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N-acylation of phosphatidylethanolamine (PE) with free fatty acids catalyzed by N-

acyl phosphatidylethanolamine (NAPE) synthase was reported in cotyledons of 24-h-old 

cotton seedlings. Here I report subcellular localization of this enzyme. Differential 

centrifugation, sucrose density gradient fractionation, aqueous two-phase partitioning and 

electron microscopy techniques were utilized to elucidate subcellular site(s) of NAPE 

synthase. Marker enzymes were used to locate organelles in subcellular fractions. 

Differential centrifugation indicated that NAPE synthase is present in more than one 

organelle and it is a membrane bound enzyme. Sucrose density gradient fractionations 

indicated that NAPE synthase is present in membranes derived from endoplasmic 

reticulum (ER),Golgi and possibly plasma membrane (PM) but not mitochondria, 

glyoxysomes or plastids. Aqueous two-phase partitioning experiments with cotton and 

spinach tissues supported these results but Goigi appeared to be the major site of NAPE 

synthesis. Electron microscopy of subcellular fractions was used to examine isolated 

fractions to provide visual confirmation of our biochemical results. Collectively, these 

results indicate that NAPE is synthesized in plant ER, Golgi and possibly PM. 
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CHAPTER I 

INTRODUCTION 

General background 

In biological systems lipids perform various functions ( Van Holde 1990). The 

simplest lipids such as fatty acids are constituents of various complex lipids (Van Holde 

1990). For example triacylglycerols (TAG) are composed of three fatty acids esterified to 

glycerol and are commonly used to store energy (Alberts et al., 1994). Waxes, which are 

esters between long chain alcohols and fatty acids, cover the epidermal surface of plants 

(Alberts et al., 1989), and serve to repell water in feathers of some birds. Above all lipids 

serve as constituents of biological membranes (Van Holde 1990; Alberts et al., 1994). Of 

the different types of lipids found in biological membranes, phospholipids are the major 

lipid components (Moore 1982). Membrane phospholipids display great diversity in fatty 

acyl and head group composition (Van Holde 1990; Alberts et al., 1994). Phospholipids 

are distributed asymmetrically in bilayers of membranes (Rotlunan 1977). Further, the 

composition of phospholipid classes is different among various organelle membranes 

(Alberts et al., 1994). 

The amphipathic nature of phospholipids enables them to form bilayers 

spontaneously (Alberts et al., 1994). As constituents of biological membranes they 

influence the permeability of intracellular membranes (Alberts et al., 1994; Bell 1980; 
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Moore 1982). Phospholipids also serve as intermediates in synthesis of other lipids. In rat 

liver 26% and 13% of diacylglycerol (DG) incorporated into phosphatidylethanolamine 

(PE) and phosphatidylcholine (PC), respectively, came from phospholipid sources other 

than phosphatide acid (PA) (Sundler 1974). Phosphatidylserine (PS) in mammalian tissues 

saves as a precursor for synthesis of PE (Voelker 1984). Diacylglycerol derived from 

degradation of PC was utilized to synthesize PE and TAG ( Kanoh 1973). In studies with 

developing soybean cotyledons it was reported that N-acylated phospholipid, N-acyl 

phosphatidylethanolamine (NAPE) served as potential acyl donor for TAG synthesis 

( Wilson and Rinne, 1976; 1978). 

NAPE in plants, microorganisms and vetebrate tissues 

NAPE was initially discovered by Bomstein as a phospholipid component in soft 

wheat flour (Bomstein 1965). This phospholipid displayed Rf value on thin layer 

chromatography (TLC) similar to the synthetic analogue produced from stoichiometric 

amounts of oleoyl-chloride and phosphatidylethanolamine (Bomestin 1965) . Later NAPE 

was shown to be present in a variety of plants (Schmid et al., 1990). Aneja et al. reported 

its presence in soybean seeds (Aneja et al., 1969). In pea seeds it constituted 5% of the 

total phospholipids (Quarles et al., 1968). In seeds of the cotton plant variety 108-f, 

NAPE and its derivative N-acyl lysophosphatidylethanolamine were found to comprise 4% 

of the total phospholipids (Mukhamedova and Akramov 1976). In kenaf seeds, NAPE 

and its derivative comprised 12.3% of the total phospholipids. The two phospholipids 

displayed N:P ratio of ~1, exhibited peaks at 1650cm'1 and 1500cm"1 characteristic of the 



amide band in the infrared spectra (Tolibaev et al. 1976). In wheat flour NAPE and its 

derivative represented ~56% of the total phospholipids (McMurray and Morrison 1970). 

Hargin and Morrison reported that N-acyl phosphatidylethanolamine and its derivative 

represented 50% of the total phospholipids in non-starch endosperm tissue in four 

different varieties (Hargin and Morrison 1980). 

Studies following the radioactive incorporation of substrates in vivo suggested that 

NAPE accumulated in immature seeds in great amounts. Immature soybeans seeds 

incubated with 33P, incorporated 43% of the radioactivity into NAPE (Singh and Privett 

1970). NAPE accounted for 70% of the total radioactivity of the total polar lipids 

immature soybeans incubated with l4C acetate or pyruvate (Wilson and Rinne 1974). 

NAPE rapidly disappeared at the early stages of germination, suggesting its participation 

in lipid metabolism associated with seed maturation (Dawson et al., 1969; de la Roche et 

al., 1973). A study in the late 1970's brought many of the above conclusions into 

question. Roughan et al. (1978) concluded that" NAPE" was an artifact produced 

during lipid extraction. They reported that the phospholipid identified as NAPE probably 

was phosphatidylmethanol produced by phospholipase D-catalysed transphosphatidylation 

of PC and PE during extraction of lipids from plants in methanolic solvents (Roughan et 

al., 1978). In steam killed soybean cotyledons, PE, PC and phosphatidylinoshol (PI) were 

the only major lipids present. 

However recent biochemical and biophysical evidence (including pulse-chase 

radiolabling experiments, 'H NMR spectroscopy, and FAB-MS/MS and analysis of NAPE 



by enzymatic and chemical hydrolysis) demonstrated unequivocally that NAPE is a natural 

although a minor phospholipid component in plants (Chapman and Moore 1993a). 

Nonetheless it is likely that early work on the metabolism of NAPE in seeds overestimated 

the amount of this lipid synthesized in these tissues. 

NAPE is present in plants as well as in microorganisms as a normal phospholipid 

constitutent. In the slime mold Dictyostelium discoideum NAPE was identified by its 

characteristic amide band in the infrared spectra (Ellingson 1974; 1980). NAPE, which 

comprised 10% of the phospholipids in the early developing amoeba, dissappeared during 

aggregation of cellls. In Butyrivibrio sp. isolated from ovine rumen fluid, NAPE was 

found to be present in substantial amounts (Hazlewood and Dawson 1975). The NAPE in 

Butyrivibrio sp. was synthesized by transacylation between two 

phosphatidylethanolamines (Hazlewood and Dawson). 

NAPE was also detected in several vertebrate tissues. In bovine erythrocytes, 

phospholipid which gave a ninhydrin negative reaction and was present at S mole%, was 

identified as NAPE (Matsumoto and Miwa 1973). Its structure was confirmed by its 

behavior on thin-layer chromatography, IR spectra and by its hydrolysis products 

(Matsumoto and Miwa 1973). In the fresh water fish, pike and carp, NAPE was identified 

in the central nervous system at levels ranging 0.1% to 0.9% of the total phospholipids 

(Natarajan et al., 1985). A fatty acid amide glycerophospholipidethanolamine that 

exhibited characteristics of NAPE was detected in hog stomach (Slomiany et al., 1973) . 

In all the vetebrate tissues indicated above, NAPE was detected under normal 



physiological conditions. 

NAPE and NAE accumulation during injury and degeneration conditions 

Notably, NAPE was found to accumulate under conditions of injury and 

degeneration in animal tissues. In degenerating baby hamster cells, NAPE was identified 

by IR spectra, TLC, and hydrolysis products (Somerhaiju and Renkonen 1979). NAPE 

was detected in the granular cells of mammalian epidermis. Mammalian epidermal cells 

undergo changes as they pass through the basal layer to the outer surface of the stratum 

corneum (Gray 1976). Therefore, it was thought that NAPE was an intermediate product 

of PE catabolism produced during passage of epidermal cells from the basal layer to the 

stratum corneum, since stratum corneum do not contain phospholipids (Gray 1976). In 

rat brain, NAPE accumulated 15 min after the induction of cerebral ischemia and increased 

linearly for 60 min (Natarajan et al., 1982). NAPE comprised at 5% of the total 

phospholipids in canine myocardium when blood flow was interrupted by ligation of the 

left descending coronary artery (Epps et al., 1980). Infarcted and normal tissues incubated 

with N-[1-WC] palmitoylphosphatidylethanolamine yielded radiolabled N-

palmitoylethanolamine (Natarajan et al., 1981). NAPE served as a precursor for this N-

acylethanolamine (NAE) (Natarajan et al., 1982). NAPE specific phosphodiesterase was 

found to catalyse hydrolysis of NAPE to NAE in rat heart (Schmid et al., 1983). Long 

chain NAE was reported to accumulate in the infarcted areas of canine myocardium (Epps 

et al., 1982). Studies with cottonseeds also indicated the presence of NAE that was 

produced from NAPE catalysed by phopsholipase D (Chapman et al., 1995b). 



Function of NAPE 

Though the function of NAPE has not been clearly defined, the presence of NAPE 

under conditions of injury and degeneration suggests a protective role. In cottonseeds, 

NAPE content was increased during osmotic stress (Sandoval et al., 1995). In 

microorganisms (Dictyostelium discoideum), NAPE was interpreted to play a membrane 

bilayer stabilizing role (Ellingson 1974; 1980). NAPE and NAE both accumulated in 

infarcted canine myocardium (Epps et al., 1980; 1984). Accumulation of NAE in 

infarcted canine myocardium inhibited inner membrane permeability of mitochondria 

induced by Ca2+ and Ca2+releasing agents (Epps et al., 1984). In normal canine 

myocardium the biosynthesis of NAPE was observed in the presence of millimolar 

concentrations of divalent cation Ca2+ that induced lamellar to hexagonal II phase 

transition in the presence of acidic phopholipids and phosphatidylethanolamine (Reddy et 

al., 1984). Therefore, it was suggested that phase transition of biological membranes was 

associated with N-acylation of PE. Akoka et al. (1988) reported that when the N-acyl 

chain is longer than 8 carbons, it penetrated into the membrane bilayer deep enough to 

restrict head group motion and increases the gel to liquid crystaline transition temperatures 

of unsaturated PEs. Head group anchoring did not occur for short N-acyl chains. In 

addition to the disruption of the head group rotation, N-acylation of PE affected degree 

of hydration of PEs. N-acylation of amino group distrupts intermolecular hydrogen bonds 

between phosphate group and amino group leading to increase in hydration of the lipid 

headgroup. The higher degree of hydration coupled with the immobilization of the lipid 



molecule contributed to a bilayer stabilizing role for N-acyl PE (Lafrance et al., 1990). 

