ldish cells) 

controt 5 mM phosphocholine 

Aqueous fraction 56.2 & 5.9 47.9 2.9 * 

Choline 0.7 * 0.2 0.7 * 0.1 
Phosphocholine 43.9 =t 4.7 35.6 * 2.7 * 

CDP-choline IO. 1 * 3-6 10.9 * 1.2 



3.1.3 Effect of phosphocholine on choline uptake 

Studies were conducted to determine the mechanism for the reduced uptake of labeled 

choline by p hosp hocholine. The human urnbilical vein endothelid cells were incubated with 

diflerent concentrations of [mefhyl-'H] choline in the absence and presence of 5.0 mM 

phosphocholine. Total choline uptake was inhibited in the presence of 5.0 mM 

phosphocholine (Figure 14). Analysis of the data in a double-reciprocal plot showed that 

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

presence of 5.0 rnM phosphocholine, the V,, of choline was unchanged. while a Y, of 83 

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

phosphoc holine was cornpetitive. 
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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 O mM (a ) or 5.0 mM (m ) phosphocholine for 2 h. [~ethyi-'HJcholine (IO 
pCi total) was added at the indicated concentrations, and the cells were incubated 
funher for 1 h. The uptake of choline into the cells was determined. In (B), the data 
in (A) were re-plotted as a double-reciprocal plot. 



3.1.4 Effect of phospbochoüne on ATP-induceâ arachidonate release 

The effect of phosphocholine on arachidonate release in endothelial cells was 

investigated. Afier pre-labeling of cellular lipids with arachidonate as described in 

Materials and Methods. the cells were incubated with O or 1 -0 mM phosphocholine for 2 h. 

The cells were then exposed to O or 100 p M  ATP, a known stimulator of arachidonate 

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

enbancement of arachidonate release was observed in the cells incubated with 1.0 mM 

phosphocholine. but the difference was not statistically significant (Figure 15). When cells 

were incubated with 1 .O mM phosphocholine in the presence of 100 pM ATP? a significant 

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

without phosphocholine- 

The importance of cystosolic phospholipase(s) A? in arachidonate release fiom 

endothelial cells has been preuiously demonstrated (1 88. 189). Thus the phospholipase A? 

activity in the endothelial cells afker phosphocholine treatment was exarnined, Cells were 

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

phospholipase A? activity was determined in the total ce11 lysate and soluble and membrane 

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

changes in phospholipase A2 activities in these two sub-cellular fractions (Table 4). 



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



Table 5. Effect of phosphocholine on phospholipase A, activity 

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

Phospholipase A, Activity (pmoUmin/mg protein) 

control 5 mM pbosphocholine 

Total activity 9.01 * t .28 9.1 O * 0.29 

Membrane fiaction 1-85 k 0.29 2.45 * 0.55 

Soluble fraction 6.91 * 0.88 6.67 =t 0.2 1 



3.2 Studies on the Deacyiation / Reacylation Cycle 

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

fatty acid composition in the phospholipid. Phospholipases have k e n  extensively studied 

( 1 69, 1 70). but studies on lysophospholipid acyltransferases have been limited- Although 

MacQuarrie and colleagues have reported the purification of lysophosphatidylcholine 

acyltransferase. the purified enzyme has not k e n  employed in any subsequent studies (1 85, 

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

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

M e r  work is necessary for identification of the enzyme. Because these studies ultimately 

led to the study of glycerol acylation and the discovery of a novel lipid biosynthetic pathway 

(Section 3 . 3 ,  a brief description on the approaches used to purify lysophosphatidylcho1ine 

acyltransferase is given in the- following sections. 

3.2.1 Gel filtration chromatography 

The solubilization of Iysophosphatidylcholine acyltransferase fiom the microsornal 

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

of the enzyme activity was soIubilized by a combination of 1% Chaps and 1 M KCI- 

Solubilized pig heart microsornes were applied ont0 an FPLC gel filtration column 

containing Sepharose 6B. The severe loss of enzyme activity during chromatography was 

partially overcome by including 20% glyceml in the elution buffer. Acyltransferase activity 

was determined in each fraction by measuring the production of radioactive 



phosphatidylcholine as described in Materials and Methods. A major activity peak eluted 

near the void volume, and a second activity peak eluted slightly ahead of bovine s e m  

albumin (data not shown). Unfortunately, attempts to tùrther puri@ the enzyme by other 

chromotographic rnethods resulted in the complete ioss of enzyme activity. 

