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SUMMARY

~

.

TﬁE‘ﬁgthways in the biﬁ#ynthesi; of ph&spﬁolipids
in §pinach leaves._.have been investigated goth in in -vivo and
in vitro studies. Cell free preparations were touud'to
catalyze thg formation of PG fromLCDP—d;glyEeride>and
gg—[l,3-140]glycgrol-B—phosphate. The intermediate formation
of PGP in this:pgthway was demonstrated by the.incorporation

of both 2P and ¢ ‘into PGP, but only 8¢ sneo PG, when

[14C+32P3GP was wsed as substrate. The PéP synthetase re-
quired Hg2+ or‘Mn2+ for activity, and had a Km for GP of
0.25 oM; the PGP phosphatase Qas_not inhibited by sulfhydryl
reagents. Evidence was also obtained for a phospﬁatidyl— D‘
transferase which catalyzes the Mn2+ ~ dependent synthesis
of PI from CDP-diglyceride and [laC]EigfihOSit01; the trans-
ferase can also éyn;hgsize PI from inositol by a Hn2+
dependent exchange reaction.

Concerning nitrégeuous‘phospholipids, the bresénce‘
of CDP-diglyceride:serine phcsphatidfltransferase for the
biosynthesis of PS was suggested by the labelling of fS with
140 from [U—%&C]Serine, both in vivo by leaf slices and in
vitro by cell free preparations in the presence of CDP-
diglyceride. PE was shown to be biosynthesized both By the
decarboxylation of PS, and from etﬁanolagine via tﬁg inter-
mediaté formation of CDPféthanolamine. The former pathway

- . 14
was demonstrated in vivo by the incorporation of C from

[U-lac]seiine into PS and PE by whole léaves} and 13 vitro

- s
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by the decarboxylation of [lAC]PS to [ldc]PE. Concerniné
the CDP-ethanolamine pathway, PE was labelled from [14C]
ethanolamine by whole leaves and leaf slices. The presence

of ethanolaminekinase catalyzing the first step of the path-
.

way was shown in vitro by the ATP-dependent formation.of

-phosphorylethanclamine from [14C]ethanolamine, and the

phosphorylethanolaminetransferase catalyzing the third step
was shown by theldiglyceride;stimulatéd formation of PE.from.
CDP—[IAC]ethanolaﬁine. The cytidyltransferase catalyzing
the second step poﬁld not however be demonstrated in vitro,
but is presumed to be present from the im vivo results.
Evidence for the biosynthesis éfJPC both by thé
step-wise methylation qf PE by SAM, and by tﬁe nucleotide
pathway ffom CDP-choline and diglyceride was obtained. 1In .
whole leaves; the methylation pathway was deménstrated b
the incorpor;tioﬁ of l'I’C into PC both from [Me~14C]methionine
and from [lac]etpanﬁlamine; and into PE-Me from [lAC]ethanol_
amine. The methylation of PE-Me to PE-diMe and of the latter
to PC by SAH'was dgmonstrateq in vitro. .The methylation of
PE,'ﬁowever, was not observed in. vitro, po;sibly as a result
of inactivation of the PE:SAM methyltra;sferase during cell
fractionation. .Operation of the nuclgotide pathway was
demonstrated by the labelliﬁé of PC, in vive from.[%AC]choline
by leaf slices, and in vitro from‘CDP-[lAC]choline by cell-

free extracts in the presence of diglyceride.

The syﬁthesfs of PE and PC by Caz+-5timulated

»



exéhange reactions from ;4C—labelled etha;olamine and choline

respectively,was}aiso observed, but whether these reactions
were cétalyzed by. an iﬁdependen£=exchapge enzyﬁe or by .phos-
pholipase D was not determined. lSynthesiS of PS by an excﬁange
pathway was not obsérved..

Evidence for the presence in spinach leaves of
several phpépholipid degradatﬁvé enzymes and enzymes involved
in the biosynthééig of some ﬁoq—phosphblipids was obtained.
"Phospholipase A activity towards PE %ﬁd 3C was.deteéted in
a microsomal fractiom and leaf slices, but not in whole_léaves,
Alsc, an acyltransferase in cell_ffeé extracts cétélyzing
tﬁe direct transfer of acyl groups from PE or PS to an acyl
acceptor, possibly MGD, was detected. The pfesence of
enzymes catalyzing the formation of cyclopropane acids
utilizing microsomal-bound phospholipid as substrate was
suggested by thefiaﬁelling‘gf tﬁe fatty acid moieties of PE’
and PC, both from IIAC]SAM by a microsomal fractiﬁn and from
[Me—lAC]methionine by whole leaves. [14CjéAM was alsc shown
by in vitfo and in vivo studies to be involved in the bio-
synthesis of four neutral lipids, one of which was fatty
acié [14C]methyl es&ir probably syhthesized by directlmethyla-
tion of fatty acid. ‘

The subcellulaf localization of thé phosphol£pid
biosynthesizing_enzymes was investigated. The QG synthesizing
system, and the enzyme sys;ems.fdé the biosynthesis of PC by

the nucleotide "and methylation pathways, and of PE by the />f//<//

- . .
3
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nucleotide pathway, were found to be locali;ed primarily in

.the microsomal cell fraction. Activity from these enzymes
L

was also detected in the chloroplast and mitochondrial
fractions, but these may have been_due to ﬁicgosomal con-
tamination. PS§ decarboxyiase was iocalized‘primar;ly in

the 100,000xg supernatant fraction, but significant activity
was also found in the mitéchondrial f;ac;ioﬁ suggesting that
the‘énzyme'may have beeﬁ solubilized from mitochondria during
cell fractionation. The phosphatidyltransferases foxr the
biosynthesis oflPS and PI were detected ia toéai particulate
fractiogs;'but their subcellular localization was not further
investigated. The results obtained éuggest that PG and PC
are not synthesized in situ by cﬁloroplasts and mitochondria,
respectively, but are derived from_these lipids synthésizéd
by the microsomal.memb;ane. Mitochondrial PE can also be
derived from PE synthesized by the microsomal mnucleotide
‘system, but may als; bf synthesized in situ.by .the mito-.

-

chondrial PS decarboxylase.
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A. INTRODUCTION T
I. General-Membranes and Lipids

4 ———

Biological membranes are fundamental to life. 1In

, addition to providing a physical barrier which separates

cells and subcellular organelles from their respective

H

environments, membranes are intimately involved in essential

life processes. A gn'ﬁoth procarjotic and eutaryotic cells

they fac111tate and control the transport of metabolites be-
tween the tks’env1ronments they separate In encaryotlc cells
they are inveolved in oxidative phosphorylatibn and protein
synthesis as,wel; as many;other cellmfnnctions, while nhoto-
synthetic organisms are of special interest among eucar§ots

in that the moleculaf—aashinery for photosynthesis is
‘localized in the lamellae menbrane of chloroplasts -(Branton; -
1969; Korn, 1969; Stoeckenius and Engelman, 1969).

The atudy or pembranes:is one of”the most exciting

fieids of modern biochemistry. Of partieular interest is

the problem of membrane assembly from the individual lipid

and protein membrane constituents. Clearly this problem can
only be approached vnen knowledge has been gained coneerning,_
i) the pathways in the biosynthesis ofrlipid and protein, and
11) the subcellular localization of indiridualllipids and
protein and of tne enzymes -involved in thelr biosyntnesis.

Lipids generally comprise 20-40%1 by weight of membranes. A

major class of 1ipid are the phospholipids, and during the



last 20 years knowledge-of.thoir structure and blosynthesis
has 3rowﬁ rap%dlyi However% sﬁtdieo ongtpe biosynthesis of
phospholipids has la;éely been confined to aniﬁais and
bacteria, while very few deoailed sfudies have been made with

q

plant tissues and even less with photosynthetic tissue of

higher plants.' This will become appar;nt in the following
introduction, the first pant of which will discuss the
interesting structure and subcellular localization of plant
phospholipids, while the oocond and third ;arts-wiil roview

-~

the current. knowledge concerning the biosynthesis of phospho-

lipias in Nature and the subcéllular.localizafion of the

enzymes involved.