Subcellular distribution of membrane lipid synthesis 

The majority of the enzymes involved in the biosynthesis of phospholipids are 

located in the endoplasmic reticulum (ER) of animal and plant tissues (Pagano 1985; 

Jelsema and Morre 1977; Bowden and Lord 1974). The synthesis of PC and PE by 

choline- and ethanolamine phosphotransferases, was reported to occur primarily in the ER 

in rat liver and other animal tissues (Pagano 1985; Mcmurray and Magee 1972). The 

enzyme CDP-diacylglycerol inositol phosphatidyl transferase involved in biosynthesis of PI 

was reported to be restricted to ER in rat liver and other tissues (Bell 1980; Pagano 1985; 

Mcmurray and Magee 1972; Bell et al., 1980). Similarly phosphatidylethanolamine serine 

transferase was primarily localized to ER (Jelsema and Moore 1977; Mcmurray and 

Magee 1972; Bell et al., 1980). The enzymes of phophatidylglycerol (PG) and cardiolipin 

synthesis have been reported to reside predominantly in mitochondria in eukaryotes (Bell 

1980; Dawidowicz 1987). 

In vivo studies with [ 14C] choline in castor bean endosperm tissue indicated that 

the ER was the major she of PC formation by enzyme phosphorylcholine-glyceride 

transferase (Lord et al., 1973). In other studies it was established that CDPdiglyceride 

-inositol transferase and phosphatidylethanolamine- L-serine transferase were primarily 

located in the membranes of the ER of cator bean endosperm (Moore et al., 1973). In 

spinach, the enzyme utilizing cytidine diphosphoethanolamine in the synthesis of PE was 

reported in microsomal fraction which is enriched in ER (Macher and Mudd 1974). In 
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cotton seedlings ER was determined to be the primary subcellular site for synthesis of PE 

and PC (Chapman and Trelease 1991). Synthesis of PG in castor bean endosperm tissue 

was found in sucrose density gradient fractions of both mitochondria and endoplasmic 

reticulum with mitochondria possessing twice the specific activity of the endoplasmic 

reticulum. (Moore 1974). Cardiolipin synthesis appears to take place exclusively in 

mitochondria in plants (Bligny and Douce 1980). 

All evidence points toward the ER as the organelle involved in majority of 

phospholipid synthesis in animal and plant tissues. However some reports show evidence 

for participation of Golgi apparatus in phospholipid synthesize. In rat liver the Golgi 

apparatus was shown to posses the capability to synthesis membrane phospholipids 

(Jelsema et al., 1977). Higgins and Fieldsend (1978) showed that the rat liver Golgi 

synthesized PC for its own membranes as well as to export to plasma membranes (PM). 

In plants pea dictyosomes (plant Golgi) contained enzymes involved in biosynthesis of PC 

and PE (Montague and Ray 1977). Also, onion stem dictysomes showed presence of 

phosphorylcholine cytidyi transferase activity (Moore et al., 1970). Hence this suggests 

that besides the ER, the Golgi can participate in synthesis of phospholipids. 

Though numerous studies provided evidence of the presence of NAPE in plants 

and animals, very little had been done to show the subcellular site(s) of NAPE 

biosynthesis. The biosynthesis of NAPE has been localized to microsomal fractions in 

both animals (Slomiany et al., 1973; Natarajan et al.,) and plants ( 24-h-old cotton 

cotyledons microsomes Chapman and Moore 1993b ). NAPE synthesis in cottonseed 



microsomes proceeds by the direct AT-acylation of PE with free fatty acids (FFA). The 

catalytic activity was attributed to a microsomal enzyme designated as NAPE synthase. 

Crude organelle pellets prepared by differential centrifugation although enriched in 

specific organelles are contaminated by other organelles (Graham 1987). For example, 

microsomal fractions contain membrane derived primarily from the ER. However 

fragments of Golgi apparatus, PM and other vesicles are often present depending on the 

starting tissue and homogenizing procedure (Depierre and Dallner 1976). 

Athough NAPE synthse has been solubilized and purified from microsomal 

membranes of cottonseeds, the subcellular site(s) of this activity has not been clarified 

(Chapman and Moore 1994; McAndrew et al., 1995). Hence the focus of this study was 

aimed at identifying specific organelle(s) involved in synthesis of NAPE in cotyledons of 

24-h-old cotton seedlings. The subcellular location of NAPE synthase may help to 

elucidate the function and importance of NAPE at that particular site(s) in the cell. For 

instance, localization of PS decarboxylase in mitochondria of animal tissue led to the 

understanding that under ethanolamine depravation phosphatidylethanolamine was 

synthesized via enzyme PS decarboxylase in mitochondria (Voelker 1984). Therefore, 

localization of NAPE synthase may provide clues as to the importance of NAPE in plant 

membranes. 

In the present study differential centrifugation, sucrose density -gradient 

fractionation and aqueous two-phase partitioning were used to elucidate subcellular 

site(s) of NAPE synthase in cotyledons of 24-h-old cotton seedlings. Specific marker 
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enzymes were used to identify the organelles present in crude pellets and more purified 

preparations. To support the biochemical results, electron microscopy was used to 

examine the materials in isolated fractions. Together these results indicated that ER, Golgi 

and PM are capable of NAPE synthesis in plants. 

Abbreviations: ER, endoplasmic reticulum; DG, diacylglycerol; PA, phosphatide acid; PC, 

phosphatidylcholine; PE, phosphatidylethanolamine, PI, phosphatidylinositol; PM, plasma 

membrane; PS, phosphatidylserine; TEM, transmission electron microscopy; TAG, 

triacylglycerol; TLC, thin layer chromotagraphy; SEM, scanning electron microscopy. 



CHAPTER II 

MATERIAL AND METHODS 

Chemicals 

Potassium chloride, potassium phophate (monobasic) and sodium hydroxide were 

from EM Industries, Inc., EM science division (Gibbstown, NJ). Potassium phosphate 

(dibasic) was from Mallinckrodt speciality Chemicals Company (Paris, KY). Magnesium 

chloride was from J.T. Baker Inc. (Phillipsburs, NJ). Ethylenediamine tetraacetic Acid 

(EDTA) was from Spectrum Chemical Mfg. Corp. (Gardena, CA). Triton X-100 was 

from Bio Rad laboratories (Hercules, CA). Ethylenebis(oxyethylenenitrilo) tetraacetic 

Acid (EGTA), hexane (optima grade), diethyl ether (optima grade), chloroform (optima 

grade), methanol (optima grade), ethanol (denatured), Tris(hydroxymethyl) aminomethane 

(molecular biology grade), 4-(2-hydroxyethyl)-l piperazineethanesulfonic acid (HEPES), 

dithiothreitol (DTT, electrophoresis grade), sodium hydrosulfite (84% purity) and agarose 

(DNA grade (high melting) electrophoresis grade) were from Fisher Scientific (fair lawn, 

NJ). Coomassie Brilliant blue G, antimycin A, NADPH, cytochrome C, UDP-glucose 

(disodium salt), CDP-choline (sodium salt), dioleoyl phosphatidylethanolamine, 

dipalmitoyl phosphatidyl (tf-palmitoyl) ethanolamine (standard NAPE), Bovine serum 

albumin (lyophilized), dextran (DX) T-500, polyethyleneglycol (PEG) 3350 and 

glutaraldyhyde (50%, EM grade 1) were from Sigma Chemical Company (St. Louis, MO). 

11 
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Osmium tetraoxide (4%) and LR white were from TED PELLA, Inc. (Redding CA). 

[glucose-1-3H] UDP-glucose, [galactose-4-5-3H(N)]-UDP-galactose, [methyl-14C] CDP-

choline and [1-14C] palmitic acid were from duPont de Neumours Company NEN division 

(Wilmington, DE). 

Plant Material 

Cotton seeds (Gossypium hirsutum L., cv Stoneville 7A glandless) kindly provided 

by R.B. Turley (USDA ARS Cotton Physiology and Genetics Laboratory, Stoneville, MS 

were surface sterilized with sodium hypochlorite (20% v/v) and soaked with aeration for 

4h in distilled water at 30°C. Imbibed seeds were scrolled in moistened filter paper 

(Whatman #1, Fisher Scientific) and placed vertically in distilled water for germination at 

30°C as previously described (Chapman and Trelease 1991b). 

Preparation of Cellular Fractions 

Cellular fractions were prepared as previously described (Chapman and Trelease 

1991a). Six to ten grams of cotyledons of 24-h-old cotton seedlings were chopped on ice 

with a single edge razor blade to approximately 1 mm pieces in homogenizing medium 

(1 volume/1 gram fresh weight). Homogenizing medium contained 100 mM K-phosphate 

(pH 7.2), 400 mM sucrose, 10 mM KC1,1 mM EDTA, 1 mM EGTA. The homogenate 

was filtered through four layers of cheese cloth (presoaked with homogenizing medium) 

and centrifuged 650g (4°C) for 10 min in Sorvall HB-6 rotor. Differential pelleting of the 

650g supernatant was performed as follow for crude organelle preperation. The 650g 

supernatant was centrifuged at 4000g (4°C) for 20 min in the same rotor. The resulting 

supernatant was centrifuged at 10,000g (4°C) for 20 min in the same rotor. The resulting 
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supernatant was centrifuged at 150,000g (4°C) for 60 min in Beckman Ti 75 rotor. All 

pellets were resuspended in homogenization buffer. 

Sucrose Density Gradient Centrifugation 

The microsomal (150,000g pellet) suspension (3 ml) was layered onto 100 mM K-

phosphate buffered (pH 7.2) linear sucrose gradient ( 30 ml of20-50%(w/w) sucrose) as 

previously described (Chapman and Trelease 1991a). The gradient was centrifuged in a 

vertical rotor (SV-288) for 75 min in a Sorvall RC-5C Plus centrifuge at 40,000g ( front 

panel was removed during centrifugation to maintain the temperature in the range of (4-

7°C)). Fractions (1.5 ml) were collected for enzyme and protein analysis drop wise from 

the bottom of the gradient tube using fraction collector ( BIO-RAD Model 2210). 

Aqueous Two-Phase Partitioning 

Fractionation of spinach or cotton cotyledons intracellular membranes aqueous 

two-phase partitioning was performed as developed by Morre and Anderson (1994) with 

some modifications. Spinach (Spinacia oleracae) leaves (~ 30 g) freshly purchased at 

Albert sons were deveined (midrib) and homogenized with single edge razor blade in small 

volume of medium on ice. Material was further homogenized with motor and pestle in 

(1-2 ml / 1 g fresh weight) homogenizing medium (400 mM sucrose, 50 mM HEPES (pH 

7.4), 10 mM KC1,10 mM ascorbic acid, 1 mM EDTA, 0.02 mM dithiotheritol (DTT)). 

The homogenate was filtered through four layers of cheese cloth and centrifuged at 650g 

for 10 min in Sorvall HB-6 rotor. The 650g supernatant solution was used as a starting 

material and layered onto two different discontinuous sucrose gradients. One gradient 
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consisted of 7 ml of 21.5% (w/w) sucrose and 14 ml of 37% (w/w) sucrose in 33 ml tubes. 

The other gradient consisted of 7 ml of 37% (w/w) sucrose and 14 ml of 45% (w/w) 

sucrose in 33 ml tubes. These gradients were centrifuged at 40,000g (4°C) for 75 min in a 

vertical rotor (SV-288) as above. Membranes at the sample-21.5% sucrose interface, 

21.5%-3 7% sucrose interface and 37%-45% sucrose interface were collected and used to 

isolate ER, Golgj apparatus, and PM, respectively. The sample-37% sucrose interface of 

37%-45% (w/w) sucrose discontinuous gradient was discarded since it was a combination 

of ER and Golgi membranes. 