Unex pectedl y. several fi-ac tions catalyzed the production of a radioactive cornpound 

whic h did not correlate to lysophophatidylcholine, arachidonyl-CoA, arachidonate or 

phosphatidylcholine. The radioactive compound migrated near the solvent front when 

analyzed by thin-layer chromatopphy using a solvent system containing chloroforrn / 

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

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

diethylether / ethanol / water (50:10:2:0.25 by vol). The radioactive compound CO-migrated 

identically with the monoacylglycerol standard. The detection of radioactive 

monoacylglycerol suggested that a microsornal enzyme catalyzed the direct acylation of 

glycerol. The direct acylation of glycerol catalyzed by pig heart microsornes was further 

investigated as described in Section 3 -3. 

3.2.2 Gel activity assay 

The activity gel assay used to detect histone acetyltransferase from Tetrahyrnena 

macronuclei represented an alternative approach for the purification and identification of 

1 ysop hosp hatidylcholine acy ltransferase (20 1). Brownell and Allis reported the detection of 

histone acetyltransferase after gel electrophoresis by the incorporation of radioactive acetate 

into histone substrates polymerized direcrly into the gel. 



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

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

remove the SDS fiom the gel. Subsequentiy, the gel was washed in b d e r  containing either 

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

incubated in a buffer containing detergent (eg. sodium cholate. Nonidet P-40, tween 20 or 

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

lysophosphatidylcholine acyl~ansferase activity. the gel was incubated with ['"Cl 

arac hidonyl-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 phosphatidylc holine was determined by performing lipid extraction from the 

gel, and the extract was analyzed by thin-layer chcomatography. Although several protein 

bands were labeled, the production of phosphatidylcholine was not detected. These results 

indicate that under the experimental conditions tested. the gel activity assay was not 

successfül for the purification of Iysophosphatidylcholine acyltransferase. 



3.3 Studies o n  the Direct Acylation of Glycerot 

3.3.1 Confirmation of monoacylglycerol production 

Rigorous analysis was conducted to confimi the identity of monoacylglycerol formed 

by the glycerol acyltransferase reaction. The glycerol acyltransferase reaction \vas conducted 

using pig heart microsomes as described in Materials and Methods. The radioactive product 

was analyzed by thin-layer chromatography by employing over a dozen solvent systems for 

the analysis. In every case, the radiolabeled product migrated identically with the 

monoacylglycerol standard (Table 5). The rnonoacylglycerol isomers were analyzed by using 

a boric acid impregnated thin-layer chromatography plate (202). Afier sample application, 

the plate was developed in a solvent containing chloroform / acetone (96:4 v/v). The 

radioactivity associated with each isomer was determined, and the analysis indicated that 

10% of the monoacylglycerol produced was of the 2-isomer and 90% was of the l(3)-isomer. 

Incubation of radioactive monoacylglycerol with pig heart microsomes resulted in the 

production of radioactive arachidonate and diacylglycerol which was determined by thin- 

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

diacylglycerol is consistent with the presence of monoacylglycerol acyltransferase in 

cardiomocytes (54). 



Table 5. Identification of monoacylglycerol 

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

Chromatographk Solvent system 
system 

R, value o f  
MG 

- 

One dimensional Diethyl ether: toluene: ethanol: acetic acid (40/50/1/0.5) 0.08 
TLC 

Hexane: diethyl ether: acetic acid (70/30/1) 0.02 

Bezene: diethyl ether: ethanol: acetic acid (50/40/2/02) 0.23 

Hexane: diethyl ether: acetic acid (70/30/2) 0.02 

Petroteum ether: diethyl ether: acetic acid (501501 1) 0.08 

Heptane: diethyl ether: methanol: acetic acid (90/20/2/3) 0.05 

Hexane: isopropyl ether: diethyl ether: acetone: acetic acid 0.0 1 
(8S/iXI/4/ 1) 

Heptane: isopropyl ether: acetic acid (60/40/4) 0-03 

Chiorofom : acetone (9614) (Boric acid impregnated plated 0.05 ( 1 (3)-MG) 
used) O. 1 (2-MG) 

Multi one Diethyl ether: hexane (60/40) 7cm; Diethyl ether: petroleum 0.03 
dimensional TLC ether: fomic acid (9011 O/ 1) 18cm 

lsopropy 1 ether: acetic acid (901 1 O/ 1 ) 1 3cm: Petroleum ether: O. 15 
diethyl ether: acetic acid (8Y l2/l/4/l) 18cm 

Diethyl ether: toluene: ethanol: acetic acid (45/50/1/0.5) 12cm; O. 16 
Diethyl ether: hexane (8193) 18cm 

Chloroform: methanol: acetic acid: water (70/30/4/2) 9cm: 0.68 
Diethyl ether: hexane: ethanol: acetic acid (40/50/2/0.2) 18cm; 
Chloroform: methanol: acetic acid: water (70/30/4/2) 13cm 