II. ‘lecerolipids of Photosynthetic Plant Tissue

1. Composition

In most photosynthetic tissues, phospholipids.amount

*  to about 20Z, and glycolipids about 40Z of total lipid. In

b
‘.
=
Y
&

leaves and groéﬁ-algae, phospholipids c?nsist mainly of
phosphatidyl choline (PC), phosphatidyl glycerol (PG);phospha-
‘tidyl ethanoclamine (PE) and phosphatidyl inositol (?1), oﬁ
which- PC is the major component (Table 1). ’However -in
photosynthetic bacteria, PC is replaced by PE as the major
component, and in blue greeo algae PC, PE and PI are com=~
pletely absent (see Table l; andrKates, 1970). Minor phoopho-
lipids occasionally reported ;o be preﬁent‘in photosynthetic

and other plant tissues jnclude phosphatidyl serine (PS),




TABLE i. .?HOSPHOLIPID COMPOSITION OF PHOTOSYNTHETIC E;ﬁSUEa

Tissue PG PC PE PS PI - CL )
Leaves: : )
Spinach, totalb 26 &7 .17 - 9 trace
: Chlo:oplastc . 58 27  trace - 11 . trace
Lamellae® 65 24 0 - 11 -
Cauliflower chlproplastseéé 19 ° 13 9 12 3
Runner beanf . 22 45 17 - 9 s
Tomato® \ 19 50— 20 - 4 4
Maidenhair tr;es 22 48 14 - 6 7
Green algae '
Chlorella vulgarish : 27 46 - 9 - 14 1
" Scenedesmus obliqdusi?~ 41 _ 36 - 6 ' 1 15 -

Photosynthetic bacteria

Rhodospirillum rubrum] 29 6 57 - - 8

Rhodops?udomonas 54 4 . 36 - - 6
spheroidesld

" %yalues are expressed as pe;centage of total phospholipids.
Dash (-) indicates data unavailable.

bWintermans (1963).

“Douce et al. (1968).
dpllen et al. (1966).
eSchwertn&r and Biale (1973).
fKates (1960).

gRoughan and Batt‘(19695- _
hSastry and Kates (1965); ' -
iBenson and Maruo (1958); Benson and‘E}rickland (1960).
'-jWood et al. (1965)7 Haverkate et éi: (1965).

-




AR R R B T L oy

diphosphati@yl glycerol (cardiolipin) and phosphatidic acid
(PA). Concerning PS, Hutt and cb—workers (1550) and Kates

and Eberhardt (1957) isolated small amounts of ‘serine from

the hydrolysate of peanut aﬁd‘bean leaf pﬁospholipids res-—
pectively, and Benson and Stricklaﬂd'(IQGO) detected [14C]GPS
among the hydrolysate products of total 14C—-labelled Chlorella

lipids. Though this evidence is not conclusivé, the presence

of PS in plants is also suggested by the finding of PS5 labelled.

from [U—lac]serine in tomato root (Willemot and Boll, 1967;

see below). Other minor phospholipids are N-methyl and N-acyl

derivatives of PE; the former has only been detected in diatoms

(Volcani and Kates, 1966) and the latter in seeds (Ameja et t al.

1969; Dawson et al., 1969). Also,. Debuch and Rotsch (1966)
have isolated a novel po;yglypééophosphatide from spinach

leaves,.the precise structure of which is unknown. -
A unique chﬁracteristic of all plant photosynthetic

.-/

_tissues, except photosynthetic bacteria, is the high content

of glycolipids. These consist chiefly of momogalactosyl and

digalactosyl diglycerides and Sulfoquinovosyl diglyceride, of

._which monogalactosyl diglyceride is the major single component.

In leaves, minor- glycolipids include glucocerebrosides (Sastry
and Kates, 1964; Carter and Koob, 1969), sterol and acylsterol
glycosides (Eichenberger and Menke, i966; Kiribﬁ;hi et al.,
1966 and 1967) and a comﬁ1e¥ sphingolipid called phytoglyco—?/
1ipid (Carter and Koob, i969). .

In non-photosynthetic plant tissues, the lipid

,.
YL \
-
v
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composition is qualitatively similar to that of photosyn-

[

’ thetic tissues, but the proportions of PG and glycolipids are
£ much less (see Kates, 1970). Even more striking differences
are apparent Betwgen fhe lipid composition of plant photosyn-

thetic tissue, and that of animals and bacteria. Thus, in

all animal tissues except brain, the glycolipid content 1is
very low, and sulfoquinovosyl diglyceride is completely

absent. A major phospholipid of photoéynthetic tissue, PG,
is only a trace component in animal tissues, while the latter

P
tissue contains much higher amounts of cardiolipin, and also

contains sphingomyelin and phosphatidyl inositol phosphates
which are absent from photosynthetic tissue (Gray, 1964;
Wells and Dittmer, 1966; and Fleischer and Rouser, 1965).

In bacteria, the major phospholipids are PE and PG, but PC

is completely absent except as a minor component in Thio- .

'.! BRI S

. bacillus novellus and in certain species of soil bacteria

3 including the Agrobaéteria, the nitrifying bacterium Nitro-

= socvstis oceanus, the nitrogen fixing bacterium Azotobacter

1

agilis and some of the photosynthetic bacteria (see Goldfine,
1972).
.The fatty acid composition of the glyc%folipids of
all photosynthétic tigsues, except photosynthetig%bacteria
: N

: . K
and certain species of blue-green algae, 1s characterized by
Lo . v

a high content of polyunsaturated species of which at-linolenic
acid is the major component (see Kates, 1970). A unique fatty

acid is trans-3-hexadenenoic acid, which is found in all
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photos;nthetic tissues except blue-green algae and photosyn-
thetic bacteria, but is absent in'etiola;ed and non-photo-

synthetic tissues (see reviews by Kates, 1970, and Hitchcock
and Nichols, 1971). This acid is 1oca£ed specifically at the
2-position of the PG component in the chloroplast lamellae of

leaves, green algae and Euglina egracillus (Haverkate and Van

Deenen, 1965 a,b,). The major molecular species of the PG
component of. leaves is 1-linolenoyl-2-(trans-3'-hexadecenoyl)-
§3—3—glycerophosPhoryl-l”—gi-glycerol (Haverkate and Van Deenen,

1965 a).

2. Subcellular Localization of Phospholipids \
In the leaves of spinach and tobacco, about 50% and h
75% respectively of the total cell content of PG has been
found localized in the chloroplasts, in which it is th€ major
phospholipid component-(see Table 1, Wintermans, 1960 and
1963; Ongun et al., 1968). -
Concerning the subcellulér localizatiﬁn of PC aﬁd PE,
these have been found to be the major pﬁospholipid components
of purified mitochondria from non-phocosynthetic plant tissue
(Schwertner and Biale, 1973), and are also probably the major
phospholipid components of mitochondria from photosynthetic
tissue. The importaﬁt question of whether PC and PE are also
present in leaf chloroplasts can only be answered by 1ipidr
analysis of chloroplasts freed from mitochondrial contamina-
tion. This has only been attempted satisfacforily by Douce

t al. (1968), who showed that in intact spinach chloroplasts



f‘_judged to be free of mitochondria by electron microscopic
: exgminétion, PC accounted for 277 of phospholipid ‘while only
trace amounts of PE were detected. Douce's results are con-
sistent with the finding by Allen et 2l. (1966) of 24X PC,
but no PE, in the phéspholipids of purified spinach chloro-
plast lamellae. Schwertner and Biale (1973) found a similar
cdnéentration of PC in purified cauliflower chloroplasts,
but in.ccntrast a much higher coﬁceng;ation of PE than that-
_found by Douce et al and Allen et al for spinach cﬁloroplaéts.
These studies strongly suggest that PC is a component of leaf
chloroplasts and pessibly localized in the lamellae membrane.
However, since data on the amounts of PE in leaf chloroplésts
is contradictory, the question of whether this lipid is pre-
sent imn chloroplasts cannot be answered at present.

Concerniﬁg the intracellular localizétion of PI and
cardiolipin, the former has.been found in both leaf chloro--
plasts (Table 1) and in the mitochondria of non-photosynthetic
tissue (10Z of phospholipid), while the latter has begn'fOund
in mitochondria from non-photosynthetic t{;sue (10X of‘phOSpho-
lipid) but appears to be only a trace cdmponentlﬁf leaf

f

- chloroplasts (see Table 1; Douce et al., 1968; Schwertner and

Biale, 1973).

Much more detailed knowledge exists on the phospho-

~~

lipid distribution amoig rat liver subcellular menbranes
(McMurray and Dawson, 1969; Kleinig, 1970; XKeenan and Morré,
1970; Ray et al., 1969). All subcellular membranes contain

-
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PC, PE, PI and PS, of whigh PC and PE are the majoxr c¢cmponents.
E ‘PQ is found only in mitochondria and the plasma membrane,

while cardioclipin is exclusively localized in the mitochondria.
Important differences also exist between the inner and outérA
mitochondrial membrane in that the inner membrane contains a
higher proportion .of cardiolipin but a lowver proportion of PS

- and PI than the outer membrane.