Interfaces collected from discontinuous sucrose density gradients were diluted in 

clear yellow supernatant obtained from the top of the gradient. Resuspended fractions 

were centrifuged at 150,000g for 60 min in a Beckman Ti 75 rotor to sediment 

membranes. The crude ER and Golgi pellets were resuspended in 0.5 ml of 5 mM 

potassium phosphate (pH 6.8) and 0.25 mM sucrose. The crude pellet of plasma 

membrane was resuspended in 5 mM sodium phosphate (pH 6.8), 5 mM KC1 and 0.25 

mM sucrose. Resuspended crude pellets were added to polymer mixtures consisting of 

5.9% (w/w) Dextran T500, 5.9% (w/w) PEG (ER, Golgi), 6.3% (w\w) dextran T500, 

6.3% (w/w) PEG (PM), 5mM potassium phosphate (pH 6.8), and 0.25 mM sucrose in 

final compostion to yield 10 g mixture of two-phase system. After allowing the mixures to 

reach ice bath temperature they were inverted 40 times and allowed to settle overnight in 

ice bath. 

Upper and lower phases were collected, resuspended in homogenizing medium 
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devoid of sucrose and centrifuged at 150,000g for 60 min in Beckman Ti 75 rotor to 

sediment membranes. The resulting pellets were resuspended in homogenizing medium 

(1 ml) to perform enzyme assays and to measure protein content. 

The isolation of ER, Golgi, and PM of cotton cotyledons were performed as 

described above except the homogenization was performed as described previously 

(preparation of cellular fractions) and 27% (w/w) sucrose was used in place of 21.5% 

(w/w) sucrose. 

Electron Microscopy 

Cotyledons of 24-h-old cotton seedlings were were fixed in 2% glutaraldehyde in 

Millonig's phosphate buffer [ 2.26% NaH2P04.H20,2.52% NaOH, 5.4% glucose, 10% 

calcium chloride (pH 7.2-7.4) for 1-2 h. Fixed tissues were rinsed in phosphate buffer 

three times. Following buffer wash tissues were post-fixed in 4% osmium tetraoxide in 

phopshate buffer for 1 h. Post-fixed samples were rinsed with water twice and dehydrated 

through graded series of ethanol. Dehydrated samples were infiltrated and embedded in 

spurr's, placed in Beem capsules and polymerized overnight in a oven at 70°C (Bozzola 

and Russel 1992). Sixty to ninety nm sections were cut with diamond knife on an 

ultramicrotome (Sorvall MT 6000). Sections were stained with 4% uranyl acetate in 

ethanol: water (1:1 v/v) and lead citrate (Bozzola and Russel 1992). Stained sections 

were examine at 80 KV in a JEOL1JEM-100CX11 transmission electron microscope. 

Alternatively dehydrated tissues prepared as described above were plunge frozen in 

liquid nitrogen and fractured with a pre-cooled one-edge razor blade. Frozen tissues were 
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allowed to thaw under ethanol and critical point dried using C02 as the transitional fluid 

(CPD Polaron E 3000) (Bozzola and Russel 1992). Critical point dried samples were 

secured by double stick tape on an aluminum stub (10 mm), coated with gold for 

conductivity using polaron sputter coater (Polaron E 5100) and examined at 15 KV in a 

JEOL JEM-T300 scanning microscope. 

Linear sucrose density gradient fractions of microsomal (150,000g) pellets. 

were fixed for electron microscopy (Chapman and Trelease 1991b). Fractions (3 ml) at 

33% and 24% were fixed on ice stepwise (every 10 min) over a 30 min period with 

buffered ( 100 mM K-phosphate (pH 7.2) 2% glutaraldehyde. Fixed membranes were 

sedimented (13,000g, 30 min, 4°C, Sorvall HB-6 rotor) onto a filter paper (GN-6 

Metricel, 13 mm disc, 0.45 |xm pore size) covered with a drop of 2% agarose and post-

fixed in 2% 0S04 for 45 min at room temperature. Samples were dehydrated through 

graded series of ethanol, infiltrated and embedded in LR white (hard grade), at 4°C 

(overnight) and LR white was polymerized at 57°C. Sixty to ninety nm sections were cut 

perpendicular to the plane of the filter paper with glass knife on an ultramicrotome 

(Sorvall MT 6000). Organelle membranes were stained with 4% uranyl acetate in 

ethanol:water (1:1 v/v) and lead citrate (Bozzola and Russell 1992). Stained sections 

were examined at 80 KV in a JEOL JEM-100CX11 transmission electron microscope. 

Subcellular fractions obtained from two-phase partitioning of discontinuous 

sucrose-density gradient interfaces were fixed for electron microscope as above. Phases 

were fixed wtih 2.5% (v/v final) glutaraldehyde in 100 mM K-phos buffer (pH 7.2) over a 
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30 min period (stepwise every 10 min) on ice. Fixed organelles were centrifuged 

(150,000g, 60 min, Beckman Ti 75) and the resulting pellets were covered with 2% 

agarose. Samples were washed twice in K-phos buffer (100 raM, pH 7.2), post-fixed with 

2% 0s04 for 45 min at room temperature and washed twice with K-phos buffer. The 

samples were dehydrated in series of graded ethanol infiltrated, and embedded with LR 

white (hard grade). The agarose was cut away from the pellet which was then cut into 

pieces and put into gelatin capsules in LR white and polymerized at 57°C overnight. 

Sixty to ninty nm sections were cut with diamond knife on an ultramicrotome (Sorvall MT 

6000). Sections were stained with 4% uranyl acetate in ethanol: water (1:1 v/v) and lead 

citrate (Bozzola and Russel 1992). To specifically locate PM, sections were stained with 

PTA-Cr03 (Roland 1972). Sections were first destained with 1% HI04 for 30 min. They 

were then washed 5 times with distilled water 10 min each. Sections were stained with 

1% PTA in 10% chromic acid for 5 min. Again they were washed 5 times in distilled 

water each for 10 min. Sections were palced on nickel grids and examined at 80 KV in a 

JEOL-IOOCXII transmission electron microscopy. 

Analysis of Cellular Fractions 

Marker enzyme assays were used to identify compartments based on previously 

described methods with some modifications. 

CHucan synthase II (PM marker, EC 2.4.1.34) and glucan synthase I (Golgi 

membrane maker, EC 2.4.1.12) activities were assayed based on (Briskin et al., 1974). 

GSH activity was assayed in final volume of 0.1 ml that contained 50 mM Tris-HCl 
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(pH 8), 2 mM NA^DTA, 0.002 mCi (0.0019 raM) of [glucose-1-3H] UDP-glucose, 0.5 

mM dithiotheritol (DTT), 20 mM cellobiose, 0.45 mM unlabled UDP-glucose and 50 |il of 

membrane suspension. Reactions were performed for 30 min at 25°C and terminated by 

boiling for 5 min. After small amount of powdered cellulose was added to improve 

recovery of synthesized 3H-0-glucan the mixture was transfered to a filter paper (Micro 

filtration system, filter paper, thickness 3 mm, grade 1514A). Filters were washed three 

times with 2 ml of boiling ultra pure water (Milli-Q UF Plus), one time with 2.5 ml of 

methanol:chloroform (2:1) and one time with 2.5 ml of absolute methanol, final wash was 

with 3 ml of boiling ultra pure water. Scintillation cocktail [Scintisafe Plus 50% (10ml)] 

was added to dried filters and radioactive 3-glucan product was quantified by liquid 

sdntilaiton counting (Beckman LS 3801). 

GSI activity was assyed as it was described for GSII except 0.0015 mM UDP-

glucose Mid 10 mM MgCl2 were added to the reaction mixture. 

Galactosyl transferase (plastid marker, EC 2.4.1.46) activity was measured 

according to Douce and Joyard (1980). Reactions mixtures consisted of 10 mM HEPES 

buffer (pH 7.2), .00002 mCi [galactose-4,5 -3H(N)] UDP-galactose, with 148 |il of enzyme 

sample in a final volume of 0.2 ml. Incubation was peformed at 25°C for 20-60 min. 

Reactions were stopped by addition of 750 |il of methnolrchloroform (2:1). Lipids were 

extracted for 20 min then partitioned into the organic phase by adding 750 |ji of 

chloroform:potassium chloride (1M) (2:1 v/v). Centrifiigation (2500 RPM, lOmin, 

Beckman Model TJ-6 centrifuge) facilated separation of phases. Aqueous upper phase 
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was aspirated off and the organic phase was washed with 250 |il of ultra pure water. The 

resulting chloroform phase was evaporated to dryness and radioactive galactolipids were 

resuspended in 3 ml of scintilation cocktail. Radioactivity was quantified by liquid 

scintilation counting (Beckman LS-3801) for 1-5 min. 

The antimycin A- insensitive reduction of cytochrome C (ER marker, EC 1.6.99.3) 

was measured using NADPH as the electron donor and recording the change in 

absorbance at 550 nm in a Milton Roy spectrophotometer (Genesys 5) (Chapman and 

Trelease 1990). Assay mixure consisted of 17.6 mM K-phosphate buffer (pH 7.2), 0.18 

mM KCN, 0.0000925 mM antimycin A, 96 mM NADPH, 0.04 mM cytochrome C and 50 

id of enzyme sample in a final volume of 0.1 ml. Preincubation of assay reaction mixture 

for 1 min at 30°C prior to adding NADPH improved stability and linearity of assays. 

Activity was calculated based on an extinction coefficient of 21 (Chapman and Trelease 

1990). 

Cholinephosphotransferase (ER marker, EC 2.7.8.2) assay mixture consisted of 5 

mM Tris-HCl buffer (pH 7.5), 1 mM dhhiotheriol (DTT), 2 mM MgCl2, [methyl-,4C] 

CDP-choline (0.012 mM, 5.2 mCi/mmol) and enzyme sample phis sufficient water to 

bring the final volume to 0.5 ml (Moore 1981). EGTA (1 mM) was included to chelate 

Ca2+, since Ca2+ was shown to inhibit CPT enzyme activity (Chapman and Trelease 1990). 

Reactions were started by addition of membrane suspension and allowed to incubate for 

30 min at 37°C with shaking (120 RPM). Reactions were stopped by adding 

chloroform:methanol: water [3.3 ml, (1:2:0.3) ] and membranes were allowed to dissolve 
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for 1 hr at room temperature. Lipids were partitioned intothe organic phase with 3 ml of 

chloroform:potassium chloride (1M) (1:2). Upper aqueous phase was aspirated off and 

the lower chloroform phase was washed twice with potassium chloride (1M). Samples 

were evaporated to dryness and resuspended in scintilaiton cocktail (3 ml). Radioactivity 

was quantified by liquid scintilation counting (Beckman LS-3801). 