Two Dimensional Benzene: diethyl ether: ethanol: acetic acid (50140/2/0.2); 
TLC Benzene: diethyl ether: ethanol: ammonium hydroxide 

(5onoiz1o.z) 

Benzene: diethyl ether: ethano 1: acetic acid (50/40/2/0.2); 
Diethyl ether: hexane: acetic acid (60140/1) 



3.3.2 The direct acylation of glycerol 

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

glycerolipid biosynthesis. However. since the direct acylation of glycerol occurs in v i i m  the 

pathway for glycerol acylation was reassessed in H9c2 cells by conducting pulse-labeling 

and chase studies. H9c2 cells were pre-incubated with culture medium containing 0.1 mM 

[1.3-'~] glycerol(3.5Ci/mmol) for 1 min and then incubated in culture medium containing 

I mh4 non-radiolabeled glycerol for various tirnes. The specific radioactivities of 

monoacylglycerol. diacylglycerol, lysophosphatidate and phosphatidate were detennined at 

each tirne point. As depicted in Figure 16, the monoacylglycerol pool was immediately 

radiolabeled at the beginning of the chase period, and its specific radioactivity rapidly 

diminished within 3 min. The specific radioactivi~f of diacylglycerol peaked after 5 min of 

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

radioactivity remained low at al1 time points. The labeling of phosphatidate was not clearly 

defined but appeared to peak afier 10-1 5 min of incubation. The labeling profile indicates 

that a considerable portion of the radiolabeled glycerol taken up by the ce11 was directly 

acylated to form rnonoacylglycerol. Some of the newly formed monoacylglycerol was 

converted to diacylglycerol and possibly phosphatidate. The importance of diacylglycerol 

kinase for the conversion of diacylglycerol to phosphatidate is well documented (203). and 

the presence of this enzyme in cardiac tissues has k e n  reported (204). 

Since the direct acylation of glycerol appeared to be rapid, the specific activity of 

glycerol acyltransferase was determined and compared to the specific activity of 

glycerokinase. Glycerol acyltransferase activity was 3 1 W18 pmole/min/mg protein whereas 



the glycerokinase activity was found to be 8.3I1.8 pmole/min/mg protein. The low 

glycerokinase activity may account for the low [ I , ~ - ~ H ]  glyceroi incorporation into 

lysophosphatidate during the pulse-chase study. 
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Figure 16. Pulse-labeling and chase analysis on glycerol metabolism in H9c2 
cells. H9c2 cells grown in 35mm dishes were pre-incubated with culture medium 
containing 0.1 mM [1,3-'HI glycerol (3.5 Cümmol) for 1 min. The pre-incubation 
medium was removed, and the cells were M e r  incubated in culture medium 
containing 1 mM non-radiolabeled glycerol for different times. The specitic 
radioactivities of monoacylglycerol (O), diacylglycerol (m), lysophosphatidate (A> 
and phosphatidate (V) were determined afier each incubation. 



3.3.3 Inhi bition of glycerokinase 

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

following studies since its ability to enter the ce11 has k e n  demonstrated (195). The 

cornpound could be used to study the contribution of the direct acyfation of glycerol by 

attenuating the glycerol-3-phosphate pathway. Our approach was to select a ce11 line with 

a relatively high degree of glycerokinase activity which could be attenuated by monobutyrin 

without inhibition of the glycerol acyltransferase activity. To determine whether 

rnonobutyrin could inhibit cellular glycerokinase in vivo. Chang liver cells were incubated 

for 1 h in the growth medium in the presence and absence of 10 mM monobutyrin. 

Subsequent to incubation, the cells were removed from the dish and suspended in a 

phosphate buffered saline solution (pH 7.4) containhg a cocktail of protease inhibitors. The 

cells were disrupted by sonication, and the glycerol acyltransferase and glycerokinase 

activities were determined. Monobutyrin reduced the glycerokinase activity by 43% fiom 

119.5+10 nmole/min/mg protein to 68+10 nmole/minhg protein. in contrat. gIycerol 

acyltransferase activity was stimulated by 38% from 92.7k4 prnole/min/mg protein to l28+9 

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

glycerol-3 -phosphate pathway. 

