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INTRODUCTION

Biological membranes play a crucial role in almost all

cellular phenomena. The most striking characteristic of membrane

is that the components which constitute membrane structure hold

membrane functions concurrently. Bacterial membrane which has no

intracellular membrane may further reveal the character, because

various functions such as nutrient transport [1-2], oxidative phos­

phorylation [3-4] and lipopolysaccharide synthesis [5] etc. local­

ize the cytoplasmic membrane.

Biological membranes are composed mainly of phospholipids and

proteins. About 60% of Escherichia coli membrane is protein and

30% phospholipid (6]. The major classes of phospholipid are found

to be phosphatidylethanolamine (80-90%), phosphatidylglycerol (5­

15%) and small amounts of cardiolipin and phosphatidic acid [7-8].

Phosphatidylethanolamine is metabolically stable in growing cells

[9]. In contrast, phosphatidylglycerol undergoes the more rapid

turnover [9-ll] and a precursor of a novel oligosaccharide [12].

Phosphotransferase system involved in the active transport of

sugars requires phosphatidylglycerol as lipid cofactor [13]. Ohki

suggests that the rapid turnover of phosphatidylglycerol coordi­

nates with the formation of membrane components [14]. Similarly,

Ballesta et al. show that phosphatidylethanolamine synthesis is
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related to growth and cell division, whereas phosphatidylglycerol

metabolism is related to other phenomena [15].

On the other hand, the physical properties of membrane are

dependent On the fatty acid composition of membrane phospholipids[16

-18]. It have been thought hitherto that the fatty acid compositions

among individual phospholipids of E.coli are similar[7], but recently

Kito et a~ indicated that the fatty acid composition of individual

phospholipids represented heterogeneity and varied with growth tem­

perature and growth phase[l9-2l,c]. This fact shows that membrane

functions are dependent on the physical properties of membrane

phospholipids. Recently, the suggestion has been confirmed many

investigators[22-25].

Phospholipids biosynthesis of bacteria has been studied enzymati­

cally with in E.coli[26-30], Bacillus megaterium[3l] and SaLmonelLa

typhimurium[27]. The current scheme of phospholipid synthesis in E.coZi

is given in figure. Phosphatidic acid to be a common intermediate of

phospholipids is formed from sn-glycerol 3-phosphate and acyl-CoAs by

sn-glycerol 3-phosphate acyl transferase and monoacylglycerol 3-phos­

phate acyltransferase. The biosynthetic reactions (reaction 1) have been

studied in detail [32-39]. Phosphatidic acid is converted to CDP-diglyceride

as donor of phosphatidyl group in the presence of CTP by phosphatidate

cytidyltransferase (reaction 2). The biosynthetic reaction was shown

2
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reaction 4)I43] is much more aetive than phosphattdylserine

synthetase(catalyzing reaction 3), no accumulation of phosphatidyl--

serine is found in vivo[9,26]. However, the addition of NH20H to be

an inhibitor of many other decarboxylases results in accumulation of

the lipid ts8,e]. This phosphatidylethanolamine synthesizing system

                     'has been demonstrated in baeteria and yeast[44--4S]. There is ne

evidence to indicate that the system is in animals and in plants.

On the other hand, phosphatidylglycerophosphate is immediately con-

verted to phosphatidylglycerol by the phosphatidylglycerophosphate

phosphatase(catalyzing reaetion 6)[42]. Therefore, no accuTnulation

of phosphatidylglycerophosphate is also found in vivo[9], The bio-

synthesis of eardiolipin(reaction 7) was shown by Kennedy et aZ.[47]

and Rampini et aZ.(46]. These phosphatidylglycerol and cardiolipin

synthesizing systems are found widely distributed in nature.

    All of these enzymes responsible for the synthesis of phospho-

lipid with the exception of phosphatidylserine synthetase are found

in the particulate fraetion of cell free extracts of E.coZi[26--28,
                       '
30]. Perhaps these enzymes constitute the cytoplasmic membrane as

integral protein[48]. However, it was not clear whether these

enzymes are localized in the cytoplasmic membrane in a multi-enzyrne

complex.

    The present thesis describes a membrane particulate phospho-

4
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lipid synthesizing system from E.aoLi~ the properties of soluble

phosphatidylserine synthetase, effects of phospholipids on soluble

phosphatidylserine synthetase and an exchange reaction between the

radioactive phosphatidate and a corresponding moiety of endogenous

phosphatidylethanolamine. Furthermore, in this thesis, occurrence

of separate pools of phosphatidic acid for biosynthesis of phospho­

lipids in E.aoZi membranes. will be described.



                   Chapter I

A Partieulate Phospholipid Synthesiztng System

                                 b)          from Esehex.iehia eoZi B

     The biosynthesis of phospholipids,phosphatidylethanolamine and

phosphatidylgiyeerol, in EseheT}iehia coZi was shown to proceed

according to Equations 1-5 by Kanfer and Kennedyl9,26], Chang and

Kennedy[41-42] and Carter[40].

Phosphatidate + CTP . CDP-diglyceride + PPi (1)
CDP-diglyceride + L-Serine ---ÅÄ Phosphatidylserine + CMP (2)

CDP-diglyceride + sn-Glycerol 3-phosphate -

                  Phosphatidylglycerophosphate +CMP (3)

Phosphatidylserine - Phosphatidylethanolamine + C02 (4)

Phosphatidylglycerophosphate - Phosphatidylglycerol + Pi (5)

It was not clear whether these enzymes are localized in the cellular

membrane in a multi-enzyne complex, and information on the site of

phospholipid synthesis in the cells may serve as a tool in studies

on the biosynthesis of the membrane.

     This Chapter describes that reactions from phosphatidate to

phesphatidylethanolamine and phosphatidylglycerol are catalyzed by

a partÅ}culate enzyrne system which functlons with the phospholipid

intermediates and products remaining assoeiated with particulate

material.
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MATERIALS AND METHODS

Compounds and AnalyticaZ Procedures.

Palmitoyl-CoA, glycerol kinase, phosphatidate, phosphatidyl­

ethanolamine, an-glycerol 3-phosphate, and preparative TLC-plates

Silica Gel F254 are the products of Sigma, Pierce, Calbiochem, and

E.Merck AG. DL-[U- 14C]Serine and [U_ 14C]glycerol were purchased

from New England Nuclear. sn-[U- 14C]Glycerol 3-phosphate was enzym­

atically synthesized followed by purification by the procedure of

Chang and Kennedy[4l]. E.coZi phosphatidylethanolamine and phospha­

tidylglycerol were prepared[9] from the exponentially growing cells

followed by purification with preparative thin-layer chromatography

with chloroform-methanol-7N ammonia (60:35:5) and chloroform-methan­

ol-acetie acid (65:25:8) as the solvents. Protein and phosphorus

were determined by the method of Lowry et al. [49] and Bartlett[50],

respectively,

Preparation of Particulate sn-Glycerol 3-Phosphate Acyltransferase

Fraction.

A particulate enzyme fraction from E.coli B was purified by the

sucrose density gradient centrifugation as described by Kito et al.

[32,36].

7



rncubation of AcyZtransferase Reaction.

     The ineubation mixture contained 50 mM Tris-HCI buffer, pH7.2,

15 mM MgC12, O.3 mM sn-[U-14C]glycerol 3--phosphate (1270 cpm/nmol),

50 pM palrnitoyl-CoA, 3 ml)1 dithiothreitol and 3 mg of partieulate

enzyme protein in a flnal volume of 1 ml. The incubation was run at

37eC, and S min after Å}ts initiation a further 50 vM palmitoyl-CoA

was added. The ineubation proceeded for additional 5 min and was

stopped by cooling in an ice bath. The reaction mÅ}xture was then

subjeeted to suerose density gradient eentrtfugation.

Suerose Density G?adient Centpifugation.

     Samples (1 ml) were layered on 29 ml of a linear sucrose density

gradÅ}ent, which was fOrTned from 10Z te 40Z sucrose and contained

10 ni)E Tris-HCI buffer, pH7.2 and 1 inM dithtothreitol. The gradients

were ceintrifuged at ISOOOg for 10 min, and then 1 ml fractions were

coUeeted with an ISCO model 180 density gradient fractionator. The

absorbance of each fractton was measured at 280 nm, and O.1 inl each

was used for modified paper disk assay deseribed by van den Bosch

and Vagelos[33].

11reparation of Stinnilating Faetor Fraction.

    E.coZi B was grown under the conditions as described by Kito et

aZ.[36] and was harvested by eentrifugation in the exponential growth
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phase. After washing with 10 tn)( potassium phosphate buffer, pH7.1,

the cells were resuspended in the same buffer supplemented wtth 10

mM dithiothreitol and disrupted by a sonifier (20 KHz) for 3 min.

Large debris and particulate materiais were removed by centrtfuga-

tion at30000g for 45 min and discarded. To the resulting supernatant

solution, solid ammonium sulphate was added to bring the solution

to O.5 saturation. The precipitate was collected by centrifugation,

dissolved in 10 mM Tris-HCI buffer, pH8.1, supplemented with 1 nh

EDTA ind 1 mM dithiothreitol, and then dialyzed against the same

buffer overnight at 10C. The dialyzed solution (40 mg of proteinlml)

was stored at -20eC.

Heat-TTeatment of SttnntZating Faetor F?action.

     Stimulating factor fraction was boiled for 10 min. After eool-

ing, the supernatant was separated from the coagulated protein by

centrifugation at 10000g for 30 min. By this procedure, approxtmate-

ly 20Z of the original protein remained in the supernatant.

AnaZysis of Liptds•

      Radioactive reaction products were extracted with chloroform

 and methanol. The extraets to which carrier phospholipÅ}ds had been

 added w'ere washed with. 2M KCI and water[9], and dried under nitrogen.

 The radioaetÅ}ve lipids were separated by thin-layer chromatography
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on plates of Silica Gel (Merck) with the solvents described in "Ana-

lytical Procedure''. Trhe lipids were loeated by iodine vapour and the

appropriate areas were seraped from the plate. The radioactivity was

measured by suspending the scrapings into toluene scintillation sol-

ution. Alternatively, the phospholipids were extracted with chloro-

forrn and methanol from the scraptngs and deacylated by the procedure

described by Ballou et aZ.[51]. The water soluble eompounds were co-

chromatographed with authentic compounds using phenol-water-NH40H

(48g:12ni:O.2ml) as the solvent. After a strip from the chromatogram

was passed through the paper chromatogram scanner, the po$ttions of

the compounds were loeated with a spray for phosphate[52].