Cytochrome C oxidase (mitochondrial membrane marker, EC 1.9.3.1) activity was 

measured as previously described (Tolbert et al., 1968). Ten to hundred microliters of 

sample was incubated in twenty microliters of 2% digitonin for 1 min at 30°C. One 

hundred milimolar K-phosphate buffer (pH 7.2) and 0.8 mM cytochrome C reduced with 

dithionite were added to give total volume of 1ml. Decrease in absorbance was followed 

at 550 nm over 60 s and activity was calculated based on an extinction coefficient of 21. 

Catalase (peroxisomes, EC 1.11.1.6) activity was measured according to Kunce 

and Trelease (1986). Assay mixtures consisted of 65 mM K-phosphate (pH 7.2), 12.5 

mM H202 and 0.00625% triton X-100 in a final volume of 1ml. Reactions were initiated 

by adding enough sample to give change in absorbance of -0.05 in 60 s at 240 nm. 

Activity was calculated using an extinction coefficient of0.036. 

NAPE Synthase Assay 

iV-acylation of PE with radiolabled palmitic acid to produce radiolabled NAPE was 

followed according (Chapman and Moore 1993b) to measure NAPE synthase activity. 

Reaction mixtures consisted of 0.5 ml of enzyme sample, 0.00025 mCi of [1-14C] palmitic 

acid, 0.02 mM (final concentration) of exogenously supplied dioleoyl phosphatidyl-
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ethanolamine (DOPE). Reactions were initiated by adding radioiabled palmitic acid and 

were incubated for IS min at 45°C with shaking (120 RPM) Reactions were stopped with 

addition of 2 ml of boiling 2-propanol (70°C) and lipids were extracted with 3 ml of 

chloroform:potassium chloride (1M) (1:2) for 30 min into chloroform phase from reaction 

mixtures (Chapman and Moore 1993a). Mixtures were separated into organic and 

aqueous phases by centrifugation (2500 RPM, 10 min, Beckman Model TJ-6). The 

aqueous phase was aspirated off and the organic phase was washed twice with potassium 

chloride (1 M) (Chapman and Moore 1993a). Samples were dried and resuspended in 

chloroform:methanol (2:1) and separated by thin layer chromatography (TLC) (Chapman 

and Trdease 1991b). Lipid samples were spotted 2 cm from the bottom of the TLC plate 

(250 silica gel G 60A, 10X20cm plates) and developed first in hexane:diethyl ether 

(80:20 v/v) solvent system for 45 min and then in the same direction in 

chloroform:methanol :water (80:35:1 v/v) solvent system for 60 min (Chapman and 

Trelease 1991b). Quantification of radioactive NAPE on TLC plates was acheived by 

radiometric scanning (Bioscan system 200 Imaging Scanner, Bioscan, Washington, D C.) 

(Chapman and Moore 1994). 

Protein and Chlorophyll Measurement 

Protein content was estimated according to Bradford (Bradford 1976) using BSA 

(bovine serum albumin) as the standard. Two to fifty microliters of samples were added to 

50 |il of NaOH (1M), 1 ml of coomassie brilliant blue dye reagent ( 0.117mM coomassie 
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brilliant blue, 0.85% phosphoric acid, 4.75% ethanol) and incubated for 5-10 min. 

Absorbance was recorded at 595 nm in 1 ml polystyrene cuvettes. 

In cell fractions of spinach, chlorophylls were measured as previously described 

(14).Twenty microliters of samples were dissolved in 1 ml of methanol (100%). 

Absorbances were recorded at 665,652 nm and chlorophyll content was calculated 

according to Lichtenthaler (Lichtenthaler 1987). 



CHAPTER m 

RESULTS 

Cotyledons of cotton seedlings resembled typical plant leaves. Figure 1A is a scannining 

electron micrograph (SEM) of a freeze fractured three dimensional structure of a 24-h-old 

cotton seedling dicotyledon leaf. The surface is made up of epidermal cells which are 

covered with cuticle. In between the upper and lower epidermis are the mesophyll cells. 

Figures IB and C represent higher magnifiaction of palisade mesophyll cells and spongy 

mesophyll cells respectively. Palisade mesophyll cells are elongated and cylindrical in 

shape, in contrast to spongy mesophyll cells which are irregular in shape (Hopkins 1995). 

Figures ID and E are representative views by transmission electron microscopy (TEM) of 

a 24-h-old cotton seedling cotyledon cell. A typical cotyledon cell contains most of the 

common subcellular organelles (ER, Golgi, mitochondria, plastid and nucleus) needed for 

it to function. Notably these cells are also enriched in lipid bodies. These lipids are 

converted to carbohydrate during germination (Beevers 1979; 1980). 

Differential centrifugation 

Table I shows the distribution of various organelle-specific marker enzymes such 

as antimycin A insensitive NADPH cyt C reductase (ER), glucan 

synthase I (Golgi membranes), glucan synthase II (plasma membranes), galactosyl 

transferase (plastid), cytochrome C oxidase (mitochondria inner membranes), catalase 

23 
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Figure 1. A. SEM of a freeze fractured cotyledon (cross sectional view) of a 24-h-old 

cotton seedling, X 350, bar = 41 fim, B. SEM of a palisade layer cell of a freeze fractured 

cotyledon of a 24-h-old cotton seedling, X 3500 bar = 5(im C. SEM of a spongy 

mesophyll cell of a freeze fractured cotyledon of a 24-h-old cotton seedling bar = 5jim. 

TEM of a section through a cotyledon cell of a 24-h-old cotton seedling, D. X 10,000, 

bar = lum, E. X 7200, bar = 2 | m 

Abbreviations; ER, endoplasmic reticulum; G, Golgi apparatus; M, mitochondria; N, 

nucleus; PB, protein body; PL, plastid; V, vacuole. 
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(peroxisomes) in crude organelle fractions prepared from cotyledons of 24-h old cotton 

seedlings by differential centrifugation. Microsomes (150,000g pellet of 10,000g 

supernatant) exhibited highest specific activities of CCR (16.1 lnmol/min/mg), GSI (28.7 

pmol/h/mg) and GSII (18.0 pmol/h/mg). The 4000g pellet of650g supernatant exhibited 

highest specific activities of CCO (251.8nmol/min/mg), CAT (2.14jiKAT/mg) and 

galactosyl transferase (3.0pmol/h/mg). All pellets of differential centrifugation contained 

AT-acylphosphatidylethanolamine (NAPE) synthase activity with microsomes exhibiting the 

highest specific activity (1.70nmol/h/mg). However 150,000g supernatants (S4) exhibited 

no detectable activity of NAPE synthase. Together these results indicated that 

cottonseed NAPE synthase is a membrane bound enzyme and likely is associated with 

more than one organelle. 

Linear sucrose density gradient centrifugation 

Figure 2 shows activity profiles of various marker enzymes and NAPE synthase of 

microsomes (P4) fractionated in sucrose density gradients (20%-50% (w/w). A single 

peak of CCR activity (ER) was observed at 24%(w/w) and CCO activity (mitochondrial 

membrane) at 41% (w/w). GSI (Golgi membranes) displayed four different peaks of 

activities at 24%, 28%, 33.6% and 39% (w/w) sucrose. These different peaks of 

activities might represent different membrane regions of the Golgi stack disrupted during 

homogenization such as cis, medial, trans and transport vesicles. Galactosyl transferase 

activity (plastid membranes) displayed one major peak at 26.2%(w/w) sucrose. GSII 

(plasma membrane) exhibited two major peaks of activities at 26% and 41.4% (w/w) 
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Figure 2. Profile of marker enzyme activities in microsomes (150,000g pellet, 60 min of 

10,000g supernatant) from cotyledons of 24-h-old cotton seedlings separated in sucrose 

gradients (20-50% w/w linear sucrose gradients centrifuged in a sorvall SV-288 vertical 

rotor for 75 min at 40,000g 4°C). CCR (endoplasmic reticulum), CCO (mitochondria), 

glucan synthase I (Golgi membranes), glucan synthase II (PM), galactosyl transferase 

( plastids). 
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sucrose. NAPE synthase exhibited four different peaks of activities, two major peaks of 

activities at 24% and 33.6% (w/w) sucrose and two minor peaks at 28% and 41.4%(w/w) 

sucrose. The peak at 24%(w/w) coincided with CCR (ER) and GSI (Golgi membranes). 

The peaks at 33.6% and 28% (w/w) sucrose coincided with GSI activity. A small amount 

of NAPE synthase activity at 41.4%(w/w) sucrose coincided with GSII activity and CCO 

activity. Collectively these results indicated that NAPE synthase is derived from ER, 

Golgi and possibly plasma membranes or mitochondrial membranes. 

The peak of GSII activity at 26% (w/wf) sucrose might be due to plastid 

envelopes. Galactosyl transferase marks plastid envelops that typically sediments around 

-26% (w/w) sucrose in isopycnic sucrose density gradients (Quail 1979; Douce and 

Joyard 1979). Its activity was assayed by incorporation of [galactose-4-5-3H(N)] UDP-

galactose into diacylglycerol to produce galactolipids (Bahl et al., 1976). Ghican synthase 

II activity was assayed by incorporation [glucose-1-3H] UDP-glucose into callose (Quail 

1979; Douce and Joyard 1979; Raymond et al., 1978). Therefore the GSII activity at 

26% (w/wi) sucrose might be due to galactosyl transferase in plastid envelopes 

incorporating tritiated UDP-glucose into glycolipid. 

The two minor peaks of GSII activities at 28.5% and 33.6% (w/w) sucrose might 

be due to Golgi membranes. The enzymes GSI and GSII both utilize UDP-glucose as 

their substrate. GSI activity (Golgi membranes) is distinguished from GSII activity by 

substrate and cofactor concentrations (Ray et al., 1976). GSII activity utilizes high 

concentrations of UDP-glucose (Raymond et al., 1978); however GSI activity can be 
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observed at high UDP-glucose concentrations (Van Der woude et al., 1974; Ray 1971). 

Hence the two minor peaks of GSII activities at 28.5% and 33.6% (w/w) sucrose might be 

due to the activity of GSI, due to overlap of GSI and GSII enzyme activities. 

Figure 3 shows activity profiles of various marker enzymes and NAPE synthase of 

mitochondria and glyoxysome-enriched pellets (10,000g pellet of650g supernatant; 

combination of P2 and P3) fractionated in sucrose density gradients (20%-59% w/w). 

Galactosyl transferase (plastid membranes) exhibited one major peak of activity at 27% 

and two minor peaks of activities at 37.8% and 48% (w/w) sucrose. Catalase 

(peroxisomes) exhibited a angle peak of activity at 48.6% and CCO (mitochondrial 

membranes) at 41% (w/w) sucrose. The NAPE synthase activity was distributed in 

several fractions at 27%, 36%, 46% and 56% (w/w) sucrose. The NAPE synthase peak at 

36% (w/w) sucrose coincided with plasma membrane marker enzyme GSII. The peaks of 

NAPE synthase activity at 27% (w/w) and 46% (w/w) sucrose coincided with Golgi 

marker GSI. The peak of NAPE synthase activity at 56% (w/w) sucrose did not coincide 

with any of the marker enzymes. Therefore it could not be correlated with any organdies. 

These data suggest that in mitochondria- and glyoxysome- enriched pellet the NAPE 

synthase activity is present in Golgi membranes and plasma membranes but absent from 

mitochondrial membranes and glyoxysomes. 