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

production 

The effect of monobutyrin on the acylation of glycerol in the Chang liver cells was 

examined by a pulse-chase experiment. Cells were pre-incubated with or without 10 mM 



monobutryin and then incubated with a medium containing 0.1 rnM ~1.3-%Il (3.5 Ci/mrnol) 

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

were subsequently incubated in culture media containing 1 mM non-radiolabeled glycerol 

for different times. The specific radioactivities of monoacylglycerol. diacylglycerol, 

lysophosphatidate and phosphatidate were determined. and the results are depicted in Figure 

1 7. In the absence of monobutyrin. 1 ysophosphatidate was immediately Iabeled (Figure 

1 7A). The specific radioactivity of lysophosphatidate decreased as the incubation tirne 

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

incubation. The labeling profile of monoacylglycerol was parallel to that of 

lysophosphatidate but never exceeded the latter in specific radioactivity. The diacylglycerol 

profiie closely resernbled the phosphatidate profile but was never higher in specific 

radioactivity . In concurrence with the glycero 1 ac yltransferase and gl ycerokuiase 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. Altematively. a smaller percentage of glycerol was 

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

When Chang cells were pre-incubated with 1 0 mM mono butyrin (Figure 1 7B). the 

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

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

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

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

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



3.3.5 Errcft of glycerol concentratioii on the direct acylation pathway 

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

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

concentrations were conducted. The cells were grown in a 24 well plate to reduce the surface 

area and the amount of radiolabel required. The cells were pulse labeled for 5 min with 

either 0.2 or 2.0 mM [1,3-~Efj glycerol (3.5 Ci/rnrnole) in serum fke  culture medium. 

Serum. which contained glyceml. was excluded fiom the labeling media to avoid diluting the 

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

containing 1 or 10 mM glycerol respectively for different times. and the specific 

radioactivities of the lipids were determined afier each incubation. in cornparison to the fht  

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

diacylglycerol were noticeably altered (Figure 18A). The differences may be due to the 

absence of s e m  in the labeling medium and the consequent reduced uptake of glycerol 

(1 95. 206). At 0.2 mM glycerol. the specific radioactivity curves for monoacylglycerol. 

triacylglycerol. and phosphatidylcholine were low and remained Iinear throughout the 

incubation. Lysophosphatidate was irnrnediately labeled at the begiming of the chase period. 

and the specific radioactivity rapidly decreased within 3 min. The specific radioactivity of 

phosphatidate peaked after 3 min and decreased as the incubation progressed. The specific 

radioactivity of diacylglycerol peaked after 12 min of incubation. The labeling profiles 

indicate that under low glycerol coricentrations, a smali amount of the labeled glycerol is 

converted to lysophosphatidate subsequently to phosphatidate and diacylglycerol in H9c2 

cells. 



When H9c2 cells were pulse-labeled with hi& levels of glycerol, the labeling profiles 

of phosphatidy [choline, monoacylglycerol, diacylglycerol, and triacy lglycerol were 

significantly altered (Figure 18B). Monoacylglycerol was irnmediately labeled, and its 

specific radioactivity rapidly decreased within 1 min. Diacylglycerol and triacylglycerol 

were also labeted and their specific radioactivity curves peaked afier 6 and 12 min of 

incubation respectively. The specific radioactivity of phosphatidylcholine gradually 

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

glycerol is metabolized through the glycero f-3-phosphate pathway in H9c2 cells. In contrast, 

a considerable amount of glycerol is shunted toward the direct acylation pathway for lipid 

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



3.3.6 Charactekation of glycerol: acyl-CoA acyltranseferase 

S ince the identity of glycerol acyltmsferase activity has not been previously 

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

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

ofthe high glycerol acyltransferase activiv in pig heart, this tissue was chosen as the source 

for enzyme purification. ln the heart, a substantial amount of glycerol is produced during the 

lipolysis of triacylglycerol (207). Glycerokinase activity is nearly undetectable in 

mammalian cardiac tissues (208), and consequently the glycerol is not recycled for the 

glycerol-3 -phosphate pathway. 

The majority of glycerol acyltransferase activity was localized in the microsornal 

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

at pH 6.0 (Figure 19). Enzyme activity was found to be optimal at 5j0C (Figure 19, inset), 

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

displayed the highest activity with arachidonyt-CoA (C, ,) (1 00%) but lower activity with 

palmitoyl-CoA (C,,,) (25%). stearoyl-CoA (C,,:,) (40%) and oleoyl-CoA (C,, ,) (60%). No 

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

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

maintaining the other substrate concentration constant (Figure 2 1).  From the Lineweaver- 

Burke plots, the apparent Km for glycerol was 1.1 mM whereas the apparent Km for 

arachidonyl-CoA was 0.17 mM. 