RESULTS

PartieuZate Fpaetion-Bobtnd Radioaetive Phosphatidate.

     rt has been observed by Pieringer etaZ[53], Ailhaud and

Vagelos[S4], Kito and Pizer[32] and van den Bosch and Vagelos[33]

that the products of E.coZi acyltransferase reaction are lysophos-

phatidate and phosphatidate. An investigatton was undertaken to see

whether these lipid intermediates were released free in the solution

or rematned bound to the particulate enzyne. The acyltransferase

reaction was stopped by cooling as described under "Materials and
                                            ,
Methods", and the incubation mÅ}xture was fractionated by suÅërose

densÅ}ty gradÅ}ent centrifugation. Approximately 50Z of the total

                                   '
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Fig. 1. Suer,ose density gvadient eentntfttgation of the incttbation

mixture of aeyltransferase reaetion.

Details of the experiment are given in the text. (e),absorbance ;
(o),radioactivtty.

radioacttvity was found tn the major particulate fraction(Fig.1),

and the residual radioactivity was sedimented with large particles

to the bottom. Then, the fractions from 6 to 11 were collected and

diluted with 10 mM Tris--HCI buffer,pH7.2, supplemented with 15 mM

                                                               .MgC12 and 1 rnM dithiothreitol to reduce the suerose concentration.

The particulate material tn those fractions were eentrifuged at

30000g for 60 min and washed twice with the same buffer. All the

radioactivity was found to be sedimented with the particulate prote-

in in the pellet(Table 1). The radioactive compounds were analyzed

by thin-lqyer chromatography followed by deacylation as described

11



Table 1. Centr'ifugation ofpaT'tieuZate fr'action-bound r7adioactive

products.

The fraction from 6 to 11(see Fig.1) was combined (2 mg protein,
42700 cpm of lipids), followed by centrifugation at 30000g for 60
Min, and 10 mM Tris-HCI buffer,pH7.2, supplemented with 15 mM MgC12
and 1 mM dithiothreitol was used for washSng. Radioactivity was
detennined by paper disk method.

Fraction Radioactivity ProteÅ}n

Combined fractions

Supernatant

lst washing

2nd washing

Pellet

(cpm)

 42700

   585

   180

   144

 41400

(mg)

 2.0

Nil

 Nil

 Nil

 L9

under "Materials and Methods". The radioactivtty was found to be

distributed in the phosphatidate fraetion(67"A), monoglyceride(2SZ)

and phosphatidylethanolamine(8Z) as shown in Table 2. Phosphatidate

ccnnprised the major portion of the phosphatÅ}date fraction, which

consisted of lysophosphatidate and phosphatidate as described previ-

ously[32]. Monoglyceride was probably the product from lysophospha-

tidate by the dephosphorylating enzyme reaction as described by van

den Bosch and Vagelos[33]. Radioactive phosphatidylethanolamÅ}ne ap-

peared to be formed by an exchange reaction between the radioaetive

phosphatidate and a corresponding moiety of endogenous phosphatidyl-

ethanolamlne whleh will be described in the subsequent seetion. The

radioactive lipids eould not be liberated from the complex by the

12



Table 2. Particulate fraction-bound radioactive lipids.

Lipids(6807 cpm) were extracted with a mixture of chloroform
and methanol(2:l) containing authentic lipids from the particulate
fraction-bound radioactive products(see Table 1), followed by lipid
analysis as given under "Materials and Methods". Figures in pa­
rentheses show a percentage.

Lipid

Phosphatidate fraction a)

Monoglyceride

Phosphatidy1ethanolamine

cpm

4110

1574

475

(67)

(25)

( 8)

a) Mixture of phosphatidate and lysophosphatidate: The content of
lysophosphatidate which was analyzed as monoglyceride after dephos­
phorylation[33] was less than 15% relative to phosphatidate.

treatment of EDTA. urea and trypsin(unpublished data). Thus, all the

products by acyl transferase reaction were firmly bound to the

particulate fraction.

Synthesis of Phosphatidylethano~ineand Phosphatidylglycerol from

ParticuU1te Fraction-Bound Phosphatidate.

It is of interest to see that the particulate fraction-bound

phosphatidate-14C can be utilized for the synthesis of phosphatidyl-

ethanolamine and phosphatidylg1ycerol in situ. If the enzymes res-

ponsible for the biosynthesis of phospholipids from phosphatidate

are localized in the particulate fraction-phosphatidate- 14C complex

phosphatidylethanolamine or phosphatidylglycerol will be formed by

the addition of CTP and "either L-serine or sn-glycerol 3-phosphate

13
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Fig.2. Papei' ehioomatography of the deaeyZated pr)oduets.

    The deacylated products from phosphatidylglycerol--IUC(A) and
phosphatidylethanolamine-1"C(B) forrned from the particulate fraction
-bound phosphatidate-14C. Key; 1,glycerophosphorylethanolamine; 2,
glycerophosphorylglycerol; 3,sn-glycerol 3-phosphate.

to the complex. wnen the particulate fraction-phosphatidate-1"C

complex was incubated with CTP and sn-glycerol 3-phosphate, the

formation of radioactive phosphatidylglycerol was observed, which

was confirmed by thin-layer chromatography followed by deacylation

method(Fig.2A). A stoichiometry was observed between the decrease

in radioaetive phosphatidate and the formation of radioaetive phos-

phatidylglycerol(Table 3,Experiment 1). The stimulating factor

14



Table 3. Requtrement for' the synthesis of phosphatidyZgZyeepoZ from

particuZate fraetion-bound phosphatidnte.
     The partieulate fractien•-bound phosphatidate-14C complex or -
bound unlabeled phosphatidate complex whieh was formed in the
presence of labeled or unlabeled sn-glycerol 3-phosphate in the
incubation mtxture of acyltransferase reaction was separated by
sucrose density gradient centrifugation as given under ''Materials
and Methods". The complex obtained as pellet by centrifugation of
the fractions from 6 to 11 (see the legend of Table 1) was suspend-
ed in 10 mlC Tris-HCI buffer,pH7.2, supplemented with 15 rriM MgC12
and 1 mM dithiothreitol at OOC. Complete system contained 33 tnbC
Tris-HCI buffer,pH7.2,15 mM MgC12,1 mh CTP and either, in Experiment
ts.g$.V!,1,g",EglxEeEgi,iE:h?:gBa:e, g?d,;::.:.:'sl:xig:s .fsgc:.:o:[.."

phatidate fraetion) or in Experiment 2, O.1 mM sn-[u-14c]glycerol
3-phosphate(I66000 cpm/nmol) and the particulate fraction-unlabeled
phosphatidate complex (264 vg of protein) in a tota! volume of O.6
ml. Stimulating factor fractton (4 mg of protein) was added to the
reactÅ}on mixture in Experiment 2. The incubation carried out in
duplicate at 370C for 20 min was terminated by the addition of
chloroform and methanol (2:1) followed by analysis of lipid products
as given under "Materials and Methods".

Condition Phosphatidate Phosphattdyl-
fraction glyeerol formed

ExperÅ}ment 1

Complete

Minus CTP

)linus sn-glycerol 3-phosphate

Experiment 2

Complete

Complete plus .stimulating factor

(cpm)

580

906

923

(cpm)

269

 29

 39

 2844

10600

fraction from cell free extracts of E.coZi B stimulated the phos-

phatidylglycerol formation about 4-fold(Table 3,Experiment 2). rn

the case o[ the CTP-dependent synthesis of radioactive phosphatidyl-

15
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Table 4• Requirement for the synthesis of phosphatidyZethanoZcvnane

from particuZate fraetion-bound phosphatidate.

     Complete system contained 33 MM Tris-HCI buffer,pH7.2,IS mM
MgC12, 1 m)C CTP, stimulating faetor fraction (4 mg of protein) and
either, in Experiment 1, 1 rnM L-serine and the particulate fraction
-phosphatidate-lgC complex (320 pg of protein with 1450 cpm in
Phosphatidate fraction) or, in Experiment 2, O.1 TriM DL-[3-IUC]serine
(14230 cpm/n mole of L-serine) and the particulate fraction-unlabel-
ed phosphatidate complex (340 vg of protein) in a final volume of
O.6 ml. The incubation earried out at 37eC for 20 min was temninated
by the addition of chloroform and methanol (2:1) followed by analy-
sis of lipid products as given under ")taterials and Methods".

Condition Phosphatidate
fraction

Phosphatidylethanol-
amine formed

Experiment 1

Complete

O time Åëontrol

Minus L-serine and
        .      stimulating
Minus CTP,L-serine
      stÅ}mulating
Minus CTP,L-serine
      stimulating
      O.5 mh ATP

Experiment 2

Complete

Minus stimulating

Minus CTP

factor
 and
factor
 and
factor plus

factor

(cpm)

 39S

1242

1112

1040

S46

(cpm)

 9Sl

 173

386

3S5

860

2685

 214

  46

ethanolamine which was identified by thin-layer chrornatography

followed by deacylation(Fig.2B), the stimulating factor fraction

was also required, and approxirnately a 16-fold stimulation was ob--

served(rable 4). The addÅ}tion of Na2SOij and octanol which were re-

Perted to be a stin}ulator of phosphatidylserine synthetase[261 to

16



Table 5.Effect of the coneent"ation of sn-gZyeeToZ 3-phosphate and

Lrserine on the synthesis of phosphatidyZglcepoZ and phosphatidyZ-

ethanoZcrmine.

     The O.6 ml incubation mixture contained 33 tnM Tris-HC! buffer,
pH7.2, 15 mM MgC12,1 mM CTP, stimulating factor fraction (4 Eng of
protein), particulate fraction-unlabeled phosphatidate complex(220
                                         3-phosphate (16600 cpm/nmoDvg protein) and eÅ}ther sn-[u-14c]glycerol
or L-[U-1"C]sertne (14230 cpm/nmol) varied as shown. The incubation
carried out 370C for 20 min was terminated by the addition of
chloroform-methanol(2:1) followed by analysis of lipid products as
given under "Materials and Methods".