Figure 4 represents activity profiles of galactosyl transferase and NAPE synthase 

of650g pellets (Pj) sucrose density gradients (20-59% w/w) fractionation. There were 

two peaks of NAPE synthase activities at 35% and 23.5% w/w sucrose. Galactosyl 
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Figure 3. Profile of marker enzyme activities in mitochondrial- and glyoxysome- enriched 

pellets (10,000g pellet, 20 min of640g supernatant) from cotyledons of 24-h-old cotton 

seedlings separated in sucrose gradients (20-59% w/w linear sucrose gradients centrifuged 

in a sorvall SV-288 vertical roto for 75 min 40,000g 4°C). Catalase (peroxisomes), CCO 

(mitochondria), glucan synthase I (Golgi membranes), glucan synthase II (PM), galactosyl 

transferase (plastids). 
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transferase activity peaked at 25% w/w sucrose with two additional minor peaks at 45% 

and 52.5% w/w sucrose. These results showed that NAPE synthase is absent from 

plastids. PE one of the two substrates for enzyme NAPE synthase is thought to be absent 

from plastids (Sparace and Moore 1981; Sparace et al., 1981). 

Aqueous two-phase partitioning 

Methods developed by Morre and Anderson (1994) to isolate major organelles and 

membranous cell components from a single homogenate of green leaves was slightly 

modified to isolate organelles from cotyledons of 24-h-old cotton seedlings. A flow chart 

outlining the steps followed in organelle isolation is presented in figure 5. This aqueous 

two-phase partitioning approach was used as an alternative method to prepare ER, Golgi 

and PM. Table II summarizes the amount of NAPE synthase activity at the interfaces of 

discontinuous sucrose density gradients compared to the clarified homogenate. Recovery 

of NAPE synthase activity at the interfaces (ER, Golgi, PM) was 142%. Percentages of 

specific activities and total activities of NAPE synthase at the interfaces and clarified 

homogenate are shown in figure 6. Crude Golgi (27%-37% w/w sucrose interface) 

possessed the highest specific activity (13.08 nmol/hr/mg) of NAPE synthase in 

comparison to crude ER (sample-27% w/w sucrose interface), (2.36 nmol/hr/mg) and 

crude PM (37%-45% w/w sucrose interface), (7.120 nmol/hr/mg). However crude ER 

(sample-27% w/w sucrose interface) showed the highest total activity (58.56 nmol/hr). 

Hence these results indicate that high activity in crude ER (sample-27% w/w sucrose 

interface) is due to high protein content and that crude Golgi (27%-37% w/w sucrose 
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Figure 4. Profile of galactosyl transferase ami NAPE synthase activities of640g pellets 

of 24-h-old cotton seedlings fractionated in sucrose gradients (20-59% w/w sucrose linear 

gradients in a sorvall SV-288 vertical rotor for 75 min at 40,000g 4°C) galactosyl 

transferase ( plastids). 
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Figure 5. Schematic description of the steps followed to prepare organelles from the 

clarified homogenate by aqueous two-phase partitioning adopted from Morre and 

Anderson. 
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Figure 6. Percentage distribution of total and specific actvities of NAPE synthase at the 

interfaces (sample-27% w/w sucrose (crude ER), 27%-37% w/w sucrose (crude Golgi), 

37%-45% w/w sucrose (crude PM)) of discontinuous sucrose density gradients and the 

total activity 
clarified homogenate of cotyledons of 24-h-old cotton seedlings. 

l i l H l l i l l l l i l i i l H l l specific activity 
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interface) synthesizes NAPE at a greater level per mg of protein than crude ER (sample-

27% w/w sucrose interface) or Crude PM (37%-45% w/w sucrose interface). 

Phase separation of cotton cotyledon cell fractions 

The actual values of enzyme activities in aqueous two-phase separations of 

sucrose gradient interfaces were presented in Table III. In phase separation of crude ER 

(sample-27% w/w sucrose interface), crude Golgi (27%-37% w/w sucrose interface) and 

crude PM (37%-45% w/w sucrose interface) all organelles were identified by their specific 

organelle markers (CDP-choline transferase (ER), glucan synthase I (Golgi membrane), 

glucan synthase n (PM), galactosyl transferase (plastids). In the aqueous phase separation 

data of crude plasma membrane (37%-45% w/w sucrose interface), organelle markers for 

plastid and endoplasmic reticulum were not presented, since these organelles do not 

sediment in the range of 40%-45% (w/w) in linear sucrose density gradients (see Fig 3,4). 

The distribution of organelle markers and NAPE synthase in the lower and upper 

phases of the two-phase partitioning of membrane fractions from cotyledons of 24-h-old 

cotton seedlings are shown in Figure 7. The lower phase of the crude ER (sample-27% 

w/w sucrose interface) two-phase partitioning (Fig 7 A) contained -78% of the 

endoplasmic reticulum and -66% of plastid markers. The Golgi marker enzyme (-95%) 

and PM marker enzyme (~ 95%) were co-distributed with NAPE synthase (100%) (Fig 

7 A). The lower phase of the crude Golgi (27%-37% w/w sucrose interface) two-phase 

partitioning (Fig. 7B) contained approximately 90% of GSI activity and -66% of NAPE 

synthase activity with less than 50% for the other organelle markers. In the upper phases 
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Figure 7. Distribution (% activity) of organelle markers in the lower and upper phases of 

aqueous two-phase partitioning of discontinuous sucrose density gradient interfaces 

(A:sample-27% w/w sucrose (crude ER), B:27%-37% w/w sucrose (crude Golgi), 

C: 37%-45% w/w sucrose (crude PM)) of the 650g supernatant from cotyledons of 24-h-

old cotton seedlings I NAPE synthase WMMMM glucan synthase II 

glucan synthase I i -i galactosyl transferase 

CDP-choline transferase 
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of the crude Golgi (27%-37% w/w sucrose interface) two-phase partitioning (Fig 7B), PM 

and plastid markers were present at -50% while ER marker was present at -66%. The 

NAPE synthase was present at ~35% and Golgi marker was present at less than 10% in 

the upper phase of the crude Golgi (27%-37% w/w sucrose interface) two-phase 

partitioning (Fig.7B) . The lower phase of the crude PM (37%-45% w/w sucrose 

interface) two-phase partitioning (Fig 7C) contained approximately 27% of GSII activity 

and -64% of NAPE synthase and Golgi marker. In the upper phase of crude PM (37%-

45% w/w sucrose interface ) of the two-phase partitionings, GSII activity was present at 

approximately 73% while NAPE synthase activity and GSI activity were present at ~35% 

(Fig 7C). These results indicated that NAPE synthase activity co-distribute with Golgi; 

however it does not eliminate the possibility that ER and PM synthesize NAPE. 

Phase separations of spinach cell fractions 

The aqueous two-phase partitioning methodology was developed for cell fractions 

of spinach leaves. Therefore the distribution of NAPE synthase activity and organelle 

marker enzyme activities were examined in isolated cell fractions of spinach as above for 

cotton cotyledons. Distribution of marker enzymes and NAPE synthase following phase 

separation of sucrose density gradient interfaces is shown in Table IV. In the phase 

separation of crude ER (sample-21.5% w/w sucrose interface), crude Golgi (21,5%-37% 

w/w sucrose interface) and crude PM (37%-45% w/w sucrose interface) the greatest 

proportion of organelles identified by their marker enzymes were separated into the lower 

phases. However most of the chlorophyll (chloroplast marker) separated into the upper 
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phases. 

The distribution (% activity) of organdie markers and NAPE synthase in the lower 

and upper phases of the two-phase partitioning of spinach interfaces is depicted in 

figure 8. The lower phases of the crude ER (sample-21.5%w/w sucrose interface) (Fig 

8A) and crude PM (21.5%-37% w/w sucrose interface) (Fig 8C) two-phase partitioning 

contained ~ 90-100% of organelle markers (except chlorophyll) and NAPE synthase. The 

upper phases of the crude ER (sample-21.5% w/w sucrose interface) (Fig 8 A) and crude 

PM (37%-45% w/w sucrose interface) (Fig 8C) two-phase partitioning contained less than 

15% of organelle markers and NAPE synthase with the exception of chlorophyll. The 

upper phase of the crude ER (sample-21.5% w/w sucrose interface) two-phase 

partitioning exhibited -80% separation of choloroplast marker (chlorophyll) (Fig 8 A), the 

upper phase of the crude plasma membrane (37%-45% w/w sucrose interface) two-phase 

partitioning exhibited -90% separation of chloroplast marker (chlorophyll) (Fig 8C). In 

the lower phase of the crude Golgi (21.5%-37% w/w sucrose interface) (Fig 8B) 

following two-phase partitioning, all of the organelle markers (except chlorophyll) co-

distributed with NAPE synthase. The upper phase of the crude Golgi (21,5%-37% w/w 

sucrose interface) (Fig 8B) two-phase partitioning contained ~30% of organelle markers 

and NAPE synthase with the exception of chlorophyll. Approximately 90% of the 

choloroplast separated into the upper phase of the crude Golgi (21,5%-37% w/w sucrose 

interface) two-phase partitioning. These data support our results with cotton cotyledons 

that NAPE synthase is not localized in plastids. 
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Figure 8. Distribution (% activity) of organelle markers in the lower and upper phases of 

aqueous two-phase partitioning of discontinuous sucrose density gradient interfaces 

(A:sample-21.5% w/w sucrose (crude ER), B:21.5%-37% w/w sucrose (crude Golgi), 

C: 37%-45% w/w sucrose (crude PM) w/w sucrose) of the 650g supernatant from 

spinach. Illiflli NAPE synthase • • CDP-choline transferase 

glucan synthase I glucan synthase II 

] Cholorophyll 
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As for the NAPE synthase, lower phases of the crude ER (sample-21.5% w/w 

sucrose interface) and crude Golgi (21.5%-37% w/w sucrose interface) two-phase 

partitioning contained higher specific activities (260.32 nmol/hr/mg and 238. lnmol/hr/mg 

respectively than the lower phase of the crude PM (37%-45% w/w sucrose interface) two-

phase partitioning (11.98 nmol/hr/mg). Unpublished data from tobacco cell culture 

studies by Chapman and Tripathy demonstrated that NAPE synthase was present in ER, 

Golgi and PM, with Golgi possessing the highest specific activity of NAPE synthase. The 

results from cotton cotyledons (linear sucrose-density gradient and aqueous two-phase 

fractionations) and two other types of plants; spinach and tobacco cells (aqueous two-

phase fractonations) consistently indicated that NAPE synthase is localized in Golgi 

membranes but also may be present in ER and PM of plant cells. 

Electron microscopy 

The material in the 24% and 33.6% fractions from the linear sucrose density 

gradient (20%-50% w/w) of microsomes was examined by TEM (figure 9). Membrane 

vesicles in figures 9 A, B displayed a heterogeneous population consistent with the activity 

profile of figure 2, where both CCR (ER) and GSI (Golgi membranes) were found at 

24%(w/w) sucrose. Membrane vesicles in figures 9C, D displayed a more homogeneous 

population, consistent with biochemical data (Fig 2) where Golgi membranes (GSI) were 

the major subcellular compartment present in high quantities at 33 .6% (w/w) sucrose. 