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

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

S pecific ac tivity (nmoles/min/mg protein) 

Tissue Rat Pig 

heart 0.56 3.88 

liver 1 .O6 1 .O4 

skeletal muscle 0.86 3.78 

brain ND 0.96 



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



3.3.7 Purification of glyceroi: acyl-CoA acyltranseferase 

The solubilization of membrane protein is commonly accomplished by the use of 

detergent (209). Hence. the microsomal fraction was incubated with Triton X- 100. Chaps 

or Nonidet P-40 at various concentrations (Table 7). Mile d l  the detergents appeared to be 

effective. Nonidet P-40 (0.2%) was emplo yed in subsequent experiments because the 

solubilized enzyme was most stable in this detergent. When the solubilized enzyme was 

applied to a gel filtration column and analyzed by FPLC, two enzyme activity peaks were 

obtained (Figure 21). A major activity peak was eluted from the column near the void 

volume that corresponded to the elution of mixed micelies. A minor activity peak was 

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

activity region were analyzed by Triche-SDS PAGE. Densitornetnc analysis of the protein 

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

acyltranseferase activity (Figure 22A and C). Further purification of glycerol acyltransferase 

could not be achieved by conventionai techniques. The enzyme was completely inactivated 

when the active fraction from the gel filtration column was M e r  purified by ion-sxchange 

or affinity chromatography. 



Table 7. Detergent solubilization of giycerol acyltransferase. 

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

Detergent % total activity 

control (no detergent) 1 O0 

Nonidet P-40 

0.01% 

0.02% 

0.05% 

0.1% 

0 2% 

0.3% . 

Triton X- 100 

0.01% 

0.02% 

0.05% 

Chaps 

2mM 

SmM 

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



Figure 22. Identification of glycerol acyltransferase by photoaffinity labeling 
and gel electrophoresis. A. Proteins eluted fiom the gei filtration column were 
analyzed by 10%Tncine-SDS PAGE &er p h o t ~ ~ n i t y  labeling with [125~] ASD- 
CoA. Bands were visualized by Serva G staining. Fractions are indicated above each 
lane. B. Autoradiogram of [12'1] photoaffinity labeled proteins separated by gel 
filtration and Tricine-SDS PAGE. The lanes correspond to the lanes shown in A. 
C. Elution profile of glycerol acyltransferase activity from the gel filtration column 
(open bars) and densitometnc analysis of protein and autoradiographic bands. The 
1 8 D a  protein band (a), 1 5 kDa pro tein band (m), ["'II labeled 1 8 kDa band (A) 
and ["'Il labeled 15 kDa band (V) intensities were determined by using Scion image 
software. 



3.3.8 Photoaffinity labeling glycerol: acyl-CoA acyltransferrise 

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

CO 1 umn chromatography, the enzyme was identified in its inactive form by photoaffinity 

labeling . Photoaffinity labeling has k e n  successfully used for the identification of several 

acyltrarrsferases fkom plant sources (2 10,2 1 1). Based on these studies. a photoaffinity probe 

for the detection of glycerol acyltransferase was developed. The approach was to synthesize 

a radiolabeled photoaffinity probe. which would be specific to the enzyme. Upon irradiation 

by ultraviolet Iight. the radiolabeled probe would be covalently Linked to the enzyme in order 

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

To establish whether ASD-CoA could serve as a suitable photoaffinity probe for 

glycerol acyltranseferase. inhibition and photoinactivation studies were performed. When the 

microsomal enzyme was assayed in the dark in the presence of ASD-CoA. the incorporation 

of [ 1 -'"CI arachidonyl-Co A into glycerol \vas decreased in a dose-dependent rnanner (Figure 

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

shcwn). In another set of experiment. microsomes were incubated kvith ASD-CoA and 

exposed to ultraviolet light in the presence and absence of arachidonyl-CoA. The inhibition 

of enzyme activity was more pronounced when the reaction mixture was exposed to 

ultraviolet irradiation (Table 8). Photoinactivation of the enzyme increased with higher 

amounts of ASD-CoA. The inhibition was not reversible by subsequent addition of 

arachidonyl-CoA. Altematively, when arachidonyl-CoA was present in the assay mixture 

prior to ultraviolet irradiation, inhibition of the enzyme activity could be alleviated (Table 

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



the same binding site on the enn/me, and hence ASD-CoA rnight be a suitable probe for the 

photoaffinity labeling of the enzyme. 

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

incubated with ['"II labeled ASD-CoA. The m i m e  was exposed to ultraviolet light, and 

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

fiom the gel. and several protein bands (1 5, 1 8.43,67. and 94 kDa) were found to be labeled 

(data not shown). In hctions containing the low molecular weight proteinsT the 15 and 18 

kDa bands were prominently labeled (Figure 22B). Densitometric analysis of the 

autoradiogram indicated thût the 18 kDa band was iabeled with ['?J ASD-CoA in a rnanner 

consistent with elution of glycerol acyltranseferase activity fiom the gel filtration column 

(Figure 22C). The other photoaffmity labeled protein bands (1 jl 43,67,94 kDa ) were found 

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

photoaffinity labeled protein bands (including the 18 kDa protein) fiom the major activity 

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

likely eluted in the fonn of mixed micelles. 