Substrate Concentration Phosphatidyl-
glycerol fermed

Phosphatidylethanol-
amine formed

6n-Glycerol 3-
     phosphate

L-Serine

(m)()

O.1

O.05

O.Ol

O.I

O.05

O.Ol

(cpm)

10600

 8720

 3800

(epm)

1635

1130

 457

the complete system, however, inhibited the fonnation of phos-

phatidylethanolamine about 80Z (data not shown). On the other hand,

to explain the occurrenee of radioacttve phosphatidylethanolamine
                                                            .
in the absenee of CTP(Table 2), the possibility was investigated

             'that the parttculate fraetion-bound phosphatidate could be used as

a substrate for an exchange reaetion between the radioactive moiety

of the particulate fraction-bound phosphatidate-lhC and endogenous

phosphatidYlethanolamÅ}ne.' The exchange reaction was observed to be

17



Table 6. E{eat-stabiZity ofstinnzZating facto?s.

     Stimulating factor fraction was boiled as described under
"1![aterials and Methods''. The O.6 ml incubation mixture contained 33
mM Tris-HCI buffer,pH7.2, 15 mM MgC12,1 TnM CTP, particulate fraction-
unlabeled phosphatidic acid complex(240 vg protein), stimulating
factor fractton(native, 4 mg ; boi:ed, 720 vg) and either in
Experiment 1, O.1 rnM sn-[U-1ljC]glycerol 3-phosphate(16600 cpm/nmol),
or in Expertment 2, O.1 m"C L-[U-1"C]serine(r4230                                                 cpm/nmol). The
tncubation carrted out at 370C for 20 min was terminated by the
additien of ehloroform-methanol(2:1) followed by analysis of lipid
products as given under "1taterials and Methods".

Stimulating factor
   fraetion

Phosphatidylglycerol
formed

PhosphatidylethanolamÅ}ne
formed

Experiment 1

Untreated

Botled

'Experiment 2

Untreated

Boiled

(cpm)

12860

13170

(cpm)

1915

 762

stimulated by ATP(Table 4) as will be deseribed in a subsequent

Chapter V. The effect of the concentration of sn-glycerol 3-phesphate

and L-serine on the synthesis of phosphatidylglycerol and phos-

phattdylethanolamine was determined as shown in Table 5. The Ktn6 ef

sn-glyeerol 3-phosphate and L--serine were 25 and 50 vM, respectively.•

     As may be seen from Table 6, the stimulating factor for the

formation of phosphatidylethanolamine was heat-labile, while the

stimulating faetor for phosphatidylglycerol formation was completely

heat-stable. These results suggest that the biosynthesis of

18
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maxture of phosphoZipid produets•

     The partÅ}culate fraetion-unlabeled phosphatidate complex was
prepared as described in the legend of Table 3. (A):absorbance at
280 nm of partieulate fraction-phosphatidate eompiex,245 ug of pro-
tein,(e) and 1 min heated stimulating factor fraction,920 vg of
protein,("). (B) and (C): the 1 ml reaction mixture centained 33 mM
Tris-HCI buffer,pH7.2,15 m)C MgC12,1 mM CTP,particulate fraction-
unlabeled phosphatidate complex(24S ug protein), 1 min heated stimu-
lating factor fraction(920 ug protein), and either (B),O.1 uiM sn-
[U-14C]glycerol 3-phosphate(16600 cpm/nmol),or (C),O.1 mM L--[U-1"C]
serine(14230 cpmlnmol): (e),absorbance and (o),radioactivity. The
mixture was incubated at 370C for 20 mtn. After cooling the radio-
activity apd protein was analyzed by sucrese density gradient een-
trifugatioti. RadioacttvÅ}ty was detennined by paper disk method.
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phosphatidylethanolamine and phosphatidylglycerol in a particu!ate

enzyrne system is controled by at least two different soluble faetors.

Par'ticulate F"action-Bound PhosphoZipid Pr7oducts

     An attempt was made to examine whether the lipid products were

bound to the particulate fraction. An incubation mixtllre eontaining

phosphatidylglycerol-1ijC synthesized from the particulate fraction-

bound phosphatidate and 6n-[U-14C]glycerol 3-phosphate was fraction-

ated by sucrose density gradtent eentrifugation. As is shown in Fig.

3B, the radioactivtty was eoincident with the peak of the particulate

materÅ}al. Similarly, tn the case of phosphatidylethanolamine-14C

formatton, the radioactive product was bound to the partieulate ma-

terial(Fig.3C). Since the radioactivity found tn the top fraction

(Fig.3C) whieh was precipitated on paper disks by trichloroacetic

acid could not be extraeted by chloroform and methanol, this may be

a case that DL-[U-14C]sertne was incorporated into eompound other

than lipids•

DrscussroN

     Kaback and Stadman suggested that the membrane may be the site

at which phospholipÅ}d biesynthesis take place in the intaet cellll].

The enzymes responsibZe for the biosynthesis of phosphatidylglycerol

and phosphatidylethanolamtne from sn-glycerol 3-phosphate and fatty
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aeyl-CoA were found to be localized in a particulate fraction.

The synthesis of phospholipids from phosphatidate may proceed in a

parttculate phospholipid synthesizing system through the formation

of phospholipid intermediates, and the final produets remained

bound to the particulate material, while sn-glycerol 3-phosphate,

                           '                                                                 ,the first phospholipid intermediate in lipid synthesis, is formed

by a soluble enzyme[5S-56].

     The soluble factors which stimulate the forination of phosphati-

dylethanolamine and phosphatidylglycerol independently appear to

contribute to the eontrol of membrane lipid composition. Purification

and characterization of the factors to elucidate their function on

 the particulate enzyme system will be described in the folloWing '

Chapter.
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                          Chapter II

     Partictpation of Soluble Phosphatidylserine Synthetase in
                                                                 d)Phosphatidylethanolamine Biosynthesis in Esehepichia coZi Membrane

     Differences in the fatty acid composition among phospholtpid

specÅ}es of E6cheriehia eoZi [19-21,c] suggest a complicated mechanism

for the biosynthesis of phospholipid molecular species. With

respeet to the polar head group, however, the pathway for the syn-

thesis of phosphatidylethanolamine and phosphattdylglycerol has been

well established[26,32,40-42]. The enzymes responsible for their

biosyntheses are localized in the cytoplasmic membrane[27-28,b] with

the exception of phosphatidylserine synthetase which was descrÅ}bed

to occur in a soluble and a ribosome-bound forTns[S7]. In order to

understand the mechanism by which the respective phospholipids are

synthesized from the key intermediate, phosphatidie acid, Å}t would

be necessary to investÅ}gate mutual Å}nteraction of those enzyTnes in

the membrane. Thts Chapter deals wÅ}th the purificatÅ}on of soluble

phosphatidylserine synthetase and itsparticipation tn the system of

the phosphatidylethanolamine biosynthesis in the membrane.

MAITERIALS AND METHODS

Assay ef PhosphatidyZBerine Synthetase and PhosphatidyZgZyeero -

phosphate Synthetase.

22
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     The standard assay contained 33 mM potassium phosphate buffer,

pH7.2, l5 rnM MgC12, O.11 mM L-[U-14C]serine (7900 cpm/nmol), 1.5 mM

CDP-diolein (Serdary), O.1"1. Cutseum and approprtate amounts of

enzyTne for the assay of phosphatidylserine synthetase. sn-[U-lgc]

Glycerol 3-phosphate (8300 cpm/nmol) was substituted for L-[u-14c]

serine for the assay of phosphatidylglyce rophosphate synthetase.

The volume of the incubation was O.6 ml. The reaction was allowed to

proeeed for 10 min at 37eC and terminated by the addition of 15 ml

chloroform-methanoi (2:l v/v) and 100 vg phosphatidylserine (Cal-

biochem). After being washed twice with 30 ul 2M KCI(pH2.0) and water,

chloroform layer was transferred to a seintillation vial and dried

under nitrogen, The radioactivity was measured in toluene scintilla-

tion on a Packard liquid-scintillation eounter. A unit of activity

is defined as the amount of enzyme which forms 1 nmole of product

per mln.

Ptt?ifieation of SoZzthZe PhosphatidyZsenine Synthetase.

     E.coZt B was grown under the conditions as described by Kito et

aZ.[32] and harvested during the middle exponential growth phase• 60

 g wet weight cells was suspended in 360 ml of 10 m)tt potassium phosph-

 ate buffer, pH7.2, containing 5 TnM dithiothreitol and cells were dis-

 rupted at OOC with a sonieator, Kaijo Denki T-A-4201,(20 KHz) for 25

 min. cell debris was removed by centrifugation for 45 rnin at l3000g
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(all procedures were performed at O-50C). The supernatant fluid was

stirred for 30 min after the addition of 10mM Tris-HC]. buffer,pH&1,

and S mr( EDTA. Solid ammonium sulfate was added to the solution to

gtve a final eoncentratien of 507.. The precipitated material was

removed from the armonium sulfate solution by centrtfugation for 20

mtn at 13000g. The precipitate was dissolved in 130 rn1 of ZO mM Trts-

HCI buffer, pH8.1, containig 1 mld EDTA and O.5 mM dithiothreitol,and

dialyzed against the same buffer. To the dialyzed solution (175 ml)

SO mM MgC12 was added. After incubation for 20 min at 25eC, the

suspension was centrifuged for 35 min at 13000g. Approx. 60Z of the

total phosphatidylserine synthetase activity and most of the phospha-

 tidylglycerophosphate synthetase activity were found in the preci-

pitate wtth MgC12• The supernatant fluid containing the rest of the

enzyme activity was dialyzed against 50 mM potassium phosphate buffer,

pH7.2,containing O.S mM dithiothreitol (buffer' A), and then applied

to a column of DEAE-Sephadex A-SO, 2.6 x 100 cm, eontatning 17g Å}on-

exchange Sephadex prevtously equilÅ}brated with buffer A. After

washing with a column volume of buffer A containing O.OSM NaCl(500rnl),

the chromategram was developed with a 2000 ml linear gradient of

NaCl rangÅ}ng from O.OS to O.3M. The fraction (9S-11S) containing the

enzyme wtth high speeific activÅ}ty were collected (Fig.4A) and dialyz'

 ed against buffer A. rhe protein solution was placed on a eolumn of

DEAE-Sephadex, 1.5 x 30 em. rhe eolum was developed with a 1200 ml

linear gradtent of NaCl frcrm O.05 to O.18M. The elutian profile was

                                24



-.
v

E
6
ge

q

l.5

O,5

z
a2
o.1

z
a2
O.1

o

                      ig

                   i..tLtth.

                      ts:,•

                       O-Bq=
                    50 S' .-.
                       .g,r

                       ro -                       ae                       -=                        --                       p-1co1lo t2c) mo itrc) lso loo O gr. " ii'

i.