ITI. .Biosynthesis of Phospholipids in Plants, Animals and

-

Bacteria

N
1. Pathways of Biosynthesis

a) General Principles. The currently accepted

S o A LT R PR
F}

pathways¢for the biosynthesis of phospholipids which have

‘been elucidated mainly by studies with animals and bacteria,

AT LT T

g

are shown in Fig. 1. There are three main types of reaction:

i) de novo generation of a monophosphate ester
linkage. The elucidation of this type of reaction was largely
the work of Kennedy and co-workers who demonstrated that-theée
reactions always involve cytidiﬂe coeﬁzymes. This type of '
reaction cén be further subdivided as follows:

i-a) donation of a phosphatidyl group from CDP-
diglyceride ta eithgr serine, inositol, glycerol_or}phosPha—-

tidyl glycerol, to form phosphatidyl serine, phosphéﬂidyl

PO PRI TP SO AT P K Ny T B Wi A 18 roy 4T

* inositol, phosphatidyl glycerophosphate or diphosphatidyl
glycerol (cardiolipin), respectively.

i-b) donation of a phosphorylbase group from CDP-
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base to sn-1,2-diglyceride. This type of reaction is involved
in the biosynthesis of phosphatidyl choline and phosphatidyl
ethanolamine from CDP-choline and CDP-ethanolamine respectively.
i) interconversion of phospholipids without break-
age of monophosphate ester linkages. The main examples of
this type are the decarboxylation of phosphat1dy1 serine to
phosphatidyl ethanclamine, and the methylation of phosphatidyl
'ethanolaminé to phosphatidyl cholire. |
1ii) dinterconversion of phospholipids by an exch e
of polar head group. 'Exampleé are the exchange oflthe eth ;
amine moiety of phosphatidyl ethanolamine for free serine to

form phosphatidyl serine, and vice versa, and the exchange of

the glycerol moiety of ph05phatzizidglycerol for another

~molecule of phosphatidyl.glycer 1 to form cardiolipin. It

Qhould be pointe¢'dut.that though this type of reaction in-
volvés greaking and reforming a monophééphate ester linkage,
tﬁere,is_no net de novo generatiqn-of such a ‘linkage, and
thus, as predicted by the;piincipie-elucidated by Kennédy

(se¢e i) above), no cytidine coenzymes are needed in suchf

-

reaccions.

b) Phosphaﬁidic acid (PA). Four pathways are

known .for the biosynthesis of PA, as follows: |

h i) stepwise acylatiom of gg—glycerol-B-phosphate'

by acyl CoA:

sn~Glycerol-3~phosphate + acyl CoA ——= lyso PA + Coh (1)

Lyso PA + acyl CoA ——=» PA + CoA : (%)
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These reactions have been shown to be catalyzed by
separate enzymés in liver (Lands and Hart, 1964) énd in
E. coli (Ray et 2l., 1970; Hechemy aﬁd Goldfine, 1971). The
biosynthesis of PA in spinach leaves has been studied by
Cheniae (1965) and Sastry and Kates (1966). They demonstrated
the in vitro incorporation of gﬂ:glycerol-B;phosphate into PA
and into sma;l amountszof lyso PA, under con?itions in Qﬂich
acyl CoA was being actively synthesized. Thus, PA 4n leaves
is probably biosynthesized by the above pathway.

ii) acylafion of dihydroxyacetonephosphate, followed

by reduction and reac¢ylation. These reactions have been

demonstrated in rat liver microsomes (Hajra and Agranoff, 1968;

Hajra, 1968; and Puleo et al., 1970), but have so far not been
detected in bacteria or plants. _
iii) phosphorylation of sn-1,2-diglyceride with ATP,

catalyzed by diglyceridekinase. This enzyme is present in

. brain (Hokin and Hokin, 1959) and E. coli (Pieringer and

Kunnes, 1963). It has been foﬁudvin only one ?lant tissue

so far, namely, peanut cotyledons (Bradbeer and Stumpf, 1960).
iv.) phosphorylation of monoglyceride with'ATP to

lyso PA, followed by acylation with acyl CoA to PA. These

reactions have been demonstrated in brainm (Pieringer and

"Hokin, 1962 a and b) and E. coli (Pieringer and Kunnes, 1965),

‘but has so far not been demonstrated in plants.

¢) CDP-diglvyceride. The only known pathway for

the biosynthesis of CDP-diglyceride is that catalyzed by
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CTP:phosphatidic acid cj:idyltransferase: ‘ -

CTP+phosphatidic acid ——= CDP-diglyceride+Pi-Pi (3)

The first clue to this pathway was the finding by
Agranoff et al. (1958) of incorporation by liver extracts of
CHP into a cytidine liponucleotide which, thdugh‘not riéerously
identified,-has claimed to be CDP-diglyceridel fhese authors
interpreted thie finding as suggesting that CMP was firsﬁ in-
corporated into CDP4chollne which then reacted with PA in a
cytidyltransferase reaction to giqe CDP-diglyceride. Thie
interpretafion was show; to be incorrect by Paulus and

Kennedy (1960), who demonstrated that the cytidine moiety of

CDP-diglyceride was derived from CTP by the reaction shown in
eqn; (3), and not from CDP-choline. The rat liver enzyme
system .has been described in detail by Carter -and Kennedy_
(1966). The same, enzyme system can also synthesize dCDP-
diglyceride from dCTP and PA (Ter Schegget et al., 1871).

The synehesis of CDPTdiglyceride by eqn. (3) also takes place
in the brain (Petzold and Agranoff, 1967) and in bactefia
(Carter, 1968; Patcterson and Lennarz, 1971; McCaman and
Fionerty, 1968; and Bell et al., 1971). | ]

The central role of CDP-dlglyceride in the bio-
synthesis of baceerial phospholipids is beyond doubt (see
below). However, there had been no real proof of the natural
occufrenée of CDP-diglyceride in Nature until Raetz and

¢ 32

Kennedy (1973) were able to isolate small amounts of P-

labelled CDP-diglyceride from E.coli cells grown in glycerol-

. . . f



3—[%2P]phosphate. 'Interestingly, equivalent amounts of 32?—
label}ed dCDP-diglyceride were-also isolatéd. The very low
1e§é1 of total labelled cytosine lipoﬁucleotide relative to
labelled PA lead Raetz and Kennedy to suggest that the con-

version of PA to liponucleotide may be the rate determining

step in the overall process of phosphoiipid biosynthesis“in

~

E.coli.
. . + “\.——-| .
Recent evidence suggests that CDP-diglyceride is
also biosynthesized By the above pathway in plants. Thus, .
Douce (1968)} Bahl et al. (1970) and Sumida and Mudd (1970 a)

have demonstrated the'incorporation of 32? from [a—32P]CTP

into'CDP-diglyceride by cell free preparations from spinach-

'leaves, maize and cauliflower inflorescence. FHowever, these
workers were unable to show a dependence of CDP-diglyceride
synthesis on added PA, presumably because of high levels of

endogenous PA in the cell free preparations.

d) Phosphatidyl inositel (PI). The currently

accepted pathway for the de novo biosynthesis of PI im animal

tissues 1is as follows:

l ,

CDP-diglyceride + myo-inositol —= phosphatidyl inositol+CMP (&)
: - A -

This pathway was first postulated by Agranoff et al.
- g
(1958). Their evidence was based on the incorporation of
inositol imto PI by guinea pig liver and isolated liver mito-

chondria. Since CDP-choline and PA were found to stimﬁlate

inositol incorporation into PI by isolated mitochondria, these
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authors suggested that, CDP-diglyceride was formed from'a
cytidyltransferase reaction between CDP-choline and FX.' How-
ever, direct proof that\&p?—diglyéeride was a substrate in

PI biosynthesis was first provided by Paulus and Kennedy (1960)

who showed that incorporation of inositol by chicken liver . >

michSOmes into PI in the presence of Hn2+ was accompanied by
release of'[szP]CMP f}om [a-BZP]CDP—diglyceride! Ironically,
though the postulate by Agranoff et al. for the iﬁvolvemenc- 
of CDP—diglyceride in PI bios?nthesismwﬁs proved‘correct, the
suggestiop advanced by tirese workéfs for theibiosynthesis of -
CDP-diglyceride itself was proved incorrect by Paulus and

Kennedy (1960), as described above in Section c. -

‘Though the de novo biosynthesis of PI in liver
tissue proceeds as'iﬁ'eqn. (4), Paulus and Kenneéy (1960)
demonstrated that inositel, in the p;esence of Mn2+, could be
incgfborated by liver microsomes iﬁto PI in the absence of
added CDP-diglyceride. These authors suggested that tﬁis
occufréd by an exchaqge reaction with endogenous PI and that
the -exchange reaction and the CDPrdiglyceride reactfbn wefe

" part of the same enzyme system, as follows:

- CDP—diglyceride + enzyme —> phosphﬁ?idyi—énzyme+CHP (5)

-

Phosphatidyl-enzyme + inositol —= phosphatidyl inositol+enzyme . (6)

It should be pointed out that the enzyme involved
in the exchange reaction with inositol is different from the
‘enzyme described below for exchange of serine, ethanolamineg

and choline, in that the inositol reaction requires Hn2+ T

-



whereas the other‘gxchange reactions excluéively require Ca2+
i;_isﬂnot known.whether the inositol exchange syétem_functions-
in vivo.. | *

CDP diglycerlde inositol phosphatidyltransferase
has since been found in a wide variety of animal tissues
’(Benjamins and Agranoff, 1969 Prottey and Haw;hdrne, 1967) .
However, little is known concernlng the blosyntheSLS of PI in
phe‘fe; species of bacteria in which it is found.