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



Table 8. ASD-CoA photoiliaetiviation of glycerol acyltransferase. 

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

- 

Reaction mixture Relative ac tivity 
Enzyme + UV 100% 

Enzyme + 0.05mM ASD-CoA + UV 62% 

Enzyme + 0.05m.M ASD-CoA + W + 0.05mM arachidonyl-CoA 62% 

Enzyme + O.lmM ASD-CoA + UV 42% 

Enzyme + 0.05nM ASD-CoA + O.05mM arachidonyl-CoA + UV 70.2% 



3.3.9 Immunoprecipitation of gfycerol acyltransferase 

Immunological studies were conducted to veri@ that glycerol acyltransferase was 

correctly identified as the 18 kDa band. PoIyclonaI antibodies were produced against each 

of the photoafini ty IabeIed protein bands. Of the antibodies developed, only the an& 1 8 kDa 

antibody was found to inhibit the glycerol acyltransferase activity. incubation of the anti-18 

kDa antibody with solubilized enzyme sample caused the immunoprecipitation of the 

enzyme in a dose dependent manner (Figure 23). In contrast. the pre-immune IgG did not 

cause any immunoprecipitation but produced a slight stimulation to the glycerol 

acyltransferase activity. The ability of the anti-18 kDa antibodies to inhibit the glycerol 

acyltransferase activity in the solubilized enzyme sample provided us with an unambiguous 

identity of the 18 kDa band in the Tricine-SDS-PAGE. 



Figure 24. Immunoprecipitation of glycerol acyltrrinsferase by anti-18 kDa IgG. 
The anti- 1 8 kDa IgG (O) and pre-immune IgG (m were incubated with Nonidet P 4 0  
(0.2%) solubilized microsomes. Immunoprecipitation was assessed by detennining 
the residual enqme activity remaining in the supernatant and expressed as percent 
of control(0.0045 nrnole/minlmL). Values are expressed as means t SEM of t h e  
separate expenments done in quadruplicate; ' p<O.OS when compared to the contml. 



33-10 Sequence Analysis 

The 18 kDa band obtained fiom the most active fiaction (hction 42) was isolated 

h m  the Tricine-SDS PAGE, transferred to a plyvuiylidene di fluoride membrane and used 

for N-terminal amino acid sequencing. N-terminal analysis of the 18 kDa blotted protein 

resulted in a sequence which matched pig myoglobin (Figure 25). 

The addition of pig myoglobin to the enzyme assay mixture did not cause any 

acylation of giycerol. When myoglobin (1-5 pg) was preincubated with the microsornal 

hction containing 50 pg of protein for 1 h prior to assay, a linear increase of enzyme activity 

(up to 30%) was observed. in contrast, increased glycerol acyltransferase activity was not 

observed with other proteins such as albumin or globulin. Polyclonal antibodies produced 

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





4 DISCUSSION 

4.1 S tudies on the Modulation of P hosphatidy lcholine by Phosphocholine 

The mitogenic effect of exogenous phosphocholine (1-25 mM) on NM 3T3 cells has 

been clearly demonstrated (81, 212). In the NIH 3T3 cells, the normal intracellular 

phosphocholine concentration is about 0.5 mM, but the level may be eievated two- to four- 

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

pM wheras it is much higher in the cerebrospinal fluid (1.7 FM) (213). in the rat liver. 

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

(2 14.2 15). In rat lens, phosphocholine concentration is greater than 10 mM (2 16). Hence, 

the concentration of phosphocholine used in the present study to produce alterations in 

phosphatidylcholine metabolism are within the physiological range under certain 

pathological conditions. 

In this study. the ability of phosphocholine to moduiate phosphatidylcholine 

biosynthesis is clearly demonstrated. The study confirmed that exogenous phosphocholine 

was not taken up by the endothelid cells but competitively inhibited choline uptake (Figure 

26). Consequently, although enzymes of the CDP-choline pathway were not affected. the 

extracellular phosphocholine caused the intracellular phosphocholine pool to decrease. 

Previous studies have shown that modulation of choline uptake and the inhibition of choline 

kinase activity are mechanisms for the regulation of phosphatidylcholine biosynthesis in 

mammalian tissues (70). Choline for phosphatidylchoiine biosynthesis is transported across 



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

choline analogs (70). For exarnple, ethanolamine is a cornpetitive inhibitor of choline 

uptake in the hamster heart and in baby hamster kidney-21 cells (21 7, 2 18). In addition. 

choline uptake is inhibited by hemicholinium-3 in a non-cornpetitive manner (2 1 7). It is 

c lear fiom this study that phosphocholine regulates phosphatidylc holine biosynthesis via its 

inhibition of choline uptake. 