                       M cr-                       m tu                       NA                       .                       co                       OT v                       re -                       'F'R
                       -

 so 60 ro 80

Tube number

20

10

o

Fig. 4. DEAE-Sephadex chromatography of soZzzbZe phosphatidyZse?ine

synthetase.
     (A) First, (B) second DEAE-Sephadex chromatography. Each tube
contatned 9 ml. Standard assay conditions were used. Phosphatidyl-
serine synthetase (o); phosphatidylethanolamine formation in the
membrane-phosphatidic acid complex (A); absorbance at 280 nm (e);
NaCl concentration (--)
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 shown in Fig.4B. !rhe enzyne activity beeame unstable in a dilute

 salt solution after DEAE-+Sephadex treatments. Attempts to stabilize

 the enzyme perfeetly were unsuecessful. The specifie activities

obtained by first and second DEAE-Sephadex chromatograms were 8.4

and 5.1 Ulmg protein. The recovery of the total acttvity was 9.7Z.

RibosomaZ PIzosphaticigZsertne Synthetase• '
     E.eoZi B eells (3g wet wt) harvested during the niddle

exponential growth phase were sonieally disrupted with 25 rnl of 10

rn)C Tris-HCI buffer, pH8.1, containing 10 m)( MgC12 and 60 rnrC KCI. The

extracts were centrifuged for 30 min at 30000g 15 min after being

ineubated with beef pancreas DNAase (4 pg proteinlml) for 15 min at

leC. Then, supernatant was centrifuged for 120 min at 158000g. The

rtbosomal pellet (ratio of absorbance 235 nm/260 nm = O.57) was

suspended in the same buffer as above. The phosphatidylserine synthe-

tase aetivity of this preparation was 13.S U/mg protein.

Menzbrane-PhoBphatidic Aeid CompZec.

     The membrane-phogphattd'ic aetd complex whose phosphatidic acid

h.ad been enzymattcally synthesized in situ from sn-glyceroZ 3-phos-

phate and palmitoyl-CoA was prepared as described in the preceding

Chapter. he incubation mixture contained 50 mM Tris-HCI buffer, pH

7•2, 15 uibC MgC12, 1 tubl sn-glycerol 3-phosphate, O.14 irthI palmitoyl-CoA

                               26



6mM dithiothreitol and E.eoZi B membrane particulate fraction[32,36]

tn a final volume of 1 ml. The incubation was run at 370C, and 5 min

after its incubation a further O.12 u[M palmLtoyl-CoA was added. The

incubation proceeded fer additional S min and terminated by cooling

tn an ice bath. The reaction mixture waslayered on 29 ml of a 10 to

407. sucrose density gradient made up in 10 mb( Tris-HCI buffer, pH8.1,

10 mh MgC12 and 1 mM dithiothreitol at 10C. The gradients were eentri•-

fuged for 10 min at ISOOOg and then 1 ml fractions were eollected

with. an ISCO model 180 density-gradient fractionator. The fractions

of protein peak of whieh profile was the same as the precedtng Chapter

were collected, dtluted with the same buffer as above to reduee

sucrose concentration and centrifuged for 60 min at 15000g. The

membrane-phosphatidic acid eomplex obtained as pellet was suspended

in the same buffer.

Assay of PhosphaticigZethanoZamine Synthesis from Menthrane-Boznzd

Phosphatidie Acid.

     The standard assay contained 33 mM potassium phosphate buffer,

pH 7•2, 15 mM MgC12, 1 rnM CTP, O.11 mM L-[U-14C]serine (7900 cpm/nmol),

soluble phosphatidylserine synthetase and membrane-phosphatidic acid

complex (228 pg protein) in a final volume of O.6 ml. The incubation

carried out for 10 min at 370C was terminated by the addition of 15
             '              'Ml chloroform and methanol(2il,v/v) and 200 vg phosphatidylethanol-

                                                     '
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 amine (Sigma) and 100 vg phosphatidylserine. After being washed

 twice with 30 ml of 2M KCI and water, chloroform layer was dried

under nitrogen. The radioactive lipids were separated by thin-layer

chromatography on plates of sUica gel (Merek,Art S721) with the

solvent of chloroform-methanol-aeetic acid (6S:25:8) or chloroform-

methanol-7N arnrnonia (60:35:S). The lipids were located by iodine

vapour and the appropriate areas were scraped from the plates. The

radioactivity was measured by suspending the scrapings into to!uene

scintillatlon solution.

Suero6e-Density-GradienÅ} Cent?ifugation•

     Samples (1 ml) te examine associatien of soluble phosphatidyl-

serine synthetase to the membrane-phosphatidic acid complex layered

on 29 ul of a linear sucrose density gradient, which was formed from

10-40Z suerose and contained 10 ni)d Tris-HCI buffer, pH8.1, and 1 m)(

dithtothreitol. The gradients were centrtfuged for 20min at ISOOOg,

and then 1.4 ul fractions were collected with an ISCO model 180

dehsity gradient fractionator.

Petemincttton of Protein.

     Protein was determined by the method of Lowry et aZ.[49].Bovine

serum albumin was used as standard.
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RESULTS

SoZithZe Phosphatid2IZserine Synthetase Reaction.

     Soluble phosphatidylsertne synthetase was found to catalyze the

reaction to produce phosphatidylserine from CDP-diolein and L-

serine (data not shown). JOn for L-serine was 150 pM. The nonionic

detergent Cutscum activated the enzyTne greatly as described by Kanfer

and Kennedy[26] and was added to the standard assay mtxture. No

phosphatidylglyeerophosphate was formed by substitution of L-[U-1"C]

serine for sn-[U-14C]glycerol 3-phosphate.

Effeet of SoZubZe PhosphatidyZseT'ine Synthetase on the Pho6phatidyZ-

ethanoZa7nine Synthesis in the Membrane-Phosphatidic Acid CompZex. -

     As described in the preceding Chapter,phosphaitic acid formed

enzymatically from palmitoyl-CoA and sn-glycerol 3-phosphate remained

associated with the membrane (membrane-phosphatidic acid complex).

The formation of membrane phosphatidylethanolamine with a eorrespond-

ing decrease in the amount of phosphatidic acid of the membrane-

phosphatidic acid complex was proved te proceed in the presence of

CTP, L-serÅ}ne and soluble factor[Chapter I] similarly to the evidence

by Thomas et aZ.[291' (scheme 1). It was apparent in the elution profile

shown in Fig.4B that the peak of this soluble factor coincided with

that of soluble phosphatidylserine synthetase. As is shown Å}n Ftg.S,

             -                           '
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                          Phosphatidic acid

                                    CTP
                           CDP-diglyceride

                                    L-serine
                          Phosphatidylserine

                        Phosphatidylethanolamine
Seheme 1.Pathway of biosynthests of phosphatidyZethanoZcunine.

soluble phosphatidylserine synthetase increased the phosphatidYl-

ethanolamine synthesis from the membrane-bound phosphatidic acid.

Such a requirement of the soluble enzyme suggests the removal of

 this enzyme from the membrane-phosphatidic acid complex during pre-

paration of this complex. lrhe formation of small amounts of phos-

'phatidylethanolamine without the addition of the soluble enzyrne may

be due to endogepous phosphattdylserine synthetase activity which

will be described tn the subsequent section. As descrtbed in "

Materials and Methods", approx. 60Z of total phosphatidylsertne

synthetase activity was precipÅ}tated with MgC12 during puriftcatton•

However, this fraction was less effective to the phosphatidylethanol-

 amine formation than the soluble enzyme, since only O.14 nmole phos-

 phatidylethanolamine per ml was found to be formed by the addition

 o.f i.7 units of this enzyne activity compared wi.th that by the

 soluble enzyme (Fig.5)

Effect of RibosomaZ IZhosphatidleIZse2eine Synthetase on the
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Fig. 5. Effeet of soZubZe phosphatidyZsernne synthetase on phes-
phatidylethctnoZanrine synthesis in the menthrune-phosphatidic aeid compZex•

     Standard assay conditions were used except that the amounts of
the enzyme were varied as shown.

ethanoZamine Synthesis in the Membrane-Phosphatidie Aedd CompZex.

     The rÅ}bosomal phosphatidylserine synthetase was feund to have

a JOn of 150 vM for L-serine which is the same as that of the soluble

enzyrne. A requirement of ribosomal enzyme for the phosphatidyl-

ethanolamine synthesis in the membrane-phosphatidic acid complex

was exarnined. As is shown in Table 7, the amounts of phosphatidyl--

ethanolamine formed in the presence of the ribosomal enzyne was 8 to

ISZ of those formed Å}n the presence of the soluble enzyme. The
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Table 7. Requirements of soZubZe and ribosomaZ phosphatidyZsertne

synthetase for phosphaticigZethanoZcvnine synthesis.

     The phosphatidylethanolamine synthesis in the membrane-
PhOsphatidie acid complex was detennined under the standard condi--
tions except that various enzyne preparations were used. Figures in
parentheses are shown by subtracting the values obtained with no
addition of the enzymes.

Addition of phosphati-
dylserine synthetase

Phosphatidylethanol-
amine formed

None

Soluble enzyme

Ribosomal enzyme

U

O.92

1.84

O.92

1.8S

Soluble enzyme plus
  ribosomal enzyme O.92 + O.92

nmo1

O.190(O)

O.598(O.408)

O.707(O.517)

O.222(O.032)

O.266(O.076)

O.407(O.217)

phosphatidylethanolamine synthesis was approx. 50Z inhibited by the

addition of the ribosomal enzyme to the soluble enzyme. TThe inhi-

bition can be acceunted for a decrease in the amounts of the soluble

enzyme by its binding to ribosomes rather than by the presenee of

tnhÅ}bitors in•the ribosome preparation(Table 8). Henee, the soluble

enzyme appears to partieipate in the biosynthesis of phosphatidyl-

ethanolamine tn the membrane.