The ?;osynthesis of PI in non—pﬁqtosynfhetic plan£
tissué has been studied by Sumida and Mudd (1970-b). A miCOj
éhonﬁﬁial preparation.from cauliflower inflorescéﬁté was.foﬁnd
to catélyze the in;orporation of inositol dinto PI in the pre;
sence of Mn2'+, and this incorporation could be gré‘at.ly‘.stimul— ‘\
lated by the addition of CDP-diglyceride. CTP. was also |
found to'bé as effective as CDP-&iglyceride, presumably.
because 6f'its‘conversion to the latfér by reaction with eﬁdo;‘
geﬁous’PA. This evidence suggests that in non—ﬁﬁotosynthetic
plant tissue PI is biosynfhesized~hy the same pathway'as in
animals (eqn. 4. lThe same pathway may also operate in spinach
leaves since Sastry and Kates (1966) found that 32? from sn-.
glycérol-B-E P}phosphate could be incorporated inteo PI, in
the presence of CTP and Mn2+ and splnach "cell fractions

activily synth35121ng [ P]PA

- e) Phosphatidyl glvcerol (PG). The only known path-

way for the biosyﬁthesis 0of PG involves the intermediate forma-

tion of bhosphatidyl‘glycerophosphate‘(PG?) from CDP- L

-

o
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" phosphatidyltransferase (PGP synthetase) requires Hn2+ or Mgz

- . 16 R

diglyceride and sn-glycerol-3-phosphate, followed by dephos-

‘phorylation to PG:

gnglycérol—B—phosphatg%CDP~&iglyceride-———%>3~g3-phcsphatidyl—

I'-sn-glycerol-3'-phosphate+CMP . - (7

L

-EE—PhOSphaﬁidyl—I‘—gg-glycerdl-B'-phosphate —_—
3-sn-phosphatidyl-I'-sn-glycerol+Pi - (8)

t al.

This pathway was first demonstrated by Kiyasu
(1963) in rat and chicken liver, and by Kanfer and Kennedy

(1964) in E.coli. Their evidence was based mainly on the CDP-

~diglyceride dependent incorporation of [16C]GP into PG, and

of [32P]GP into PGP, by cell free extracts of these tissues.

The pathway has since been demonstrated in sheep Brain

(Possmayer et al., 1968; Stanacev et al., 1968; Davidson and .

t al., 1969;

Stanacev, 1970), in beef and rat heart (Sténacev

Stuhne~Sekalec and Stanacev, 1970), in rat ventral prostate

(Stanacev et al., 1970), in a Bacillus megaterium mutaat

(Patterson and Lennarz, 1971) and in Salmonella typhimurium

(Bell et al., 1971).
Both of the enzymes catalyzing the above reactilons

have been isolated from the particulate fraction of g;coli

‘and partially purified by Chang and Kennedy, (1967 a and b).

The partially purified sn-glycerol-3-phosphate: CDP~diglyceride
+
for activity, and is inactive with gg-glycerol-l—phogphate,
glycerol, mvo-inositol and serine. The partially purified

PGP phosphatase 15 much more active than the phosphatidyl-

-

o
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transferase, which explains why PGP has not been detected in
E/coli lipids since it does not accumulate. The enzyme also
reqﬁires ngﬁ, and does not act on GP or PA. Unlike the
phosphatidyltrénsferase it is strongly inhisited by sulfydryl
reagents. In g&ntrast, the PGP»phosphatase in a strain of
Bacillus has been reported to 5e uninhibited b; sulfydryl \\/;
'reagen;s (Patterson and Lenna;z, 1971). .
| Surpriéingly, it has only been very recently that
the specificity of PGP synthetase towards different. liponucleo-
'ﬁides hasrbeen studied. Raetz and Kennedy (1973) found that
" the activity of non-cytosiﬁe’nucleosiae diphosphate diglycerides
was measurable but much lower than that of .either CDP-diglyceride
or its deoxy aﬁalogue, ‘Concerning the'sﬁecificity between CDP=-
diglyceride and dCDPﬁdiglyceridq, the latter was almost twice

as effective as .CDP-diglyceride at high concentrations, though

whether this was also true at low concentrations was not

determined. At certain concentrations, dCDP-diglyceride was
p .

aiso found to be more effective than CDP-dig}ycéride in the
synthesis of PS (see Section g). Since dCDP-diglyceride has
been found to accumulate tp the same extent as.CDP-diglyceride
in growing E.Egii-cells (Raetz and Kennedy, 1973), these
findings raise the question, at presént unresolved, as to
which of the twé cytosine containing liponucleotides is

functioning in vivo in E.coli in the biosynthesis of PG and PS.

The same reactions as shown in .eqmns..7 and 8 have

been proposed for the formation of PG in photosyntﬁetic tissues
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since the plant PG also hqs the 3—§E}phosphatidyl—l'-§g-

glycerol configuration (Benson and Miyano, 1961; Haverkate —

r

and Van Dgenen, 1965 a and b). The first evidence for this
gropoéal was presentedlﬁﬁ Sastr&'and Kates (19665 who showed
that crude cell fraqtions from spinach leaves couid in-
corpbrate ??P from gg—glycerol—3-[3Zé]phosphate into PG-aé

2+

well as PA, in a system containing CTP, ATP, Mg“", CoA and

fatty acids. However, the direct involvement of CDP-diglyceride

~in the formation of PG was not demonstrated. The above path-

way may also function in Chlorella vulgaris since PG is rapidly
' 32

labelled with P from DL-q-glycerol[32P]ph05phate during

photosynthesis (Sastry and Kates,ilQGSj. Concerning ﬁhe bio- -
synthesis of PG {p non-photosynthetic tissue, Douce (1968)

and Douce‘andEDupont (1969) presénted good evidence that in
cauliflower inflorescence PG is @iosynthesized~by the above
reactions. Tﬁeir e?idence was as follows:

1) 14

C activity from Eg—[lAC]glycerol~3-phosphate
o :
was inceorporated inteo PG in the presence of‘ng by a crude

mitochondrial fraction actively synthesizing CDP-diglyceride

in situ from CTP and endogenous PA. Furthermore, HgCl2 caused

inhibition of PG formation and an accumulation of PGP (Douce

. and Dupont, 1969).

32 32

i11) P activity from [a-"“P]CTP was incorporated

into,CDP—diglycefide by a crude mitochondrial fraction, and
accumulation of labelled CDP-diglyceride was decreased and
32

[T"PICMP was released in the presence of sn-glycerol-3-

phosphate (Douce, 1968).