The release of arachidonate in mammalian tissues c m  be induced by ATP (2 19). In 

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

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

key enzyme for arachidonate release in endothelial cells (220). Cytosolic phospholipase A? 

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

vein endothelial cells (1 88). The treatment of the cells with lysophosphatidylcholine causes 

activation of cPLA, by phosphorylation of the enzyme. Li the present study, the cytosolic 

phospholipase Al activity was not activated by phosphorylation since incubation of the cells 

with phosphocholine did not affect enzyme activity. However, this study does not rule out 

that the intracellular phospholipases A? (1 73) was modulated by factors produced during 

phosphocholine incubation. Since ATP is known to increase intracellular calcium, by 

interaction with nucleotide receptors (22 1. 222). the level of intracellular calcium may be 

poîcntiated by phosphocholine incubation. This would cause the activation of the 

phospholipase and produce an enhancement of arachidonate release. It remains an open 

question whether the observed enhancement of ATP-induced arachidonate release by 

phosphocholine was due to perturbation in calcium levels. 
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Figure 26. Effect of phosphocholine on phosphatidylcholine metabolism 



4.2 Studies on the Deaglatioi / Reacylatioa Cyck 

Limited progress was made in the purification of lysophosphatidylcholine 

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

was discovered during the effort. The existence of multiple acy ltrans ferases, eac h of whic h 

is specific for a defined lysolipid and acyl group, has been postulated. Studies on the aging 

of microsomal enzyme at 4°C resulted in a differential loss of acyItransferase activity for 

different acyl donors (1 82). Additional support for multiple forms of acyltransferase cornes 

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

enzyme purification (185, 186). For example, the enhancement of specificity for the 

arachidonyl-CoA with a corresponding loss in specificity of other acyl-CoA during 

purification was obse~ed .  Direct evidence for the existence of acyltransferase isozyrnes 

must corne fiom studies with the purified enzyme. 



4.3 Studies on the Direct Acylation of Glycerol 

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

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

metabolism might have been misinterpreted especially when other metabolic routes for 

glycerol are present (Figure 27). Glycerol metabolism was re-exarnined in the current study. 

and there are several lines of evidence supporting a novel pathway for lipid biosynthesis. 

Firstly. pulse-chase studies with both H9c2 and Chang b e r  cells demonsnated that glycerol 

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

we have identified, purified and charactenzed a novel enzyme for the direct acylation of 

glycerol. The glycerol acyltransferase has the ability to transfer various long chain acyl-CoA 

species. but displays a high degree of specificity for arachidonyl-CoA. Surprïsingly, the 

newly identified glycerol acyltransferase shares the same identity as myoglobin. 

Glycerol acyltransfemse was readily solubilized from the microsomal fiaction, but 

its purification by chromatographic methods remains to be a challenge. Some degree of 

purification was achieved by the use of gel filtration chromatography. ion exchange 

chromatography. membrane filtration and selective heat denaturation. Unfortunately. 

attempts to obtain a higher degree of purification by coupling these methods in tandem 

inevitably resulted in the complete loss of enzyme activity. Due to the instability of the 

enzyme. an alternative approach w-as developed to identie the enzyme in its inactive form. 

Photoafinity iabeling of the enzyme enabled identification of the inactive glycerol 

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

provided the opportunity to utilize other techniques. including the high-resolution power of 



Tncine SDS-PAGE for protein isolation. The limitation of photoafinity labeling is that the 

probe may not be entirely specific and more than one protein band may be labeled. As 

demonstrated in this study, ASD-CoA caused the labeling of five distinct protein bands. 

Fortunately, only the labeling associated with the 18 kDa protein band conesponded with 

enzyme activity in fractions eluted from the gel filtration chromatography. The positive 

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

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

irnmunological studies confirmed the identity of the 18 kDa band as the glycerol 

acy ltrans ferase pro tein. 

Although the physiological importance of the direct acylation pathway has not been 

completely established, this study has produced strong evidence that this novel pathway may 

serve as a shunt for glycerol metabolism. Glycerol is present in the mammalian body within 

and between a11 celIs at a concentration of about 0.1 mM (223). In human serum. the 

glyceroI Ievet fluctuates from 0.04 to 0.1 mM (224). Kinetic studies of the enzyme revealed 

that it has an apparent Km value of 1. Z m M  for glycerol. indicating the rate of acylation is 

directly proportional to the intraceltular glycerol concentration. As such? the direct acylation 

of glycerol rnay only occur in timited capacity during normal physiological conditions. 