'Assoofation of SoZubZe PhosphatidlfZser"ine Syntheta'se to the

-?hosphatidic Acid CompZex.

Membrctne
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Table 8• BincZing of soZubZe phosphatidyZser,ine synthetase to pibosomes.

     After miximg 23.5 U solubZe phosphatidylserine synthetase and
ribosomes, 2.2 mg protein, with 29.7 U enzyme activity in 6 ml of
10 iiiM potassium phosphate buffer, pH7.2, the mixpure was centrifuged
for 120 min at 158000g to separate the soluble and ribosomal enzynes
after incubation for 30 min at 50C. The enzyme activities were
deter"mined under the standard assay conditions.

Phosphatidylserine
   synthetase

Enzyme activity

before mixing mixture after centrifugation

Ulml

Soluble enzyme

Ribosomal enzyme

3.92

4.94
8.87

1.47

6.70

     Association of soluble phosphatidylserine synthetase to the

membrane•-phosphatidic aeid complex was examined by sucrose density-

gradient centrifugation. The sedimentation profile of the membrane-

phosphatÅ}dic aeid complex indicates the presence of small ainounts

ef endogenous phosphatidylserine synthetase activity which was

firmly bound to the membrane and gradualiy being released(Fig.6A).

It is uncertain whether this activity is inherent or an artifact

arisÅ}ng during preparation of the membrane-phosphatidic acÅ}d complex.

The soluble enzyme appears to be loosely associated with the

               'membrane, since trailing peak of the enzyme activity was observed

during sedimentation(Fig•6B)•
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Pig. 6. Association of soZubZe phosphatidyZ6erine synthetase with
the menthrane-phosphatidie aofd eompZex.

     (A) rhe membrane-phosphatidÅ}c acid complex, 2.9 mg protein.
(B) The membrane--phosphatidic acid complex, 2.9 mg pretein, 33 mM
potassiun phosphate buffer,pH7.2, 5 niM MgC12 and 12 U soluble phos-
phatidylserine synthet' ase tn a final volume of 1.S ni were incubated
for 1 min at 370C,then eooled tn ice bath and applied to a sucrose
density gradient as under "Materials and Methods". After centri-
fugation, 1.4 ul fractions were collected. Standard assay conditÅ}ons
were used. Phesphatidylserine synthetase activity (o) and absorbance
at 280 nm. (e)
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                  Cytoplasm Membrane
                                    Phosphatidic
                                        acid

                                    CDP-diglyeeride
                Phosphatidylsertne
                     nthetase
                                    Phospfiatidyl--
                                        serme

                      L Phosphatidyl-
                                    ethanolamine

scheme 2. PaTticipation of soZubZe pho6phatidyZse7ine synthetase

in the phosphatid9ZethanoZamine synthesis in the membrane.

DISCUSSION

     Kanfer and Kennedy have found phosphatidylserine synthetase

 tn the extracts of E.coZi B[261, and very low activities of this

enzytne have been observed in the membrane[27-28]. Raetz and Kennedy

have described a large portion of the enzyme activity is firmly

 associated with ribosomes[57]. In our experiments, approx.607. of

 the total phosphatidylserine synthetase actÅ}vity was precipitated

with MgC12, and the rest was obtained in a soluble form. However,

 the soluble enzyme was found to act more bffectively with regard to

 the phosphatidylethanolamine synthesis from the membrane-bound

 phosphatidic acid via CDP-diglyceride than the ribosomal enzyne.

 Phosphatidylserine synthetase hypersensitive to temperature has

 been found in a mutant therEnosensitive for the synthesis of phos-

 phatidylethanolqmine[e]. Hence, this enzyne may be a peripheral
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protein[48] and partieipate in the phosphatidylethanolamine

synthesis in E,eoZi(Scheme 2).

     rt has becorne apparent that the soluble enzyme tends to

bound to rtbosomes. Nevertheless, the role bf the ribosomal

   'renains obscure. •
                                            .

 be

enzyme
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                         Chapter III

Regulatory Effects of Phospholipids on Seluble Phosphatidy!serine

synthetase of Escheriehia cozE'h)

      Phosphatidylsertne synthetase occurs in a soluble form and

participates in the biosynthesis of phosphatidylethanolamine by its

 association with the membrane of Eseher.iehia eoZi as described in

 Chapter rl. However, the other enzymes responsible for the biosynthe-

  sis of phospholipids are firmly bound to the membrane[27-28,b]. It

 was thought of interest to see how the soluble enzyne functions in

 the membrane. From the viewpoint of lipid metabolism in the membrane,

 the soluble enzyne was assumed to regulate the phosphatidylethanol- '

 amine synthesis in unique fashion. The effects of rnajor phospholipid

 elasses of Eschernehia coZi membrane on the kinetic parameters of the

 soluble enzyTne are described in this Chapter.

 MATERIALS AND l,fiiTHODS

 Reagents.

      CDP-diolein, CDP-dipalmitin, phosphatidylethanolamine, phospha-

 tidylglycerol, phosphatidylserine and cardiolipin were the products

 of Serdary Research Lab. PalTaitic and eis-vaccenic acids were purch-

                                                                ' ased from Applied Science Lab. Linoleic acid was the product of
               .                             '
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Nutritional Biochemical Corp, L-[U-1"C]Serine and L-[3-1"C]serine

were purehased from the Radiochemical Center. Silica gel TLC plates

(Art S721) were the products of Merck.

SoZubZe PhosphatidyZser'ine Synthetase.

     Soluble phosphatidylserine synthetase was purified from E.eoZi

B aecording to the method described in Chapter II. Enzyme unit was

defined as Chapter lr.

Membrane-Phosphatidie Aeid CompZex.
         '
     The membrane-bound phosphatidic acid which had been synthesized

from sn-glycerol 3-phosphate and palmitoyl-CoA with the isolate

membrane of E.eoZi B was prepared as Chapter II.

 A6say of PhosphatidyZse?ine Syntheta6e.

      The reactton mixture contained 33 rrtiM potassium phosphate buffer, '

 pH7.2, 15 nib( MgC12, O.11 rriM L-[U-1UC]serine (11455 cpmlnmol),1•5 mM

 CDP-diolein and an appropriate amount of soluble phosphatÅ}dylserine

 synthetase in a volume of O.6 ml. Prior to initiatÅ}on of the reaction

 by the addition of CDP-diolein, the mixture was incubated for 1 uln
                               '. at 37eC. The reactton was allowed to proceed fer 10 min at 37eC and

 terminated by the addition of chloroform.methanol(2:1) and 200 vg

 phosphatidylserine. After being washed twice with 30 rn1 2M KCI,pH2•O,
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and distilled water, chloroform layer was dried under nitrogen and

separated by thin-layer chrornatography with the solvent of chloroform

-methanol-acetic acid(65:25:8). The area of phosphatidylserine was

scraped and transferred to a seintillation vial.

Prepapation of Lipid Disper,sion•

     Phospholipids suspended in 83 mM potassium phosphate buffer,pH

7.2, and fatty acid in distilled water at concentrations of O.-257.

were sonieated for 3 min with a sonicator, Kaijo Denki TA-4201(20 KHI)

by cooling in an ice bath.

AnaZytieal Methods.
  '     Protein was determined by the method of Lbwry et aZ[49]. Bovine

serum albumin was used as standard. Radioactivity was measured in the

toluene scÅ}ntillation solution on aPackard liquidrseintillationcounter.

RESULTS

Forenation of MentbTane-Bound CDP-digZycer,ide fpom Mernbrctne-Bound

Phosphatidie Acid.

     All of the reaction steps for the biosynthesis of phosphatidyl-

ethanolamine from phosphatidic acid were assumed to proceed in the

rnembrane[27--28,b]. Hence, soluble phosphatidylserine synthetase may

act on membrane-6'ound cDp-diglyÅëeride and free L-serine to form
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Fig. 7. FoTmiation ofCDP-degZyeeride frommembrane-boundphosphattdic

aeld.

     The reaction mixture contained 33 mM potassiurn phosphate buffer,
pH7•2, 15 iriM MgC12, 13 nmoles [U-14C]CTP(370 uCilvmol) and membrane-
phosphatidic aeid complex(1.35 mg protein) in a volume of 1 ml. The
reaetion was carried out for 2 min at 370C and termtnated by the
addition of IS ml chlo:oform-tnethanol(2:1,v!v) and 30 mg CDP-di•-
palmitin. After being washed with 30 ml water,pHl.S, and twice with
distUled water, chloroform layer to whieh 15 ml methanol and 4.5 ml
water had been added was applied to a column of DEAE-cellulose (
aCetate form), 1.5 x 30 cm, containing 7g ion-exchange eellulose in
chloroforrn-methanol-water(2:3:1). The chromatogram was developed
With a 500 ml linear gradtent of ammonium acetate, pH7•4,ranging
from O to O.2 rriM. Absorbance at 271 nm(e),radioactivity(o).

phgsphatidylserine in the membrane. :t was examined whether membrane-

bound CDP-diglyeeride was formed from membrane-bound phosphatidic

acid and CTP by membrane-bound phosphatidate cytidyltransferase[27-

28].
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Table 9. Fownation of membrane-bound CPP-digZyceride from membrane

-bound phosphatidic aetd.

     The reaction was perfor"med under the eonditions similar to
those described in Fig.7. The reaction was terminated in an ice bath
and eentrifuged for 4 min at O"C at 150000g. Fifteen ml chloroform-
methanol(2:1) and 20 mg CDP-diglyceride were added to supernatant
and pellet fractions. After being washed with 30 ml water,pHl.5,
and distilled water, chloroform layer was dried up under nÅ}trogen
and separated by thin-layer chromategraphy with solvent of diiso-
butylketene-acetic acid-water(40:30:7). The area of CDP-digiyceride
was scraped and transferred to a scintillation vial.