Though thF above evidénce.is consistent wiéhqthe--
biosynthesisiof_PG by equations 7 and 8, no evidenée was pre-
sented-coﬁcerqing kinetic properties of the PG synthesizing
- system nor of the abiiity of éxoggnous CDP—diglyceride'to
act ;s substrate. These studies aiso failed to tackle tﬁe
question concerning the biosynthesis of PG in photosynthetic
tissue-. |

An alternative pathway has been suggested (Yang
et al., 1967; Dawson, 1967 2a), namely, the transfer of 2
phosphatidyl unit from phosphatidyl choline to glycerol,

catalyzed by phosphelipase D:

phospholipase D
Phosphatidyl choline + glycerol =~  phosphatidyl

o

glycerol + choline . (9)

However, this pathway cannot possibly be operating
in leaves since the PG formed by this transphosphatidylation
has been shown to be phqsphatidyl—ggéfl'-glycerol (Yang et al.,
1967), a mixture of diasterioisomers rather than the one

sterioisomer known to be present in leaves. Also, Schantz

t 1.'(1972) showed that :in Euglina gracillus grEQing auxo-
trophically, no 32? was incorporated into-PG from PC and PE
pulse labelled from [32P]ofthophosphate, éfen though PG was
being rapidly synthesized. This cleari; demonstrated that in
this organism at least) the phosphatidyl moiety of PG is not

A

derived from PC or PE by an exchaﬁge reaction catalyzed either

by phospholipase D or by a separate excﬁange enzyme.
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£). Diphosphatidvl glvcerol Lgaraiolipin). Two

pathways are at present known for the biosynthesis of

cardioclipin:
Phosphatidyl glycerol+CDP-diglyceride —— = cardiolipin+CMP (10)
2 Phosphatidyl glycerol — > cardiolipin+glycerol (11)

Both pathways involve the transfer of a phosphatidyl

group to PG, but in one pathway'the phosphatidyl group is

derived from CDP-diglyceride (eqn.- 10), while in the other it

is derived from another molecule of PG (eqn. 11).
P
In 1967, Stanacev, Chang and Kennedy proposed that:

cardiolipin in E.coli is biosynthesized by the reaction shown
in egn. lQ. Théir evidénce was based on the stimulation of
[léC]gardiolipin synthesié from phosphatidyl-Ilac]glycerol
in'éﬁ 2.53;3 particulate ffaction by high concentrations of
exogenousfunlabelled CDP-diglyceride.

At the time of thig proposal, cardioliéin bio-
synthesis by'the alternate réaction {eqn. 1ll) was not known.
Howevér,'in 1870, Stanacev and Stuhne-Sekalec showed the
feasibility of such a reaction by dem;nstrating the CDP-
diglvceride independeﬁC'conversion of small amounts of‘PG
into cardiolipin £y a2 crude phospholipase D preparatién from
cabbage. The first ipnddication that this alte;nage pathwéy
might be fﬁnctioning in bacteria was the finding by De Siervo A

and Salton (1971) of an almost quadtitative conversion of PG

to cardiolipin by a particulate fraction from M.lvsodejkticus
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in the absence of CDP-diglyceride. These studies prompted

a re-examination of the biosynthesis of cardiolipin in E.coli.
?hus, H;rsﬁhberg and Kennedy (1972) found that the BHI??P
ratio in cardiolipin-formed by an E.coli particulate fraction
was half that of the corresponding ratio of [32P]pho;phatidyl
[BH]glycerol substrate. These workers confirmed the original
observation by Stanacev et al. (1967) that CDP-diglyceride
stimulated cardiolipin biosynthesis, but they proved con-
ﬁlusively that this'compound was not.functioning as a phospha-
tidyl doner by the finding that }aclfrOm [IQC]PG, but no 32?

32

from [B P]JCDP-diglyceride, was incorporated into cardiolipin.

Hostetler, Van den Bosch and Van Deenen (1972) have made

-

similar observations in E.coli, and thQ\;;:k cf Rampini et al.
(1971L) strdngly suggests that the same C diglyceride in-

dependent pathway operates in Staphvlococcus aureus. The

evidence so far thus favours the formation of cardiclipin in
E.coli by the reaction shown in eqn. 11.

The pathﬁay of cardiolipin bicesynthesis in animzl
tissue has been the subject of .much recent research, mainly
contributed by the laboratories of Stanacev and of Van Deenen.
Davidson and Stanacev in 1971 showed that sn—-glycerol-3-
phosphate could be incorpor#ted into cardiolipin by guinea
pig liver mitochondria actively syntheéizing CDP-~diglyceride

in situ, and simultaneously, Hostetler et al. (1971) showed

the dependence of glycerdphosphate and PG incorporation into

~

cardiolipin by rat livef:mitochondria on the presence of



exogenous CﬁP—diglyceride. Stanacev et al. (1973) later
demonstrated moré_directly the substrate role of CbP—diglyceride
by_;howing thg ichrpo;ationrof 14C into cardiolipin from CDP-
[1§C]dig1yceride. Another crucial piece of evidence was pro-
vided by Hostetler et al. (1972) who showed that [2-7H]
phosphatidyl-[l—lacjglycerol ;gs converted inteo cardiolipin
with conservation of the 3H/lAC ratio, a finding which was
consistent with the CDP-diglyceride dependent pathway and at
the same time ruled out the possibility that the bacterial
éDP-diglyEeride independent pathway waé also operating.
-Little is known apoﬁt the properties of the enzyne
cafaiyzing the CDP—aiglyceride depqu;;t pathway. However,
Domazet et al. (1973) have confirmed earlier reports that

2+ + . cirs Ce se
Mg or Mn are required for activity. This is im contrast

to the animal PG synthetase system which dqgs not require
metal ions (Kiyasu et al., 1964).
Very little is known concerning the biosynthesis of
cardiolipin in plants. Douce (1968) and Doucé and Dupont (1969)
found that‘lac from [1AC]GP was incorporated into cardiolipin
as well as‘into PG by cauliflower inflorescence mitochondria
in the presence of‘CTP and Mgz+. However, it is not pos§ible |
to conclude from this result as to which of the pdthways dis-
cussed above was operating in this system. In view of the
finding by Stanacev and étuhne—Sekalec (1970) of an ig.vitro

phospholipase D catalyzed formatiom of cardiolipin by eqn. 11, '

itvmight be thought that this enzyme also catalyzes the

i



formation of cardiolipin in.vivo in pl;nts. However, as
peinted out below in Section j) phospholipase D can .CaTry

out many non-specific gxchange feactions in addition to its
hydrqiyzing activity. It is therefdfe_possiblé that thg
observed ig.vitro phospholipase D éatalyzed‘formation of
cardiolipin' from 2 moles of PG, which is.esgentially an
exchange of the glycﬁfol moiety of PG for another molecule

of PG;'may simply reflect the‘non—specificiﬁy of phospholipase
D catalyzed in vitro exchange reactions, and is therefore

unlikely to have any physiologicél role ia wvivo.

'g) Phosphatidvyl serine (PS). The importance of

CDP-diglyceride as a phosphatidyl donor substrate in the bilo-

syﬁthesis of PG, PI and carﬂiolipin has alregdy been described
above. Kennedy_an&.co—w;rkers héve,demonﬁtrated that in
E.coli this compound also servés ag a phosPhatidyl donor in
the blosynthesis of PS a minor lipid in E.coli which serves
as the 1ntermedlate in the biosynthesis of PE. The reaction
for the formation of PS, catalyzed py CDP-diglyceride: L-

serine phosphatidyl transferance (PS ‘synthetase), is as

follows: o «
CDP-diglyceride+l-serine ——> phosﬁha;i&yl serine+CMP (12}

This reaction was first described by Kanfer and ) _ ?

Kennedy (1964), who found that serine incorporation‘inio PS

-by an E.coli cell free extract was completely dependent on

exogenous CDP-diglyceride. A striking property of the .enzyme
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was its dependenee for optimal activit; on both an added
.surféce‘activé agent,'(elthér octanol or cutscum) and a
sufficienf ioniz strength (0.1 mM) in thé incub;tion m;dium:
The abo%g pg;ﬂway has also been.demonstrated in a mutant of

Bacillus megatarium by -Patterscon and Lennarz (1971) and in

Salmonella tvphimurium by Bell gi al. <l971).
i The specifi?ity of PS synthetase in E.coli towards
'differenﬁjli@onqcleétides_has recently been studied by Raet:z
_éna;kenneﬁy (1373). Tﬁey.found that over a wide range of
‘éoncéntration; the activity-of:non—cytosine_nucleoside_di—
phoéphatgjdiglycerides was measurable, but much lower than
that ;% CDP-diglyceride. However, the difference in specificity
between CDP-digly;eFide'and dCDP-diglyceride was more complex.
The former was apparently more active at high concentrati?ps,
and the latter more active at low concentrations. Whether
this dual specificity observed in vitro has any physioclogical
significance in viveo is as yet unknown.
; , -
The biésynthesis_of PS Ey eqn. (12) is characteristic
. 0f bacteria and no such reaction has been detected either in

liver (Paulus and Kennedy, 1960) or in the protozoa Tetra-

hvmena pvriformis (Dénnis and Kennedy, 1570). Instead, in

these tissues the evidence available so far suggests that PS5
is biosynthesized by an exchange reaction involving free

serine and the ethanolamine moiety of phosphatidyl ethanol- .
amine (see Sectionm j). ij‘

Few studies on the biosynthesis of PS in plants



have been carried out, and most of these have utilized only
- non-photosynthetic tissue. The presence of an active syhthesis
of PS from serine in tomato roots is suggested by the work of