Altematively, the intracellular glycerol concentration is dramatically increased in certain 

forms of muscular dystrophy. diabetes, during fasting. extreme cold and ischemia of the heart 

(224, 225). Since the acylation of glycerol is regulated by glycerol availability. the direct 

acylation pathway may be of central importance during hyperglycerolemia. This notion is 

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



mono butyrin and in H9c2 cells. When the glycerol-3-phosphate pathway was inhibited in 

Chang liver cells, the acylation of glycerol was increased irnmediately as an alternative 

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

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

tevels. 

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

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

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

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

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

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

covalently bound to the photoafinity probe would have a different molecular mas, which 

would make it apparent in the autoradiogram- Indeed, no other protein band was obsewed 

near the 18 kDa region, with our without p h o t ~ ~ n i t y  Iabeling. Thirdly. proteins other than 

myoglobin were not apparent in the 18 kDa protein band during amino acid sequence 

analysis. One intriguing aspect of the study is that myoglobin is a soluble protein, and its 

association with the pig heart microsomes to express acyltransferase activity is not clear. Its 

association with the microsomes indicates that the protein may have undergone some 

modification, perhaps at the post-translational stage. The fact that the purified myoglobin 

from pig heart has no ability to catalyze the acyltransferase reaction lends support to this 

notion. 

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



characterized in an expanding list of organisms including invertebrates, such as plants, fun@. 

protozoa, bacteria and archaebactena- Cornparison of  these proteins has unexpectedly 

revealed a great diverïsty in function and structure (226). For exarnple, the myoglobin in 

HaZobucteriurn salinarum funetions to bind oxygen, and to transmit a signal through its C- 

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

which contains both globin and kinase domains (228). In Ahligenes eurrophus, the globin 

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

dihydropterine reductase activity (230). Since globin proteins with altemate fünctions are 

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

has undergone some minor modification. Under normal conditions. the myogiobin facilitates 

the transport of oxygen to the mitochondria Physiological stress causing hyperglycerolemia 

w-ould result in modification of the myoglobin molecuie and cause its translocation to the 

Iipid membrane and the activation of its glycerol acyltransferase activity. Hence, myoglobin 

itself would not catalyze the acyltransferase, but if incubated with microsomes, the protein 

might undergo modification to acquire its catalytic activity. It is possible that myoglobin 

interac ts with a fatty acid (23 1 -23 3) and translocates to membrane structures (234-23 6). The 

bi-functional myogtobin would provide the ce11 a facile mechanism to cope with excess 

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

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



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

glycerolipid metabolisrn in mammalian tissues. In the fint part of the study, the effect of 

exogenous p hosphoc holine on phosphatidylcholine biosynthesis and arachidonate release 

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

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

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

In the first part of the study, phosphocholine (0- 10 mM) was found to inhibit 

phosphatidylcholine biosynthesis in human umbilical vein endothelial cells. The 

extracellular phosphocholine reduced the intracellular phosphocholine pool while the 

choline and CDP-diacylglycerol were unaffecteci. Reduction of the phosphocholine pool was 

not caused by alterations in the enzyme activites of the CDP-choline pathway. Rather. the 

inhibition of phosphatidylcholine biosynthesis was caused by cornpetitive inhibition of 

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

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

demonstrate that phosphocholine may modulate phosphatidylcholine metabolisrn by affecting 

choline uptake and arachidonate release. 

In the second part of the study, the deacylation 1 reacylation cycle of 

phosphatidylcholine metabolism was examined. Several attempts were made to puri@ the 

1 ysophosphatidylcholine acyltransferase but met with limi ted success. The enzyme was 



rapidly inactivated after isolation by a second chromatographk colurnn. ui addition, enzyme 

activity was not recoverable in an activity gel assay. Further work is required for developing 

a procedure for the purification of the lysophosphatidate acyltransferase. Interestingly, 

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

ac ylation pathway. 

In the final part of this study, the direct acyiation of glycerol was exarnined in 

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

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

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

cleariy demonstrate the existence of a novel lipid biosynthetic pathway that may be important 

during hyperglycerolemia. 

Glycerol acyltransferase activity was detected in the microsomal fraction of 

marnmalian tissues. The enzyme was identified as an 18 kDa protein afier gel filtration 

chromatography and photoaffinity labeling. Antibodies raised against the 18 kDa protein 

immunoprecipitated solubilized glycerol acyltransferase. thus confirming its identity. 

Seqeunce analysis of the 18 kDa protein revealed that it shares the same identity as 

myoglobin. These studies suggest that a specialized myoglobin is rnodified and translocated 

to the membrane where enzyme activity is then conferred. 
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