Fractions CDP-diglyceride

Supernatant

Pellet

(cpm)

   96

 2768

    Membrane-phosphatidic acid eomplex and [U-lgC]CTP were incubated

                                                                     '
for 2 min at 37"C and terminated with chloroform-methanol(2:1,v/v),

and the chloroforTn layer was washed with water,pHl.S, and distilled

water. Radioactive produets were co-chromatographed with cold CDP-

dipalmitin on DEAE-cellulose at pH7.4 with a linear salt gradient

according to Raetz and Kennedy[60]. As shown in Fig.7, the radio-

active lipid was eluted in the identical fractions to the peak (ab-

sorbance at 271 nm) of the carrier CDP-dipalmitin. Then, the peak

fractions(31-41) were collected, dried up and separated by thin-

layer chromatography with the solvent of diisobutylketone-acetie aeid

-water(40;30:7,by vol). The radioactivity was found to coincide in

position with CDP-dipalmitin. On the other hand, the reaction mixture

containing membrane-phosphatidic acid complex and [u--1"c]cTp
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 was centrtfuged for 4 min at OOC at 150000g after incubation for 2

 min at 370C, and separated to supernatant and pellet. The radioactive

 CDP-diglyceride was found to be localized in the pellet fraction (

 Table 9). Henee, CDP-dig!yceride which had been formed from membrane

 -bound phosphattdic acid and CTP were proved to be firmly bound to

 the menbrane. Membrane-bound CDP-diglyceride was used as the sub-

 strate of soluble phospEatidylserine synthetase, whieh will be

 described in the subsequent section.
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and dried.

Klrn for L-Ser)ine.

                                                                .     When free CDP-diglyceride was used as an acceptor of L-serme

to produce phosphatidylserine, Kni of soluble phosphatidylserÅ}ne

synthetase for L-sertne was described to be ISO vM in the presence
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of detergent Cutscum [Chapter II], which is S-fold lower than that

obtained with crllde enzyme[26]. In the absence of Cutscum, Km for

L-seine was found to be 85 vM(Fig. 8). However, when membrane-

bound CDP-diglyceride was substituted for free CDP-diglyceride, K)n

for L-serine was 27 vM(Fig. 9). From the evidence that Km for L-

serine tn the presenee of membrane-bound CDP-diglyeeride was lowered

3-fold than that in the presence of free CDP--diglyceride, it is

suggested that ehanges in the conformation of soluble phosphatidyl-

serine synthetase may be eaused by its association with the membrane

to utilize membrane-bound CDP-diglyceride.

Effeets of PhosphoZipids on SoZubZe PhosphatidyZserine Synthetase.

     Association of soluble phosphatidylserine syntheta$e with

membrane as described in Chapte ZI may raise a possibility that

membrane phospholipids interact with the soluble enzyne. Effects of

phosphatidylethanolamine, phosphatidylglycerol and cardiolipin, the

major classes of the phospholipids of E.eoZi. on the soluble enzyne

were examined in the presence of free CDP-diglyceride.

     Tn the presence of Cutseum, phospholipids behaved more or less

inhibitory to the enzyme(Table 10). The enzyme may be affected by a

mixed micelle of Cutscum and individual phospholipids, sinee differ-

ent modes of the effeets were observed in the absenee of Cutscum-

As shown tn Fig. 8, cardiolipin activated the enzyme and lowered KM
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Table 10. Effects of phosphoZipads on soZithZe phosphatidyZse?ine

synthetase with or without Cutseurn.

     The reaction was performed under the assay conditions except
that phospholipids andCutscum wereadded atconcentration of O.17..

Addition Phosphatidylserine formed

with Cutscum without Cutscum

None

Phosphatidylethanolamine

Phosphatidylglycerol

Cardiolipin

18.04

12.66

 5.14

 5.29

nmoles/ml

       1.67

       2.47

       O.55

       4.32

for L-serine 85 uM to 29 vM. Phosphatidylethanolamine slightly acti-

                                                              ,vated the enzyme and decreased Km from 85 pM to 25 vM. However, in

the presence of phosphatidylglycerol, the enzyrne was strongly in-

hibited, and KM for L-serine was 50 UM. Phosphatidylserine exhibÅ}ted

no effect. Though the assays were performed with preincubation of

the enzyme and individual phospholipids for 1 min, similar results

were obtained without preincubation.

     As shown in Table 11, the compounds which constitute hydrophilic

rnoieties of phospholipids sueh as glycerol, sn-glycerol 3-phosphate

and ethanolamine showed essentially no effect at the concentrations

similar to those of phospholipids used. The enzyne was slightly

aetivated by unsaturated fatty acids•
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Table 11. Effect of varieus compounds on soZubZe phosphatidyZseyine

synthetase.

     The reaction was performed under the assay conditions except
that various compounds were added at concentrations of 1.3 ymoleslml.

Additions Phosphatidylserine formed

None

Ethanolamine

Glyeerol

sn-Glycerol 3-phosphate

Palmitlc acid

cis-Vaccentc acid

Linoleic acid

(nmoles/ml)

2.15

1.98

2.19

1.63

1.98

3.08

3.6S

Pesensitigation of Pho6phoZipicZs Effects by Heat Treatment.

     It was examined whether the effects of phospholipids were

caused by their binding to the soluble enzyme.

     The enzyme was completely desensitized by treatment for 5 mÅ}n

at 400C against the effeets of eardiolÅ}pin and phosphatidylethanol-

aulne without loss of the activity (Table 12). Phosphatidylglycerol

may bind to the different site on the enzyme from those for eardio-

lipin and phosphatidylethanolamine, since heat treatment failed to

change the phosphatidylglycerol effect. The enzyme was cornpletely

tnactivated by treatuent for 5 min at 500C, while the erude enzyme

was rather stable at least for 30 min at 37eC[e].
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Table 12. Desensiti2ation of phosphoZipids effects by heat tiaeat7nent.

     The mixture containing 50 mM potassium phosphate buffer, pH7.2,
91 rb)C MgC12,O.5 mM dithiothreitol and soluble phosphatidylserine
synthetase(9.1 untts) in a volume of 1 ml was ineubated for 5 min
at 400C. The reaction was carried out under the assay conditions
except that the enzyne treated as above was used, and that phospho-
lipids were added at a concentration of O.17.. The activity obtained
in the absence of phospholipids without heat treatment was regarded as
10o"!..

Heat treatment Addition Phosphatidylserine
formed

Activity

O min

5 min

None

Cardiolipin

Phosphatidyl-
ethanolamine

Phosphatidyl-
glycerol

None

Cardiolipin

Phosphatidyl-
ethano1amine

Phosphatidyl-
glycerol

(nmoles/ml)

 2.08

 S.67

 3.08

 O.59

 1.62

 2.04

 1.98

 O.37

%

100

273

148

 28

 78

 98

 95

 18

DrscussloN

     Detergent Cutscum which has been used as an activator for the

assay of phosphatidylserine synthetase[26] was found to increased

Kin for L-serine. Hence, the results obtained in the absence of

Cutscum appear to be worthwhile to describe natural properties of

the enzyme.
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     Soluble phosphatidylserine synthetase do.es not require phospho-

lipids for Å}ts activity, but appears to require them for its func--

tioning on the phosphatidylethanolamine biosynthesis. From the

evidence that 10n for L-serine in the presence of free CDP-diglyceride

with the coexistence of either phosphatidylethanolamine or cardio-

lipin was e.ompatible with that in the presenee of membrane-bound

CDP-diglyceride, it is strongly suggested that those phospholipid

species may alter the conformation of the soluble enzyme after its

associatton with the membrane.

     An intracellular L-serine concentration has been described to

be 80-90 uM in E.eoZi[61], which may saturate the soluble enzyme

assoeiated with the membrane(Klrn, 27 pM). On the other hand, KM of

the enzyme in the free state was 85 yM and decreased to 25-29 vM in

the presenee of phosphatidylethanolamine and cardiolipin. Such

changes in Klrn values are assumed to bear a close relationship to

the pool size L-serine.

     Effects of phospholipid species on the' soluble enzyrne may depend

on their polar head groups, since no felationship was observed

between fatty aeid compositions of phospholipid species and either

activation or inbibition of the enzyme(rable 13). The individual

eompounds corresponding to the polar head groups or hydroearbon

chains of phospholtpids shpwed essentially no effeet on the soluble
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Table 13. Fatby aeid eomposition of phosphoZipid speeies used.

     Fatty acid composition was determined by the method of Kito et
aZ. [20]. Values are expressed as weight percentage of total fatty acids.

Fatty acids Phosphatidyl- Phosphatidyl- Cardio- Phosphatidyl-
ethanolamine glyeerol lipin serine

Myristic acid 5
Palmitic acid 52
Palmitoleic acid !4

eis-9,10-Methy-
 lenehexadeca- 8
 noie acid

Stearic acid trace
                  rkOleic actd 13
Linoleic acid

Unknown 8

traee

34

trace

14

29

20

 3

trace

1

2

1

8

85

3

trace
2

62

33

3

*cis-Vaccenic acid

enzyme. Thus, the whole molecular structure of phospholipids appears

to be necessary for their functions.

     At least two dtfferent sites on the enzyTne for phospholipids

were demonstrated by the desensitization experiments. Effects of

eardiolipin and phosphatidylglycerol may raise the possibility that

phosphatidylserine synthetase, finally the phosphatidylethanolamine

btosynthesis, is controlled by phospholipid species of the alternate

biosynthetic pathway in the membrane.
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                              Chapter IV

     Occurence of Separate Pools of Phosphatidic Aeid for Biosynthesis

        of Phospholipids in Eseherichia eoZi Membrane f)

      Differences in fatty acid compositions of different phospho-

 lipid species in Esehern ehia eoZi have been reported by KÅ}toetaZ.[

 19-21,e]. The phospholipids in this organism are formed by acyla-

tion of sn-glycerol 3--phosphate to form phosphatidic acid, which is

preeursorofphospholipids. The present Chapter describes that

separate pools of phosphatidic acid are available for the syntheses

of individual phospholipids. This may explain the differences

observed in the eompositions of fatty acids in different phospho-

lipid species.

bfATERTALS AND )(ETHODS

Grcnoth Condition.

     E.coZi B was grown at 17 and 370C in modified M-9 medium

supplemented wlth O.IZ casamino acids andO.2Z glucose[32]. Growth

was followed by measuring the absorbance at 660 nm.