Willemot and Boll (1967) who demonstrated the incorporation

1

4 . - : :
of C from [U-IAC]serine into the serine moiety of PS by

excised tomato root. The biosynthesis of PS in Chlorella
vulgarié by eqn. (12) was éuggested by Sastry and K#tes {1965)
from the }&nding tﬁat growing cells of this organism incorpo-
ratad 32P from [32P]GP into PE. This incorporation most
likely arose by the formationlof CDP;diglyceride from~éP
followed by conversion of CDP~diglyceride to PS ag&~then de-— —"
carboxylation (eqns. 1—3,-12f13), since this is the only known
route in which the phdsPhate moiety of PE is derivgd from that
of GP. Hoéever, it is neot possizgﬁ from these in vivo studies
to establish wifh certainty the pathway of PS biosynthesis.
Vandor and Richardson (1968) showed that a microsomal fraction
from etiol;;ed-pea seedlings catalyzed the incorporation of
serine into PS by an exchange reaction (see Sectionm j), but no
result; were reported on the presencé cf PS synthetase in

this tissue.

h) Phoéphatidyl~ethanolamine (PE). Two pathways are

at present known for the de novo bicsynthesis of PE. The

first, (pathway 1, eqms. 12-13) which is present in bacteria,
involves the formafion and decarboxylation of PS, while the

second (pathwéy 2, eqns. 14316), which is present in animals,

e
rd



Iinvolves the intermédiate formétion of CDP-ethanolanmine.

Pathway 1.

CDP-diglyceridet+l-serine —— 5, phosphatidyl serine+CMP {12) -

Phosphatidyl serine — phosphatid§1 ethanolamine+CO2 (13)
. . - 7
Kanfer and Kennedy (1963) found that PE was heavily
labelled but PS only slightly labelled with 32? in E.coli :
32 !

grown in P-labelled "orthophosphate. These authors sub-
sequently demonstrated the presence of a P§S decarboxylase in
lcgll free extracts from E.gé;i and showed it to be much more
active than PS synthetase (Kanfer and Kennedy, 1964). The
prdperties of PS synthetage have.been described.;n detaii in.

Section g above. -

PS decarboxylase has fecently been isblatéd from
E.coli and purified to homogeneify by Wickner and Kennedy
(1971). They found that the pure enz&me was inhibited By
hydroxylamine and 4-bromo-3-hydroxylbenzyloxyamine, which they -
suggested indicated the involvement of a pyridoxal cofactor.
The~inhibitipn of PS decarboxylase by hydroxylamine  has been.
used to demonstrate_the operation of pathway%l (eqns. 12-13)

S
in vivo by Raetz and Kennedy (1972), who showed that when

E.coli cells were grown in the preéence of hydroxylamine the

accumulation of l!‘C from {l-léclserine inte PS Iincreased. PS
decarboxylase, together with PS synthetase, has also been

detected in other bacteria, namely a Bacillus megaterium >

nutant (Pattersom and Lennarz, 1971) and in Salmonella -

typhimurium {Bell et gi.l'197l).




PS decarboxylase has also been detected in rat liver

(Borkenhagen et al., 1961) and in the protozoum’ Tetrahymena

-pvriformis (Dennis and Kennedy, 1970). ©However, in these

tissues, the enzyme is not irnvolved in the de novo biosynthesis
of PE, since the PS itself is apparently derived from PE by an
exchange reaction with free serine (see Section j), and not

by PS synthetase which is absent in these tissues. Thus the

decarboxylation and exchange reactions in these tissues form

a metabolic cycle in which, as pointed out by Kennedy (1962b),

involves ‘the net production of free ethanolamine from free

serine.

Pathwavy 2.

Ethanolamine+ATP ——> phosphorylethanolamine+ADP (14)
Phospheorylethanolamine+CTP ;——h—e> CDP-ethanolamine+Pi-Pi (15)
CDP-ethanolamine+sn~1,2-diglyceride ——— > phosphatidyl

_ethanolamine+CMP : (15)

The enzyme céé?lyzing the first step (eqmn. 14),
) ndmely ethanolaminekinase, ﬁas been detected in a wide vafiecy
.of animal tissues; it is inhibited by choline and localized
specifically in the cytoplasm (Sung and Johnstone,-1967;
 Weinhold and Rethy, 1972).

The enzymes catalyzing the second and third steps
(eqns. 15 and 16) were first described by XKennedy and Weiss

(1956). Their evidence for CTP: phosphorylethanolamine qytidyl

transferase (eqn. 15) was the incorporation by a rat %Eyer
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* exchange reaction this pathway ctannot represent de movo

/

.20,000xg supernatant fraction in the presence of CTP, of 32P

from [32P]phosphorylethanolamine into a-cytidine containing
compound tentatively identffied chromatographically as CDP-
ethanolamine ChP~- ethanolamine was also shown to be naturally

cccurring in rat liver. Thelr evidence for CDP-ethanolamine;

' diglyceride phosphorylethanolamine transferase (eqn. 16) was

the incorporation of°32P from synthetic [S—EQP]CDP-ethanol—

amine into PE by a rat liver homogenate "in the presence of
. . ! . . ]

endogenous diglyce;idé. The phosphorylethanélaminetransferase

has also been found in brain (HcMurray, 1964; Ansell and

Metcalfe, 1966; Ansell and Chojnacki, 1966 Porcellati et al.;

1970). | | T

-

Another paﬁhway,observed for ethanolamine iuchpora-

tion into PE in isolated liver and braln ~particulate fractlons
—

is by. an exchange reaction (see Section 3) in which ethanol—;-
amine apparently exchanges with the serine moiety of PS

(Borkenhagen et al., 1961; Kanfer, 1972; Porcellati et al.

-

- 1971). THowever, since PS is itself derived from PE in an

syntﬁesis of PE.: \

The biosynthesis of PE in plants has not been in-

vestigated in detail. However, Sastry-and Kates (1965) showed

that growing Chlorella vulgaris could idﬁorporate 32? from

[32P]GP into PE,  a finding which as discussed above in

Section g is comsistent with the biosynthesis of PE in

\ .
Chlorella vulgaris proceeding via the formation and decarboxy-
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lation of PS by eqnms. 1-3 and-12-13. The presence of PS de-
carboxylase in plants is further supported by the- finding by
Willemot and Boll, (1967) that %4C~from.[U- 4C.]s_erine -but not
from [1— C]serine was 1ncorporated by excised tomato roots
into PE. hlso Vandor and Richardson (1968) provided indirect
evidence for the preseg;e_of/PS decarbotylase in pea microsomal~
suspensions by showing the formation of lz‘CO2 from [U-lAC]
serine under cooditions in which the [U-lac]serioe was being
incorporated 1nto PS by the serine exchange system (see below
I, as these sgodies'suggest' PE can be biosynthesized

in plants via the intermediate formatlon of PS (the "baoterial

_pathwav") it -is clearly of 1nterest to know whether the CDP—
~ethan®lamine "animal pathway .1s also operating in plants. 1In

~this connection, Kennedy and Weiss (1956) reported but pre-

sented no eyidence for the presence of the cytidyltransferase
in carrot ToOL, and Mudd-and'Macher (l972)dhave presented
prellmlnary results which support the presence of the phos—
phorylethanolaminetransferase in spinach leaves. Also,
Willemot and Boll (1967) demonstrated a very Active incorpora-
tion of [ C]ethanolamine into PE by excised tomato root,
which suggests the ocperation of the CDP-ethanoiamine pathway
in this tissue; however, it cannot be ruled out lhat this

incorporation may have_arisen instead by an exohange Treaction.
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i) Phosphatidyl choline (PC). Two major pathways

are known for the biosynthesis of \\namely the nucleotide
pathway ut11121ng CDP- choline (eqns. 17- 190, which has been
found only in anlmals and plants, and the ;ethylatlon pathwaf‘
from PE_(eqné.ﬁZO-ZZJ,’which hgs been found iﬁ animals and

some bacteria, but not so far in plants.

The Nucleotide Pathwav.