Fractions prepared by aqueous two-phase partitioning also were examined by 

TEM (figure 10). The lower phase of the crude ER (sample-27% w/w sucrose interface ) 
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Figure 9. Electron micrographs of sucrose density-gradient fractions of microsomal pellet 

collected on a membrane filter, processed for transmission electron microscopy and 

stained with lead citrate and uranyl acetate. ER-enriched fraction; 24% w/w sucrose, 

(A. X 4800, bar = 2.5nm, B. X 10,000, bar = lfim ), Golgi-enriched fraction; 33.6% w/w 

sucrose ( C. X 4800, bar = 2.5|im, D. X 10,(K)0, bar = lpm). 

Abbreviations; RER, rough endoplasmic reticulum; GV, Golgj vesicle. 
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two-phase partitioning, where -80% of the ER was distributed (Fig 7 A) displayed various 

membrane vesicles but was highly enriched with rough ER membrane vesivles (Figs. 

10A, B). The lower phase of the crude Golgi (27%-27% w/w sucrose interface) two-

phase partitioning, where ~ 90% of Golgi membranes were distributed (Fig 7B) displayed 

membrane vesicles similar in morphology to Golgi vesicles ( Figs 10C, D) (Gardener and 

Chrispeels 1975; Ray et al., 1976). The lower phase of the crude ER (37%-45% w/w 

sucrose interface) two-phase partitioning, where only -35% of the PM was distributed 

(Fig 7C) displayed variety of organelle membranes but was highly enriched in 

mitochondria membranes (Figs 10E, F). Figures 1 ID, 1 IE, displayed PTA-Cr03 stained 

upper phase of the crude plasma membrane (37%-45% w/w sucrose interface) two-phase 

partitioning where -78% of PM was distributed (Fig 7C). A variety of membranes are 

evident in these fractions but, selective staining with PTA-Cr03 revealed the presence of 

PM in these preparations. Collectively, the microscopy indicates that fractions of the two-

phase partitioning of discontinuous sucrose density gradient interfaces contained different 

organelle membranes. In addition PTA-Cr03 stain emphasizes the presence of PM in PM-

enriched fractions. 
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Figure 10. Electron micrographs of the sections of the pelleted fractions of the aqueous 

two-phase patitioning of discontinuous sucrose density-gradient interfaces of the 650g 

supernatant from cotyledons of 24-h-old of cotton seedlings. Lower phase fraction of the 

aqueous two-phase partitioning of the sample-27% w/w sucrose interface was stained with 

uranyl acetate and lead citrate (A. X 4800, bar = 2|im, B. X 10,000, bar = ljim), Lower 

phase fraction of the aqueous two-phase partitioning of 27%-37% w/w sucrose interface 

was stained with uranyl acetate and lead citrate (C. X 4800, bar = 2mm, D. X 10,000, 

bar = l|im), Lower phase fraction of the aqueous two-phase partitioning of 37%-45% 

w/w sucrose interface was stained with uranyl acetate and lead citrate (E. X 4800, bar = 

2|im, F. X 10,000, bar = Ijxm). 

Abbreviations; GV, Golgi vesicle; M, mitochondria; PM, plasma membrane; RER, rough 

endoplamic reticulum. 
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Figure 11. Electron micrographs of the sections of the pelleted fractions of aqueous two-

phase patitioning of discontinuous sucrose density-gradient interfaces of the homogenate 

of 24-h-old cotyledons of cotton seedlings. Upper phase fraction of the aqueous two-

phase partitioning of 37%-45% w/w sucrose interface was stained with uranyl acetate and 

lead citrate (A. X 4800, bar = 2[im, B. X 10,000, bar = ljim), Upper phase fraction of 

the aqueous two-phase partitioning of 37%-45% w/w sucrose interface was stained with 

PTA-Cr03 (C. X 4800, bar = 2(am, D. X 10,000, bar = l|im). Abbreviations; M, 

mitochondria; PM, plasma membrane. 
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CHAPTER IV 

DISCUSSION 

Putative functions of NAPE under normal and stressed conditions 

An N-acylated derivative of phosphatidylethanolamine was recently identified by 

Chapman and Moore in microsomes of cotyledons of 24-h-old cotton seedlings (Chapman 

and Moore 1993b). Accumulation of NAPE in cotton seeds during imbibition suggested 

a membrane protective role (Sandoval et al., 1995). When dry seeds are rehydrated their 

membranes are subjected to tremendous osmotic forces and their cellular contents may 

leak into the extracellular space leading to cell death (Crowe et al., 1989). Leakage of 

cell contents during imbibition was attributed to membrane phase transition from lamellar 

to hexagonal phase (Crowe et al., 1987; Blok et al., 1975). Newman et al. (1986) 

reported that fluidity within certain membrane domains could be affected, depending on 

the nature of acyl chain participating in N-acylation of PE. Studies showed N-acylation of 

PE caused a significant increase in lamellar to hexagonal phase transition temperature 

(Domingo et al., 1994; Newman et al., 1986). In liposomes composed primarily of egg 

phosphatidylcholine, decreased leakage and increased vesicle size was apparent with 

increasing NAPE content (Domingo et al., 1993). Hence it is possible that N-acylated PE 

may prevent leakage of cellular contents during imbibition of dry seeds by altering 

membrane fluidity so as to maintain cellular compartmentation. 

59 
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In mammalian cells, NAPE and its metabolic derivative NAE were shown to 

accumulate under conditions of injury and degeneration in animal tissues (e.g. ischemic 

injury) (Schmid et al., 1990; Epps et al., 1982). Hence, N-acytPE and NAE could act to 

protect the cell by stabilizing intracellular membranes and preventing leakage of cellular 

ions and molecules (Ambrosini et al., 1993). In higher plants and a few vertebrate tissues, 

NAPE was present under normal conditions (Domingo et al., 1993). N-acylation of 

unsaturated PE with saturated fatty acid converts a non-bilayer lipid to a bilayer lipid, 

since unsaturated PE induces transition from lamellar phase to hexagonal II phase 

(Lafrance et al 1990). Therefore the presence of NAPE in higher plants and few 

vertebrate tissues under normal conditions may act to stabilize the bilayer by 

intermolecular hydrogen bonding between adjacent amide groups and by restricting head 

group mobility (Lafrance et al., 1990). Under stress conditions the amount of NAPE may 

be adjusted to reduce the tendency to form non-bilayer structures. 

Subcellular locations of NAPE synthase 

In this research we determined the subcellular sites of the enzyme, NAPE synthase, 

that catalyzes the N-acylation of PE with free fatty acids to produce NAPE in cotyledons 

of 24-h-old cotton seedlings (Chapman and Moore 1993b). Sucrose density gradient 

fractionation and aqueous two phase partitioning of 24-h-old cotton seedling cotyledons 

indicated presence of NAPE synthase activity in ER, Golgi apparatus and PM which were 

identified biochemically and morphologically. 

My results strongly favor the Golgi apparatus over ER and plasma membrane as 
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the major organelle involved in NAPE synthesis. Though ER exhibited highest total 

activity, Golgi apparatus exhibited highest specific activity (table II). Studies done with 

pulse-chase labeling showed that membrane bound phospholipids are synthesized on ER 

and transported to Golgi complex eventually to be incorporated into PM (Chlapowski and 

Bail 1971). However it has been suggested that Golgi membranes also posses the ability to 

synthesize some of the major phospholipids needed for its structural membrane 

proliferation or to be secreted via vesicles (Motague and Ray 1977). Future 

immunocytochemical localizaton of NAPE synthase protein in situ could provide 

unambiguous evidence for the presence of this enzyme in ER, PM aid Golgi. 

Possible roles of NAPE synthase at the sites of localization 

ER, Golgi apparatus and PM perform different functions in cells. Therefore, it 

could be assumed that NAPE synthase present at these locations may perform different 

roles. In soybean cotyledons, NAPE reportedly served as a potential acyl donor in the 

synthesis TG (Wilson and Rinne 1976). Hence, NAPE synthesized in ER might serve as 

an acyl donor for TG synthesis. Presence of NAPE synthase activity in Golgi and PM 

suggests a role for this enzyme in the secretory pathway, perhaps involved in packaging of 

substances to be transported to PM via Golgi vesicles. 

In situations of cell injury, the PM needs a ready supply of phospholipids. When 

individual amoeba proteus cells were injured, structures which resembled PM was formed 

around the injured area in a few seconds (Szubinska 1971). In salt-stressed domestic 

ducklings phospholipid component of plasma membrane was synthesized in Golgi 
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membranes, packaged at the site of synthesis and moved to PM via Golgi vesicles (Levine 

et al., 1972). NAPE is produced under conditions of injury in animal tissues. Synthesis of 

NAPE in cotton seeds increased during osmotic stress due to imbibition (Sandoval et al., 

1995). There was a increase in NAPE content and NAPE synthase activity in tobacco cell 

culture when cells were treated with the fungal elicitor-xylanase (Chapman et a., 1995a). 

Treatment of plant cells with xylanase alters the permeability of the PM to ions (Chapman 

et al., 1995a). Compromise of PM integrity alters its selective permeability that ultimately 

leads to cell death (Alberts et al. 1989). Due to the proximity of the Golgi complex to the 

PM, it would be reasonable for Golgi to synthesize NAPE to satisfy the rapid need for 

NAPE during plasma membrane injury. 

The Golgi apparatus is the major organelle involved in lipid and protein 

modifications ( Whaley et al., 1972). In studies with Phaseolus aureus, the highest 

incorporation of radioactive UDP-UC glucose was identified with two main lipids steiyl 

glucoside and acylated steiyl glucoside in Golgi apparatus (Bowels et al. 1977). In cotton 

fibers, steryl glucoside was esterified with fatty acids from an endogenous acyl donor 

(Forsee et al. 1974). Fatty acids palmitate and oleate were the major acyl components of 

acylated steryl glucoside in cotton fibers (Forsee et al., 1974). In tobacco cell cultures 

treated with xylanase or ceDullase, there was a increase in level of acylated sterol 

glycosides (Moreau et al., 1994; Moreau and Preisig 1993). Palmitic and linoleic acids 

were identified as the most abundant fatty acids of these acylated sterol glycosides. 

Within the 4 h of treatment of tobacco culture cells with xylanase there was increase in 
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acylated sterol glycosides (Chapman et a!., 1995a). In plant cells, free sterols, sterol 

glucosides and acylated sterol glucosides constituted greater than 50% of the total plasma 

membrane lipids (Lynch and Steponkus 1987). These observations suggest that under 

conditions of stress, NAPE synthesized in Golgi membranes might participate as an acyl 

donor for the synthesis of acylated sterol glucosides play in a defensive role at the PM site. 

Studies following radioactive fatty acid incorporation in cells have demonstrated 

the synthesis of acylated proteins in cultured mammalian cells, mouse tissue, sea urchin, 

yeast and bacteria (Schultz et al., 1988). Varieties of proteins undergo post-translational 

fatty acid acylation include viral protein kinase, the B subunit of the protein phosphatase 

calcineurins, NADP cytochrome b5 reductase and several retro viral oncogene products 

(Jackowski and Kock 1986). Acylation of Semiliki forest virus and VSV G proteins in 

baby hamster kidney cells and Chinese hamster ovary cells was shown to take place in the 

cis-Golgi compartment prior to addition of carbohydrates (Quin et al., 1983; Dunphy et 

al., 1981). In many organisms, palmitate is the major acyl component of various acylated 

membrane proteins (Chlapowski and Bail 1971). In 24-h-old cotton seedling cotyledons 

57% of N-acyl component consist of palmitic acid (Chapman and Moore 1993a). Though 

there is limited information about the presence of acylated membrane proteins in plants. It 

could be postulated that NAPE synthesized in Golgi apparatus of cotyledons of 24-h-old 

cotton seedlings could participate as an acyl donor in the modification of lipids and 

proteins. 