PuZse LabeZing with [1-lgC]Aeetate.

     Cells were labeled wlth soditym [1-!"C]acetate (2.0 vCilvmol,

1 uCi/ul of culture ; New England NucZear) in the middle
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exponential growth phase (100 ml of A66o 1.0). After 3 min, labeling

was stopped by addition of 5Z cold trichloroacetic acid.

Extraetion and Sepctration of Lipids .

     Trichloroacetic acid precipitates were suspended in 1 ml of

water, and 5 ml of methanol was added, followed by 10 ml of ehloro--

form. After standing for an hour at 250C, the lipid extraets were

washed twice with 2M KCI and once with water. The lipids were

separated by thin-layer chromatography on plates of Silica Gel

(Merck Art 5721) with chlorofonn-methanol-acetic acid (65:25:8) as

solvent.

AnaZysis of Fatty Aeids of PhosphoZipids.

     Phosphatidylethanolamine and phosphatidylglyeerol obtained

were esterified in 3% solution of methanolic HCI in the water bath

of 930C for 2 hr. Fatty acid methylesters were extracted from the

reaction mixtuTe with ether three times and washed out the remain-

ing HCI with the same volume of distilled water. [M e extracted

labeled fatty aeid methylesters were collected using a O.6 x 300

cm glass eolumn packed with 15Z DEGS on Neopack IA at 187"C. The

fatty acid methyiesters were analysed by gas--liquid chroTnatography.

Preparation of PhqsphatidyZseT.tne Synthetase and PhosphaticigZ-
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 gZyeerophosphate Synthetase.

     Phosphatidylserine synthetase and phosphatidyZglycerophesphate

synthetase were prepared as described in Chapter rr.

      PhosphaticigZethanoZczmine and PhosphattdyZgZyceroZ Synthesis from

      Membpane-Bound Phosphatidic Acid CompZex.

           Standard assay of phosphatidylethanolamine synthesis from

      membrane-phosphatidie acid complex, prepaTed as deseribed in Chapter

      Z, contained 33 r!iM potassium phosphate buffer, pH7.2, IS mM MgC12,

      1 irrbI CTP, membrane--phosphatidie acid complex (123 ug protetn), O.11

      m)I L-[u-14C]serine (7900 cpm/nmol) and 14..6 units of soluble phos-

      phatidylserine synthetase in O.6 ml incubation mixture. In the case

      of phosphatidylglycerol synthesis, O.1 tnM sn-[U-14C]glyeerol 3-

                               '
      phosphate (8300 cpm/nmol) and O.4 unit of phosphatidylglyeero-

      phosphate synthetase Å}nstead of L-serine and soluble phosphatidyl-

      serine synthetase, respectively, were contained. Reactions were

                                                  '      termina,ted by adding 15 ml of chloroform and methanol (2:1), and
            '
      then 200 pg of phosphatidylethanolamine (Sigma), 200 ug of phos-

      phatidylglyeerol (Serdary), and 100 vg of phosphatidyZserine (Cal-

      bioehein) were added. Analysis of the radioactive reaction products
          '
      was described in Chapter 1.

      Deteinination of 1lr,otein.

          Protein was determined by the method of Lowry et aZ.[49]•
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RESULTS

Fatty Aetd Composition of BuZk, and IVeu)Zy Synthesized PhosphoZipids

of E. eoZi B.

     E•eOZi B was grown at 17 and 370C. Both eultures were pulse

labeled with sodium[1-14C]acetate for 3 min in the middle of the

exponential growth phase (A66o l.O), and then the fatty acid compo-

sition of newly synthesized phospholipids was analyzed as under

'' Materials and Metbods". Differences were found in the fatty acid

eompositions, especially in the palmitoleic and eiS-vaccenic acids

contents of phosphatidylethanolamine and phosphatidylglyeerol (

Table 14). The results are in agreement with those by Merlie and

Pizer (personal communication).eiS-9,10-Methylenehexadecanoic acid

is synthesized from palmitoleic acid esterified in the phospholipid

molecules[58]. Counting it as palmitoleic acid the fatty acid

compositions of newly synthesized phospholipids were found to be

similar to those of bulk phospholipids. Thus, the basic fatty acid

composition of phospholipid species appears to remain unehanged

undersimilar growth conditions. If there is a common phosphatidic

acid pool for syntheses of individual phospholipids,phosphatidyl-

ethanolamine and phosphatidylglycerol should have the same fatty

acid composition. The similarity in the fatty acid compositions of

phosphatidylethanolamine and phosphatidylglycerol in cells in the

stationary phase of growth[19] seems to exclude the posstbility
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  Table 14. Fatty acid composition ofhuZk. and newZy synthesized

phosphoZipids of E.coli B.
 Cells were labeled wtth sodium [1-1ic]acetate as described under
 "Materials and Methods". The isolation and analysts of lipids are
 deseribed Å}n that sectien. Values are expressed as percentages.

Fatty acid composition

Fatty acid Phosphatidyl-
ethanolamine

Phosphatidyl-
glycerol

New Bulk New Bulk

Myristic aeid

Palultic acid

Palmitoleic aeid

eis-9,10-Methylenehexa-
         decanoÅ}c acid

cis-Vaccenic aeid

 O.7

29.1

28.1

 O.3

41.8

 2.0

30.7

25.5

 2.0

39.8

170c

 O.8

26.4

13.7

 O.6

58.5

 1.0

25.1

13.5

 1.1

59.3

)tyristic actd

Paimitie acid

Palmitoletc acid

eig'9,10-Methylenehexa-
         decanoic acid

oferVaccenic actd

 3.8

40.1

30.2

 O.7

2S.2

 5.0

41.8

21.3

 5.2

26.7

379C

 1.0

40.1

21.9

 O.3

36.7

 1.7

39.3

17.4

 2e2

39.4

 that the enzyme systems for syntheses of the different phospholipids

show different substrate specificÅ}ties with CDP-diglyceride molecular

speeies. However, the differenees cannot be adequately explained as

due sÅ}mply to subsequent rearrangement of fatty acids, since the

 reacyiation activtty ts not operative[59] or low during the lag
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period after shift-down of the growth temperature in E.eoZi[20].

Separate PooZs of Phosphatidie Aeid in the Membpane-Phosphatidee

Acid Co,mpZex.

     Therefore, studies were made on the possible existence of

separate pools of phosphatidic aeid, which primarily determine the

fatty acid eompositions of different phospholipid species. The

membrane-phosphatidie acid complex was prepared as described in the

preceding Chapter I and II. The phosphatidie acid of this complex ts

synthesized in situ frem sn-glyeerol 3-phosphate and palmitoyl--CoA

by membrane-bound sn-glycerol 3-phosphate acyltransferase and mono-

aeylglycerol 3-phosphate acyttransferase[32,34]. The pathways for the

synthesis of phosphatidylethanolamine and phosPhatidylglyeerol from

phosphatidic acid tn E.eoZi have been welZ established[26,32,40-42].

The enzymes responsible for the biosynthesis of phospholipids are

localized in E.coZt membrane[27-28,b]. Henee, membrane-bound

phosphatidic aeid was converted by the membrane-beund enzymes to

phosphatidylethanolamine in the presence of CTP and L-serine, and

to phosphatidylglyeerol in the presence of CTP and sn--glycerol 3-

phosphate, respectively[Chapter I,!I]. The maximum activities for

syntheses of phosphattdylethanolamine and phosphatidylglycerol from

phosphatidtc acid Via CDP-diglyceride in the eomplex were obtained

on addition of spluble phosphatidylserine synthetase and phosphati-
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Fig. 10. Sepctr,ate pooZs of phosphatidic aeid tn the membrane-

phosphatidic aedd eempZex.

     Standard assay condition were used except that the volume of
th.e incubation mixture was increased. Phospholipid formation was
followed by extracting O.6 ml samples from 4.5 ml of assay mixture
with 15 ul of ehlorotorm-methanol(2:1) at intervals during the re-
action at 370C. At the point indicated by the arrow (A), ll9 pmoles
of L-[U-14C]serine(7900 cpmlnmel) and 14.7 units of soluble phos-
phatidylserine synthetase were added.At the point (B),120 umoles
sn-IU-14C]glycerol 3-phosphate(8300 cpmlnmol) and O.22 unit of phos-
phatidylglyeerophosphate synthetase were added. Analysis of radio-
aettve phospholipids were described in "Materials and Methods"t
(o),phosphatidylethanolamine;(m),phosphatidylglycerol;(1),phos-
phatidylserine;(e),total phospholipids.

dylglycerophosphate synthetase, respecttvely. Thus, if phosphatidyl-

ethanolamine and phosphatidylglycerol are synthesized via CDP-

diglyceride frem a comrnon pool of phosphattdic acid, phosphatidyl-

56

p.. tt- l. th



glycerol should not be formed when the pool has been consumed for

synthesis of phosphatidylethanolamine. However, as shown in Fig.10,

when phosphatidylethanolamine synthesis in the membrane-phosphatidic

acid complex had reached a plateau, addition of sn-[U-lgC]glycerol

3-phosphate and phosphatidylglyeerophosphate synthetase resulted in

synthesis of phosphatidylglyceTol. This result might be explained

by supposing that phosphatidylethanolamine synthesis is inhibited

by the product. However, this possibility is excluded by the high

content of phosphatidylethanolamine in the membrane-phosphatidic

acid complex. The small inerease in the formation of phosphatidyl-

glycerol, compared with that of phosphatidylethanolamine may be due

to breakdown of phosphatidic acid pool during incubation. The synthe-•

sis of phosphatidylethanolamine(O.25 nrnole) was also observed after

phosphatidylglycerol synthesis had been completed(1.8 nmoles).

DISCUSSION

     These results appear to differ from those obtained with B.

megater.izmi by Patterson and Lennarz[31]. This differenee may be

because these workers used Cutscum, sinee detergents probably dis-

turb the localization of CDP-diglyeeride formed in situ from exo-

genous phosphatidic acid and CTP. The separate pools phosphatidic

acid probably formed by the separately localized acyltransferase, under

metabolic contr' ol coupled to the syntheses of individual phospholipids

in the membrane of E.coZi.
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The

                      Chapter V

 Fonnation of Phosphatidylethanolamine in the Presence of ATP

by a Parttculate Enzyrne System from Eseheriehia coZi Bq)

     Phosphatidylethanolamine and phosphatidylglycerol as major

phospholipÅ}d classesofE.eoZi are well known to be sYnthesized from

phosphatidic acid via CDP-diglyceride[26,40-42]. Aceordingly, arnong

the fournucleoside triphosphate,roles of CTP on the biosyntheses of

the phospholipids have been widely studied.