Choline+ATP —= phcsphorylc@gline+ADP . {175
Phosphorylcholine+CTP  — >  CDP-choline+Pi-Pi Co(18)

CDP—choline+§§el,2—diglyce:idé-——%;phosfhatidyl choline+CMP (19) ,

The first demonstration of. cholinekinase was by
Wittenberg and Kormberg (1953) who partially purified the

enzyme from brewers' yeast. Cholinekinase activity has since

been detected in a variety of animal tissues (McCaman, 1962)

—

and in-Ehrlich-asci?éé cells (S:;E\Ehd Johnsto%e,l1967),
Theminvblvement of phospﬁoryicholine ianC bio-
synthesis in liver was first shown by‘Korngerg and Pricer -
(1952), who reported the incorporation"of phosphor&lcholine
into phéspholipid by a liver homogenate. Howevef, the inter-
mediate reactions were not known until the classical work of
Kennedy and.db—workers (Kennedy and Weiss, 1956; Borkenhagen
~and Kepnedy,-1957; Weiss, Smith and Kennedy, 1958), who
demﬁnstrateé fhat the synthesis of PQ in rat liver cell free

extracts involved the intermediate formation of CDP-choline

from phosphorylcholine and CTP (eqn. 18) followed by transfer -

)

4

-



of phosphorylcholine to gg;l,z—diglyceride (eqn.q19). This |
pathway was supported by many lines of evidence, among which

w;\e the incorporation of 32P from [32P]§hosphorylcholine

?nto CDP-choline in the presence of CTP, and the diglyceride

%timulated incorporation of léc from chemically synthesized
/ B
14

CDP-[""Clcholine into PC.

CDP-choline: diglyceride phosphorylcholinetransferase

-

has also been demonstrated in brain (Strickland et al., 1963;
Chojnacki;1964; Anseli and Chojnacki,'1966; Miller and Dawson,

!

1972), lung (Vereykeén et al., 1972) and other animal tissues®

The enzyme .is also present in the yeast Saccharcmvees

cervisiae (Waechter et al., 196%9) and in the protozoum

Tetrahvmena pvriformis (Smith and Law, 1970).

Concerninguthe specificity of the in&£vidual enzymes
in the nucleotide pathway in animal tissues, the cy?idyl trans-
ferase catalyzing the second step is inactiﬁg wiﬁh non cytosine
nucleotides (Borkenhagen and Kennedy, 1957), and the phosphoryl-
choline fransfefase catalyzing the thérd step i1s equally in-
active with non cytosine eontaining'nucleoside &iphosphate
choline esters (Kennedy_and Weiss, 1956). In the cytidyl
transferase reacgion, dCTP is as effectiv; as CTP (Kennedy
et al., 1959). However, while Kennedy et al. (1959) have
claimed that ia fHe phosﬁhorylchoiine transferase reaction
dCDP-choline is as effective és CDP-choline, ché more detailed

results of Schneider and Behki (1963) strongly suggest that

CDP-choline is the preferred-substrate.
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'rChojnacki (1964) and Anseil and Chojnacki (1966)
found that in brain dispersions, ethanolamine.and its mono
and dimethyl derivatives and choline were incofporated frém
their CDP esters into the corresponding phosphoii;id to ' the

same extent. However, the formation of mone and dimethyl PE

almost certainly has no significance in vivo since these

ﬁhospholipids have not been detected in brain,neither can
their methylation to PC take place in this tissue (see below).
It therefore appears that the phosphorylbasetransfergse
activity in bfain.may be nonspecific towards the structure of
}he base. -It.is therefore possible’ that in bfain the syn-.
tﬁesis of PE andV?é.from.CDP-efhanolamine and.CDP—choline
respectively may belcatalyzed by a-single enzyﬁef In the
_;riginal studies of Kennedy and Weiss (1956), thé two phos-
phorylbasetransferases in rat liver were b;th present in the

18,000xg pellet and no attempt:ﬁas made to separate them.

R PR,

‘The only evidence in support of two separate enzymes was the

retention of phosphorylcholinetrénsferaSe activity, but the

'
loss of phosphorylethanolaminetransferase activity, ﬁpon
lyoﬁh lization of the 18,000xg pellet. Howéver, in 2 recent
publﬁsékion, Dénnis and Kennedy (1972) have stated that in-
activation of interfering enzymes may hgv2'been responsible
for these observations. Clearly, the quéstion of whether
separate enzymes are involved in the two phosphorylbasetrans-
ferasé.reéctions (egns: 16 .and lQ?_in brain and liver can only

be.answered"by purification and separation of the two enzyme

activigies. -



There is considerable evidence that the nucleotide
pathway is present in photosynthetic and non-photosynthetic
plant tigsue. The presence of the phosphorylcholine trans-
ferase has been conclgsively demonstrated in spinach leaves
by Devor and Mudd (1971). Their evidence was based on the
incorporatio; of lAC into PC both from CDP—[{AC]choline an&
_3—1,2—[14C1diglyceride by a microsomal fraction; the incor-

poration from CDP—[IAC]choline was stimulated by added digly-

o, .y

ceride, and that from [lacidiglyceride by added CDP-choline.
Cholinekinase has been found in rapeseed (Ramasara and Wetter,
1957) and in leaves from a wide variety of species inciuding
spinach (Tanaké ég al., 1966). Morré et al. (1970) have

. < ;

demonstrated the presence of all three .enzymes in cell free

fractions from onion stem. The cytidyltransferase was similar
to the corresponding enzyme in arimal tissue in its specificity

for cytidine containing nucleotide.

‘v

The Methvlation Pathwav.

This pathway consists of the step-wise methflation
of PE to.PC by S-adencsylmethionine ($4AM), with the inter-
mediéte formation of phosphatidyl qonomethylethapolamiﬁe
(PE-Me) and phosphatidyl dimethylethanolamine'kPE~diHe)(eqns.
20-22). S—a&euosylhomocys;eine (SAHC) is the non-lipid pro-

. duet. Thus,
PE + SAM ———> PE-Me + SAHC (20)
PE-Me + SA)M ———> PE-diMe + SAHC (21)

PE-diMe + SAM ————> ©PC + SAHC (22)
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Very early work on cﬁéline metabolism in liver
indicated that choline might be biosynthésized by methylation
of ethanolamine by methionine (du.Vigneud et al., 1941;:
Rilgeram et al., 1953). The involvement of phospholipid inter-
mediates in the pathway was suggested by Crowde? and Artom
(1952) who.showedrthe Incorporation of dimethvlethanolamine
into phospholipid prior to its methylation to choline.. An-
other valuable early contribution was by Stekol et al., (1955
and 1958) who were able to demonstrate the involvement of SAM
in_the third step (eqn. 22). |

However, it was not until the early 1960s that more
ctoncrete evidence for the methvlation pathway was forthcoming.
The involvement of PE-Me and PE-diMe as intermediates in the
pathway was stronély suggesteé by the work of Bremer and

;cGreenbérg (1961) and Gibson, Wilson and Udenfriend (1961),
who showed that 14C from [Me-l4C]SAM could be incorporated by

< . . . . . .
rat liver microsomes into PE-Me and PE~diMe as well as into

PC. Furthermore, Bremer and Greenberg (1961) and Cooksey and

Greenberg (1961) found that the laC—incorporation from

1

[Me-,AC]SAM into PC was stimulated by exogenous PE-Me and

PE-d iMe. However, a moré direct demonstration of PE-Me and
PE—diMe.as intermediates was given by Artom and Lofland (1960)
and Artom -(1964), wﬂ; demonstrated the direct methylation of
Lo 1abelled PE-Me and PE-diMe to PC by unlabegléh SAM.

The rat liver microsomal methylating enzyme system

has been found to be. incapable of methylating exogenous PE

—

¢

N
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(Bremer and Greenberg, 1961; Cooksey and Greenberg, 1961;

Gibsom et al., 1961). This finding could of course be ex-

plained by there being saturating levels of eﬁdoggnous PE in
the microsomal preparaﬁions uséd. However, a disﬁersed rat
liver miéroéomal preparation freed of endogenous lipid was
found to methylate exogenous PE-Me and PE-diMe, but not PE
(Rehbinder and Greenberg, 1965). 1In fact, the, only evidence
in support of the first étep was given by Gibson et al. (1961)
who demonstrated :hat 14C incorporation from microsomal bound
phosphatidyl[14C]ethanolamine into PC‘was stimulated five
times by the addition of unlabelled SAM. Héwever, it is not
possible to determine from their‘data.fhe extent of conversion
of PE te PC. Thus, concrete evidendg for the existence of the
first step, mamely the methylation 6} PE to Pﬁ—Me (eqn. 20),
is lacking in rat liver.