In previous studies NAPE synthase has been solubilized from microsome of 24-h-
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old cotton cotyledons. Preparative isoelectric focusing of detergent solubilized 

microsomal protein indicated presence of isozymes of NAPE synthase (Chapman and 

Moore 1994). These three isozymes of NAPE synthase could be an indication of three 

different forms of NAPE synthase in the three different subcellular sites. Since ER, Golgi 

and plasma membrane differ from each other in their function and structural make-up. It is 

plausible that there are three different isozymes of NAPE synthase at these three sites of 

locations. 



REFERENCES 

Akoka S, Tellier C, Le Roux C, Marion D (1988) A phosphorus magnetic resonance 

spectroscopy and a differential calorimetry study of the physical properties of 

N-acylphosphatidylethanolamines in aqueous dispersions. Chem Phys Lipids 46: 43-50. 

Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD (1994) Molecular biology 

of the cell. 3rd ed. Garland Publishing, Inc. Newyork and London, pp 477-598.. 

Ambrosini A, Sertoli E, Mariani P, Tanfani F, Wozniak M, Zolese G (1993) N-

acylethanolamine as membrane topological stress comprising agents. Biochim Biophys 

Acta 1148: 351-355. 

Aneja R, Chanda JS, Knaggs JA (1969) N-acylphophatidylethanolamines: occurrence 

in nature, structure and stereochemistry. Biochem Biophys Res Commun 36:40 1 -406. 

Bahl J, Francke B, Manager R (1976) Lipid composition of envelopes, prolamellar 

bodies and other plastid membranes in etiolated green and greening wheat leaves. Planta 

129: 193-201. 

Bell RM (1980) Enzymes of glycerolipid synthesis in eukaryotes. Ann Rev Biochem 49: 

459-487. 

Beevers H (1979) Microbodies in higherplants. Ann Rev Plant Physiol 30: 159-193. 

Beevers H (1980) The role of glyoxylate cycle. In PK Stumpf EE Conn eds, The 

Biochemistry of Plants. Vol. 4. Lipids: Structure and Function Academic Press Inc., 

65 



66 

Newyork, pp 171-130. 

Bligny R and Douce R (1980) A precise localization of cardiolipin in plant cells. Biochim 

Biophys Acta 617: 254-263. 

Blok MC, Van Der Neut-Kok ECM, Van Deenen LLM, De Gier J (1975) The effect 

of chain length and lipid phase transition on the selective permeability properties of 

liposomes. Biochim Biophys Acta 406: 187-196. 

Bomstein RA (1965) A new class of phosphatides isolated from soft wheat flour. 

Biochem Biophys Res Commun 21: 49-54. 

Bowden L and Lord JM (1974) Development of phospholipid synthesizing enzymes in 

castor bean endosperm. FEBS lett 49: 369-371. 

Bowles DJ, Lehle L, Kauss H (1977) Glucosylation of sterols and polyprenolphosphate 

in the Golgi apparatus of Phaseohts aureus. Planta 134: 177-181. 

Bozzola JJ, Russell LD (1992) Specimen staining and contrast methods for transmission 

electron microscopy. Electron microscopy principles and techniques for biologists. Jones 

and Bartlett Publishers, Inc., London, pp 16-51. 

Bradford MM (1976) A rapid and sensitive method for the quatitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 72:248-

254. 

Briskin DP, Leonard RT, Hodges TK (1974) Isolation of plasma membrane: membrane 

markers and general principles. Methods Enzymol 148: 542-548. 

Chapman KD, Trelease RN (1990) Inhibition of cottonseed choline- and ethanolamine-



67 

phospho transferases by calcium during postgerminative growth. Plant Physiol 93: 1525-

1529. 

Chapman KD, Trdease RN (1991a) Intracellular localization of phosphatidylcholine and 

phosphatidylethanolamine synthesis in cotyledons of cotton seedlings. Plant Physiol 95: 

69-76. 

Chapman KD, Trdease RN (1991b) Acquisition of membrane lipids by differentiating 

glyoxysomes. J Cell Biol 115: 995-1007. 

Chapman KD, Moore TSJr (1993a) W-Acylphosphatidyletalmolamine synthesis in 

plants: 

occurrences, molecular composition and phospholipid origin. Arch Biochem Biophys 301: 

21-33. 

Chapman KD, Moore TSJr (1993b) Catalytic properties of newly discovered 

acyltransferase that synthesizes iV-Acylphosphatidylethanolamine in cottonseed 

(iGossypium hirsutum L.) microsomes. Plant Physiol 102: 761-769. 

Chapman KD, moo re TSJr (1994) Isozymes of cottonseed microsomal 

N-acylphosphatidylethanolamine synthase: detergent solubilization and electrophoretic 

separation of active enzymes with different properties. Biochim Biophys Acta 1211: 

29-3 6. 

Chapman KD, Conyers-Jackson A, Moreay RA, Tripathy S (1995a) Increased N-

Acylphosphatidylethanolamine biosynthesis in elicitor-treated tobacco cells Physiol Plant 

(in press). 



68 

Chapman KD, Lin 1, Desouza AD (1995b) Metabolism of cottonseed microsomal N-

Acylphosphatidylethanolamine. Arch Biochem Biophys 318:401-407. 

Chlapowski FJ, Bail NR (1971) Origin and fate of 3H-labeled phospholipids of cellular 

membranes. J Cell Biol 50:634-651. 

Crowe JH, Crowe Lm, Carpenter JF, Aurell Winston C (1987) Stabilization of dry 

phospholipid bilayers and proteins by sugars. Biochem J 242: 1-10. 

Crowe JH, Hoekstra FA, Crowe LM (1989) Membrane phase transitions are responsible 

for imbibitional damage in dry pollen. Proc Natl Acad Sci USA 86: 520-523. 

Dawidowicz EA (1987) Dynamics of membrane lipid metabolism and turover. Ann Rev 

Biochem 56: 43-61. 

Dawson RMC, Clarke N, Quaries RH (1 969) A -̂Acylphosphatidylethanolamine, 

a phospholipid that is rapidly metabolized during the early germination of pea seeds. 

Biochem J 114: 265-270. 

De La Roche IA, Andrews CJ ( 1973) Changes in phopsholipid composition of winter 

wheat cuhivar during germination at 2C and 24C. Plant Physiol 51: 468-473 

Depierre J, Dallner G (1976) Dynamics of membrane lipid metabolism and turnover. In 

AH Maddy, ed., Biochemical analysis of membranes. Wiley, New York pp 79-131. 

Domingo JC, Mora M, Africa de Madariaga M (1993) Incorporation of N-

Acylethanolmaine phopsholipids into egg phosphatidylcholine vesicles: Characterization 

and permeability properties of binary systems. Biochim Biophys Acta 1148: 308-316. 

Domingo JC, Mora M, Madariaga M (1994) Role of headgroup structure in phase 



69 

behavior of AT-Acylethanolamine phopsholipids: hydrogen-bonding ability and head group 

size. Chem Phys Lipids 69: 229-240. 

Donaldson RP, Tolbert NE, Schnarrenberger (1972) A comparison of microbody 

membranes with microsomes and mitochondria from plant and animal tissue. Arch 

Biochem Biophys 152: 199-215. 

Douce R, Joyard J (1980) Chloroplast envelope lipids: detection and biosynthesis. 

Methods Enzymol 69:290-301. 

Dunphy WG, Fires E, Urbani LJ, Rothman JE (1981) Early and late functions 

associated with Golgi apparatus reside in distinct compartments. Proc Natl Acad Sci USA 

78: 7453-7457. 

EUigson JS (1 974) Changes in the phospholipid composition in the differentiating 

cellular slime mold Dictyostelivm Discoideum. Biochim Biophys Acta 337: 60-67. 

EDingson JS ( 1 980) Identification of iV-Acylethanolamine phosphoglycerides and 

acylphosphatidylglycerol as the phospholipids which disappear as Dictyostelium 

discoideum cells aggregate. Biochemistry 19: 6176-6182. 

Epps DE, Natarajan V, Sciunid C, Schmid (1980) Accumulation oiN-

Acylethanolamine glycerophospholipids in infarcted myocardium. Biochim Biophys Acta 

618: 420-430. 

Epps DE, Palmer JW, Schmid HHO Pfeiffer DR (1982) Inhibition of permeability-

dependent ca2+ release from mitochondria by N-acylethanolamines a class of lipids 

synthesized in ischemic heart tissue. J Biol Chem 257: 1383-1391. 



70 

Epps DE, Sclunid PC, Natarajan V Schmid HHO (1979) Af-Acylethanolamine 

accumulation in infercted myocardium. Biochim Biophys Res Commun 90: 628-633. 

Forsee WT, Waire RA, Elbein AD (1974) Solubilization particulate UDP-glucose: 

sterols (J-glucosyl transferase in developing cotton fibers and seeds and characterization of 

steryl 6-acyl D-glucoside. Arch Biochem Biophys 161: 248-259. 

Gardner M, Chrispeels MJ (1975) Involvement of Golgi apparatus in the synthesis of 

hydroxy proline-rich cell wall glycoproteins. Plant Physiol 55: 536-541. 

Graham J (1987) Isolation of subcellular organelles and membranes. In D Rickwood BD 

Hames eds, Centrifugation 2nd ed. (Practical Approach) IRL Press Limited, Oxford, pp 

161 -182. 

Gray GM (1 976) Phosphatidyl-(̂ -Acyl)-ethanolamine a lipid component of mammalia 

epidermis. Biochim Biophys Acta 131: 1 -8. 

Gupta SD, Downhan W, Wu HC (1991) Phosphatidylethanolamine is not essential for 

the iV-Acylation of apolipoprtein in Esherichia coli. J Biol Chem 266: 9983-9986. 

Hantke K, Braun V (1973) Diglyceride and amide linked fatty acid at the N-terminal end 

of the murein lipoprotein of the Escherichia coli outer membrane. Eur J Biochem 34: 

284-296. 

Hargin KD and Morrison WR (1980) Distribution of acyl lipids in the germ, aleuron, 

starch and non-starch endosperm of four wheat varieties. J Sci Fd Agric 31: 877-888. 

Hazlewood GP and Dawon MC (1975) Intermolecular transacylation of 

phosphatidylethanolamine by a Butyrivibro sp. Biochem J 150: 521-525. 



71 

Higgins JA and Fielsend JK (1987) Phosphatidylcholine synthesis for incorporation 

into membranes or for secretion as plasma lipoproteins by Golgi membranes of rat liver. 

J lipid Res 28: 268-278. 

Hopkins WG (1995) Introduction to plant physiology. John Wiley and Sons Inc. 

Newyork,Chichester, Brisbane, Toronto and Singapore, pp 148-149. 