     Thts ehapter describes the forrnapion of phosphatidylethanol-

amine from sn--glycerol 3-phosphate and palmitoyl-CoA in the presence

ef ATP by a partieulate enzyme system from E.eoi B.

MA,TERIALS AND METHODS

Compouncls and AnaZyticaZ Proeedures.

     VarÅ}ous compounds used this experiment, synthesis of sn-

glycerol 3-phosphate and purificatÅ}on of phospholipids from E.coZi

were described in Chapter I. Protein and phosphorous were detennin-

ed by the method of Lowry et aZ.[49] and Bartlett[50],respectively.

Prepantion of PartieuZate AeyZtmfevases Pietzetien.

     Preparation of particulate sn-glycerol 3-phosphate

ferase and monoacylglycerol 3-phosphate acyltransferase
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from E.eoZi was described in Chapter I.

AnaZysis of Lipids.

     Analy$is of the radioaetive reaction products and identifi-

cation of the products were described tn Chapter 1.

tnembatton of Acyltr7ctnsferase Reaetion.

     The O.3 ml of incubation mixture containing 33 m)( Tris-HCI

buffer,pH7.2, 13.3 mb MgCl2, 333 pM sn-[U-1"C]glycerol 3-phosphate

(920 cpm/nmol), 43 tut palmitoyl-CoA and particulate enzyne(O.! mg

protein) was ineubated for 20 min at 370C. The reaction was stopped

by.the addition of 15 ml chloroform and- methanol(2:1,v/v) containing

                                               '
O.4 mg of phosphatidylethanolamine, O.2 mg of phosphatidylglycerol

and O.1 rng of phosphatidic acid, followed by analysts of lipid

products as given under "Materials and Methods" in Chapter I.

RESULTS

Formtion of PhosphatidyZethanoZctmine in the I}r,esenee ofAITP by a

PartieuZate Enzyme System.

     It was shown that the partieulate enzyme fraction catalyzed

a palmitoyl-CoA dependent eonversion of sn-[U-14C]glycerol 3-

phosphate in phosphatidic acid and lysophosphatidic acid as described

Kito and Pizer[32](Fig. IIA).
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Fig. 11. tZ7zin-Zctyer ch?omatography of the r,eaction ppoduets.

     The radioaetive products obtained from the reaetion in the
absence of nucleoside triphosphate(A),in the presence of ATP(B),and
of CTP(C) were chromatographed on silica gel plates with chloroform-
methanol-7N ammonia(60:3S:S). Liplds analysis were described in "Ma-
tertals and Methods". The histograms •show the distribution of radio-
aCttvity. PA,LysoPA,PE and PG indicate phosphatidic acid,lysophos-
Phatidic acid,phosphatidylethanolamine and phosphatidylglycerol,
respectively.

When 1 MM CTP was added to the ineubation nixture, radioactive
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Fig. 12. Paper ch"omatography of the deacyZated produets.

     The phospholipids were determined as in "Materials and Methods".
The deacylated products from the radioactive phospholipids formed in
the presence of ATP and of CTP correspond to (A) and (B), respective-
ly. GP,GPG and GPE indicate sn-glycerol 3-phosphate, glycerolphos-
phorylglycerol and glycerolphosphorylethanolamine, respectively.

phosphatidylglycerol was formed(Fig.llC), which was further confirmed

by the observation that only radioactive glycerolphosphorylglycerol

was obtained by the deacylation[51] of this compound(Fig.12B). The

results suggest the localization of the enzymes of the pathway for

the biosynthesis of phosphatidylglycerol in the particulate enzyine

used[26].However, this particulate enzyne may lack phosphatidylserine

synthetase since phosphatidylethanolamine could not be formed by
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Table 15. ATueZeoticle speeifieity for the formtion of phos-
phati cig Zethano Zamine .

     Each nucleotide was added to the incubation mixture as de•-
seribed tn the text. ATP,ADP and AMP were used in 140 vM, and CTP
GTP and UTP were in 1 mM. The value obtained in the absence of
nucleoside triphosphate was subtracted.

Addition Phosphatidylethanolamine formed

(cpm/mg protein) .
ATP

MP
AMP

CTP

GTP

UTP

S250

 260

 530

   o

   o

   o

the addition of L-serine with CM? to the incubation' mixture. When

140 vM AEIP was substituted for CTP, radtoactivity was found in the

phosphatidylethanolamlne area(Fig.11B), whieh was then scraped and

extracted with chloroform-methanol(2:1). The extract was acylated

[51], and water-soluble derivatives were subjected to paper chroma-

tography. The only radioaetive compound produced by deacylation

was glycerolphosphorylethanolamine(Fig.12A). On this basis, the pro-

duct formed in the presence of ATP w.as found to be phosphatidyl-

ethanolamine.

NueZeotide SPecificity for the Formation of

     Phospholiptds of E.eoZi have been known
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PhosphatidyZethanoZamine.

 to be synthesized from



 phosphatidic acid via CDP-diglyceride catalyzed by phosphatidate-

 cytidyltransferase[26,40-41,g,h]. As mentioned above, however, the

 particulate enzyme fraction catalyzed the formation of phosphatidyl-

 ethanolamine in the presence of ATP. Then, incorporation of sn-[U-

 14C]glycerol 3-phosphate into phosphatidylethanolamine in the

 presenee of various nucleotide was tested(Table IS). The resultS

 showed that for the react!on of phosphatidylethanolamine formation

 only ATP was effective and CTP not effective.

 DrscussroN

      Usually, phosphatidylethanolamine tn E.eoZi is synthesized

 from phosphatidic acid via CDP-diglyceride in the presenee of L-

 serine. However, the results described above show that phosphatidyl-

 ethanolamine is forrned from sn-glycerol 3-phosphate and palrnitoyl-

 CoA in the presence of ATP by the particulate enzyne. This phos-

 phatidylethanolamine formation eould not be observed by the removal

 of palrniteyl-CoA from the reaetion mixture, and was not increased

 by the addition of L-serine or ethanolamine to the reaetion mixture

 These results suggest an exchange reaÅëtion between radioactive

 phosphatidic acid formed and phosphatidic acid moiety of phosphati-

dylethanolamine in the particulate enzyme in the presence of A!IJP.
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Chapter I ;

     The phosphatidate formed bysn•glycerol 3-phosphate acyltrans-

ferase present in a particulate fraction from Eschenichia eoZi

remained assocÅ}ated with the partieulate material and was converted

to phosphatidylethanolamine and phosphatidylglyeerol by other

enzymes contained in the particulate fractton. Those enzymes requir-

ed a heat-labile factor for the synthesis of phosphatidylethanol-

amine and a heat-stable factor for the phosphattdylglycerol. Both

of these phospholipid's ltke their precursor remained bound te the

partieulate fraction.

Chapter Z;

     Phosphatidylserine synthetase occurs in a soluble and a ribo-

some-bound form in Esehepiehia coZi. The soluble enzyme of E.eoZi

B was partially purified by DEAE-Sephadex chromatography. The

ribosomal enzyme was obtained by differential centrifugation. Two

Ltypes of the enzyme had the same len (150 uM) for L-serine. The

soluble enzyme was required for the biosynthesis of phosphatidyl-

ethanolamine from phosphattdÅ}c aeid via CDP-diglyceride in the

membrane. ehe ribosomal enzyme was less effective to the phospha-

tidyZethanolamine formation than the soluble enzyme. By the sucrose
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density gradient centrifugation method the soluble enzyTne was

proved te be loosely associated with the membrane.

Chapter III ;

     Soluble phosphatidylserine synthetase participates in the

biosynthesis of phosphatidylethanolamine in the membrane of

Eschertehta eoZi. When membrane-bound CDP-diglyceride, which had

been enzymatically synthesized from membrane-bound phosphatidic acid

and CTP, was used as an acceptor of L-serine to form phosphatidyl-

sertne, KM of soluble phosphatidylserine synthetase for L-serine

was 27 pM. On the other hand, when free CDP-diglyceride was sub-

stituted for membrane-bound CDP-diglyceride, Km for L-serine was

8S pM. However, in the presence of cardiolipin, the enzyrne was

aetivated, and Klrn was lowered from 8S uM to 29 uM. Phosphatidyl-

ethanolamine slightly aetivated the enzyme and decreased Km to 25

uM. Phosphatidylglycerol inhibited the enzyme (iCn, 50 uM). Phospha-

tidylserine showed no effect. Treatment of the enzyme for 5 min at

400C resulted in loss of sensitivity to the effects of cardiolipin

and phosphatidylethanolamine except phosphatidylglycerol without

changing the activity.

Chapter IV ;

     Cultures of Eseher'iehia eoZt B were pulse labeled with sodium

[1-]"C]acetate for 3 min. The newly synthesized individual
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 phospholipids were found to be dSfferent in the fatty acid composi-

 tion as well as bulk phospholipids, especially in the palmitoleic

 and criB-vaccenic acids contents of phosphatidylethanolamine and

 phosphatÅ}dylglycerol. On the other hand, phosphatidic acid for

 the phosphatÅ}dylethanolamine synthesis and phosphattdlc acid for

 the phosphatidylglyeerol synthesis were present in the membrane-

 bound phosphatÅ}dic aetd. These results suggest the possibility of

 oceurenee of separate pools of phosphatidic acid for biosynthesis

 of phospholipids in E.coZi membrane.

 Chapter V ;

• Phosphatidylethanelamine was formed sn-glycerol 3-phosphate

 and palmÅ}toyl-CoA in the.presence of ATP by a particulate enzyne

 frem Esehepiehia eoZi. This resuit suggests that radioactive

 phosphatidyrethanolamine was formed by a exchange reaction between

 the radtoactive phosphatidate and a corresponding molety of

 -endogenous phosphatidylethanolamine in the partÅ}culate enzyme from

 E• eo".

                    --
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