Jackowski S, Rock CO (1986) Transfer of fatty acids from the 1-position of 

phosphatidylethanolamine to the major outer membrane lipoprotein of Escherichia coli 

J Biol Chem 261: 11328-11333. 

Jelsema CL and Morre DJ (1977) Distribution of phospholipid biosynthetic enzymes cell 

components of rat liver. J Biol Chem 253: 7960-7971. 

Kanoh H and Ohno K (1973 ) Studies on 1 -2-diglycerides formed from endogenous 

lecithins by the back-reaction of rat liver microsomal CDPcholine: 1,2-diacylglyceroi 

cholinephosphotransferase. Biochim Biophys Acta 326: 17-25. 

Kunce CM, Trelease RN (1986) Heterogenity of catalase in maturing and germinated 

cotton seeds. Plant Physiol 81: 1134-1139. 

Lafrance D, Marlon D and Pzeolet M (1990) Study of the structure of 

Af-Acyldipalmitoylphosphatidylethanolamine in aqueous dispersion by infrared and raman 

spectroscopies. Biochemistry 29: 4592-4599. 

Lawrence JA, Moreau P, Cassagne C, Morre DJ (1994) Acyl transfer reactions 

associated with cis Golgi apparatus of rat liver. Biochim Biophys Acta 1210: 146-150. 

Levine AM, Higgins JA, Barnett RJ (1972) Biogenesis of plasma membrane in salt-



72 

stressed domestic ducklings: localization of acyltransferase activity. J Cell Sci 2: 855-873. 

Lichtenthaler HK (1987) Chlorophylls and carotenoids: pigments of photosynthetic 

biomembranes. Methods Enzymol 148: 350-382. 

Lord JM, Kagawa T, Moore TS and Beevers H (1973) Endoplasmic reticulum as the 

site of lecithin formation in castor bean endosperm. J Cell Biol 57:659-667. 

Lynch DV, Steponkus PL (1987) Plasma membrane lipid alterations associated with 

accimilation of winter rye seedlings (Secale cereale L. cv Puma). Plant Physiol 83: 761-

767. 

Macher BA, Mudd JB (1974) Biosynthesis of phosphatidylethanolamine by enzyme 

preparation from plant tissues. Plant Physiol 53: 171-175. 

Matsuoto M and Miwa M (1973) Study on the new phospholipid, N-Acyl-1-

alkylglycerophosphorylethanolalnine from bovine erythrocytes. Biochim Biophys Acta 

296: 350-364. 

McAndrew RS, Leonard BP and Chapman KD (1995) Photo affinity labeling of 

cottonseed microsomal Af-Acylphosphatidylethanolamine synthase protein with a substrate 

analogue 12-[(4-azidosalicyl)amino]dodecanoic acid. Biochim Biophys Acta 1256: 

310-3 18. 

McMurray A and Morrison WR (1970) Composition of wheat-flour lipids. J Sci Fd 

Agic 21: 520-528. 

McMurrray WC, Magee WL (1972) Phospholipid metabolism. Ann Rev Biochem 41: 

129-160. 



73 

Montague MJ and Ray PM (1977) Phopholipid-synthesizing enzymes associated with 

Golgi dictysomes from pea tissue. Plant Physiol 59: 225-230. 

Moreau RA, Powell MJ, Whitaker BD, Bailey BA, Anderson JD (1994) Xylanase 

treatment of plant cells induces glycosylation and fatty acylation of phytosterols. Physiol 

Plant 91: 575-580. 

Moreau RA, Preisig CL (1993) Lipid changes in tobacco cell suspensions following 

treatment with cellulase elicitor. Physiol Plant 87: 7-13. 

Moire DJ, Anderson B (1994) Isolation of all major organdies and membranes cell 

components from a single homogenate of green leaves. Methods Enzymol 228:412-419. 

Moire DJ, Nyquist S, Rivera E (1970) Lecithin biosynthetic enzymes of onion stem and 

the distribution of phosphorylcholine-cytidyl transferase among cell fractons Plant Physiol 

45: 800-804. 

Moore TS Jr (1982) Phospholipid biosynthesis Ann Rev Plant Physiol 33: 236-259. 

Moore TS, Lord JM, Kagawa T, Beevers H (1973) Enzymes of phospholipid 

metabolism in the endoplasmic reticulum of cator bean endosperm. Plant Physiol 52: 50-

53. 

Moore TS Jr (1974) Phosphatidylglycerol synthesis in castor bean endosperm. Plant 

Physiol 54: 164-168. 

Moore TS Jr (1981) Phospholipid-synthesizing enzymes from castor bean endosperm. 

Methods Enzymol 71: 596-607. 

Mukhamedova KhS and Akramov ST (1976) Minor phospholipids of cotton seeds. 



74 

Khim. Pfiodn. SoedinNo 5: 580-583. 

Natarajan V, Reddy PV, Schmid PC, Schmid HHO (1981) On the biosynthesis and 

metabolism of iV-Acylethanolamine phospholipids in infarcted dog heart. Biochim Biophys 

Acta 664: 445-448. 

Natarajan V, Reddy PV, Schmid PC, Schmid HHO (1982) JV-Acylation of 

ethanolamine phospholipids in canine myocardium. Biochim Biophys Acta 712: 342-355. 

Natarajan V, Schmid PC, Reddy PV, Zuearte-Augustin ML, Schmid HHO (1985) 

Occurences of N-Acylethanolamine phospholipids in fish brain and spinal cord. Biochim 

Biophys Acta 835: 426-433. 

Natarajan V, Schmid PC, Schmid HHO (1986). iV-Acyletanolamine phospholipid 

metabolism in normal and ischemic rat brain. Biochim Biophys Acta 878: 32-41. 

Natarajan V, Schmid PC, Reddy PV, Mary Lou Zuarte-Augustin and Schmid HHO 

(1983)Biosynthesis of N-acylphosphatidylethanolamine phopsholipids by dog brain 

preparations. J Neurochem 41: 1303-1312. 

Newman JL, Stiers DI, Anderson WH, Schmid HHO (1986) Phase behavior of 

synthetic N-acylethanolamine phopsholipids. Chem Phys Lipids 42: 249-260. 

Quail PH (1979) Plant cell fractionation. Ann Rev Plant Physiol 30:425-484. 

Quartes RH, Clarke N and Dawson RMC ( 1 968) Isolation of 

N-acylphosphatidyiethanolamine from pea seeds. Biochem Biophys Res Commun 33: 

964-968. 

Quinn P, Griffiths G, Warran G (1983) Dissection of Golgi complex II density 



75 

separation of specific Golgi functions in virally infected cells treated with monesin J Cell 

Biol 96: 851-856. 

Ray PM (1977) Auxin-binding sites of maize coleoptiles are localized on membranes of 

endoplasmic reticulum. Plant Physiol 59: 594-599. 

Ray PM, Eisinger WR, Robinson DG (1976) Organelles involved in cell wall 

polysaccharide formation and transport in pea cells. Be Dtsch Bot Ges 89:121-146. 

Raymond Y, Fincherr GB, Maclachlen GA (1978) Tissue slice and particulate 0-

glucan synthetase activities from Pisum epicotyls. Plant Physiol 61: 938-942. 

Reddy PV, Schmid PC, Natarajan V, Muramatsu T and Schmid HHO (1984) 

properties of canine myocardial phosphatidylethanolamine JV-Acyl transferase. Biochim 

Biophys Acta 795: 130-136. 

Roland JC (1972) Phosphotungstic acid-chromic acid as a selective electron-dense for 

plasma membranes of plant cells. Stain tech 47: 195-200. 

Rotlunan JE, Lenard J (1977) The nature of membrane asymmetry provides clues to the 

puzzle of how membranes are assembled. Science 195: 743-753. 

Roughan PG, Slack, CR and Holland R (1978) Generation of phospholipid artefacts 

during extraction of developing soybean seeds with methanolic solvents. Lipids 13: 

497-503. 

Sandoval JA, Huang ZH, Garrett DC, Gage DA, Chapman KD (1995) N-

Acylphosphatidylethanolamine in dry and imbibing cotton seeds. Plant Physiol 109: 269-

275. 



76 

Schmid HHO, Schmid PC and Natarajan V ( 1 990) iV-Acylatedglycero-

phospholipidsand their derivatives. Prog Lipid Res 29: 17-IS. 

Schmid PC, Reddy PV, Natarajan V and Schmid HHO (1983) Metabolism of 

#-Acylethanolamine phospholipds by mammalian phosphodiesterse of phospholipase D 

type. J Biol Chem 258: 9302-9306. 

Schultz AM, Henderson LE, Oroszlan S (1988) Fatty acylation of proteins. Ann Rev 

Biol 4: 611-47. 

Singh H and Privett OS (1970) Composition of wheat-flour lipids. J Sci Fd Agric 21: 

520- 528. 

Slomiany BL, Slomiany A and Horowitz MI (1973) Fatty acid amide of 

glycerylphosphorylethanolamine a lytic lipid from hog stomach. Biochim Biophys Acta 

316: 35-47 

Somerhaiju P and Renkonen (1979) Glycerophospho-(^-Acyl)-ethanolamine lipids in 

degenarating BHK cells. Biochim Biophys Acta 573: 83-89. 

Sparace SA, Moore TS Jr (1981) Submitochondrial site of synthesis of 

phopshatidylcholine and phosphatidylethanolamine. Plant Physiol 67: 261-265. 

Sparace SA, Wagner LK, Moore TSJr (1981) Phosphatidylethanolamine synthesis in 

castor bean endosperm. Plant Physiol 67: 922-925 

Sundler R, Akesson B and Nilson A (1974) Sources of diacylglycerols for phospholipid 

synthesis in rat liver. Biochim Biophys Acta 337: 248-254. 

Szubinska B (1971) New membrane formation in Amoeba proteus upon injury of 



77 

individual cells. J Cell Biol 49: 747-772. 

Tolbert NE, Oeser A, Kisaki T, Hageman RH, Yamazaki RK (1968) Peroxisomes 

from spinach leaves containing enzymes related to glycolate metabolism. J Biol Chem 

213: 5179-5181. 

Tolibaev I, Mukhamedova KhS and Akramov ST (1976) N-Acylated phospholipids 

and lysophospholipids. Khim. Priodn. Soedin No 6: 723-725. 

Van Der Woude WJ, Lembi CA, Morre DJ (1974) p-glucan synthetases of plasma 

membrane and Golgi apparatus from onion stems. Plant Physiol 54: 333-340. 

Van Holde M (1989) Biochemistry. The Benjamin/Cunnings publishers company Inc. 

Voelker DR (1984) Phosphatidylserine functions as the major precursor of 

phosphatidylethanolamine in cultured BHK-21 cells. Proc Natl Acad Sci USA 81: 

2669-2973. 

Whalcy WG, Dauwalder M, Kephant JE (1972) Golgi apparatus influence on cell 

surface. Science 175: 596-599. 

Wilson RF and Rinne RW (1974) Phospholipids in the developing soybean. Plant 

Physiol 54: 744-747. 

Wilson RF and Rinne RW (1976) Involvement of phospholipids in triglyceride 

biosynthesis by developing soybean cotyledons. Plant Physiol 57: 556-559. 

Wilson RF and Rinne RW ( 1 978) Studies on the metabolism of lipid molecular species 

in immature soybean cotyledons. Plant Physiol 61: 1014-1016 