Tﬂe nethylation pathway has since been studied in
a wide variety of living organisms. There is good evidence,
based mainly on the formation of 14C-labelled PE-Me, PE-diMe

14

and PC from [Me~" "C]SAM in cell free preparations containing

endogenous PE, that the pathway functions in the bread mold

Neurospora crassa (Scarborough and Nyc; 1965), the yeast

Saccharomvces cervisiae (Waechter et al., 1969; Steiner and

Lester, 1969), and the protozoa Ochromonas malhamenis and

Tetrahvymena pvriformis (Lust and Daniel, 1965; Smith and Léw,

1970). The pathway is not present in bacteria with the

exception of three species cof Agrobacterium (Kgneshiro ~



and Law, 1964; Goldfine and Ellis, 1964), Hyphomicrobium vulgare
(Goldfine and Hagen, 1968), and .in the photosynthetic bacterium

Rhodopseudomonas spheroides (Gorchein et al., 1968). The

bacteria Clostridium butvricum and Proteus vulgaris, which do

not contain PC, are of novel interest since PE-Me is a major

phospholipid component and can be labelled with 14C when the

cells are grown in [Me—lac]methionipe (Goldfine, 1962; Gold-

fine and gélis, 1964). .

. Several of the above studies have contributed signi-

ficantly to our understanding of the methylation pathway. Thus,

Kaneshiro and Law (1964) in their studies with Agrobacterium

tumefacians, showed that 14C incorporation into PE-Me, PE-diMe

and PC from [14C]SAH by microsomal and cytoplasmic fractions

was almost totally dependent upon exogenous PE. They also

isolated and partially purified an enzyme from the cytoplasm
with PE:SAM methyltransferase activity. This was the first
conclusive demonstration ever of the first step (eqn. 20) in

the methylation pathway. In their studies with Neurosporra,

Scarborough and Nye (1965) found that miérosomes from 2 mutant
of this organism were deficient in PE:SAM methyltransferaée
activity, while microsomes from a second mutant, where the
lesion was at a siﬁgle genetic lotus, could not catalyze the’
methylation of either PE-Me or PE-diMe. This finding was

important in showing that in Neurosporrd a single enzyme

'
v

catalyzes the first step, while a second enzyme catalyzes both

.the sécond and third steps. The methylation pathway in other.



organisms most likely also involves separate enzymes for
the firsé'and subsequent ﬁethyiation. The f;ﬁding of PE-Me,
but no PC, in Cl.butyricum and P.vulgaris is?conéistent with
this idea. . : o

. The evi&ence available at present, although indirect,
‘suggests that the me;hylation-pathway also exists in photo-
synthetic and non;pho;osynthgtiC'plant tissués. Thus,.Sastry_
and Kates (1965) showed that in Chlorella vulg;ris grown for

12 h in [32P]glycerophosphate, the 32P—accumulation began to

decrease in PE but increase in PC. Also, Willemot and Boll

(1967) found that 14C was incor@orated by excis%d tomato roots

14

from [lQC]e:hanolamine and [U-""Clserine not only into PE, but

also into PC. More direct evidence is available for the

cccurrence of the methylation pathway in photoéynthetic bacteria.

Gorchein et al. (1968) demonstrated the incorporation of 148

from [Me-laclmethionine by groﬁing cells of Rhodopseudomonas

~ spheroides into the base moieties of 'PE-Me, PE-diMe and PC;
they also demonstrated the incorporatiﬁg of 14C from [He—IQC]SAM
by a particulate fraction of this organism inté'the.base moieties
of PE-Me and PC. Tipton and Swords (1966) claimed to haﬁe pro-
vided evidence for the presence of the methylation pathwéy in

Euglina gracillus, but the results were equivocable due to the

lack of proper controls.

An interesting problem concerning the biosynthesis

- -

of PC is the relative'importanqa of the methylation and nucleo-
/ T : : '
tide pathways. With some tissues, this problem does not exist '

=



because only one pathway functions.” Thus, in A.tumerfacians,

only the'methylétion pathway is present (Ka@eshi;o.and Law,
1964; Sherr and Law, 1965), and this is also likely-true for
other bacteria contgining PC. In contrast, in animal brain,
the nucleotide pathway exists but mnot the methylation pathway
(Chojnacki et al., 1964; Marshall et al., i965; Ansell and
Spannexr, 1965). In animal tissues having both pathways, e.g.
kidney, heart, lung, liver and infestine, the methylation
pathway is a very minor route in all tiésues except liver.
(Breme; and Greeuberg,-IQGI; Bjérnstad and Bremer, 1966;

Vereyken et al., 1972). The results of in vivo experiments

by ngrns;ad and Bremer (1966) inéicate that one-fifth of

liver PC is sﬁnthesized‘bj the methylation pathway, while

Wise andvElbyu (1965) and Tinoco et al., (1970) have calculated
that the amount of choline formed by this route in rat liver
may.equal the amount of cheline in the diet. Howeve;, the
‘relative importance of the metﬁylagion pathway appears to
depend upon the amount of choline in the diet. Thus, in rats
fed a choline deficiént diet PC syathesis by the methylation
pathway increased, appareqtly as a result of an increase in

the #mount of the methyltransferase enzymé(s) (Thggpson et al.,
1969;~Fallon et al., 1969; Glen and Austin, 1971). Steiner

.and Lester (1569) have observed a similar effect of choline

on thé methylation pathway in the yeast §.cervisiae..‘1t was

found that the microsomal synthesis of PC by the methylation

pathway was much less in cells grown in the. presence of choline,
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apparently as a result of a decrease in the amount of methyl-
tgansfefase enzyme(s). It is thus possible that in rat liver
-and yeast externally supplied choline may repress synthesis )

of the methyltransferase enzyme(s).

j) Exchange reactions. The main principle of the

Kennedy scheme of phospholipid biosynthesis is that the gglggzg-
generaéion of the monophosphaéé ester linkage in.phospholipids
involves a cytidine containing coenzyme a$ a "high enexrgy"
intermediate. Interest was therefore aroused by the finding
by Hﬁﬁscher et al. in 1959 that ffee L-serine could be in-
corporated inteo lipid by a rat liver cell free homogenate in

a Q§2+ stimulated reaction which did'not require nucleotide
intermediates, but apparently involﬁed exchaﬁge of f}ee §efine
with the base moiéties.of endogenous phospholipids. This
finding was confirmed by Borkenhagen et al., (1961) who .
identified the 1lipid formed from L-éerine‘as PS. Thesg
workers also showed‘incorpofationﬁof ethanolamine into PE

in the presence of Cazﬁ and presented evidence which suggested
that the incorppfaticn of serine and ethanolamine into lipid
was catalyzed by a single enzyme. They also proposed, though
presented no cdncreté evidence for, that these reactions

involved an interconversion of PE and PS:

phosphatidyl ethanolamine+serine —— phosphatidyl serine
7 : JO—

+ ethanolamine (23)

“
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Borkenhagen et 2l. (1961) reported that an analogous
"exchange" réagtion in§olving free choline did .not occur.
‘However, Dils and HUbscher (1961) have conclusively demon-
strated sﬁch a reaétion in wvitro aﬁd_this haé been confirmed

1

by in vivo'stud;es,though the relative importance of this

pathway in PC synthesis in vivo is still a matter of contro-'

versy, (Treble et al., 1970; Sundler et al., 1972).

A Ca2+ stimulated incorporation of'etﬁanolamine,
‘serine and choline has also been detected in particulate
fractions from brain tissde'(?orcellati.gg gi.; 1971; Kanfer,
1972) and in pea seedlings (Vandor aﬁd Richardson, 1968). |

The mechanism of these exchange reactiomns is still
a matterx of.speculation. Since cytiﬁine coenzymes are not
requ&red,_the Kgnnedy principle préaicts that these reactions
do not involve a net de novo formation of monophosphate di-
éster linkage. Hibscher et al (19595 and Dils and Hubscher
(1961) have suggested that the reactioné simply refle£t~the
‘re§ersibility of phospholipase D hydrolysis:

—

Ca2+

Phosphatidyl-0-R+R,0 __———> phosphatidic acid + R-OH (24)
S e

where ROH can be serine, ethanolamine or choline. However,
proof of this mechanism must await the conclusive demonstra-
tion of phospholipase D in animal tissues. So far, .the only
evidence in favour of phospholipase D in animal tissues is
the finding (Dils and Hubscher, 1961) of a small release of

- . 2+
PA when rat liver microsomes were incubated with Ca ', and
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the observed Ca2+ depeundent release of lAC-labelled'serinq,

ethanolgmine and choline on incubation of Egt,brain microsomes

e

S

containing }4C-labelled phospholipids (Kanfer, 1972). However,

in contrast, Bjdrnstad (1966) found no phospholipase D activity

- in liver {osqmés towards PE, though phosphéolipase D activity
towards PC>was.not ruled out. Thus, the'question-of the pre-
sence of ph;spholipaSe D in animal microsomes requires further
invésfigation.

A better case for the phospholipase D ?ypothesis
migﬁt appear to be made for the exchange enz&ﬁe system in péa
seed microsomes, since.phOSPholipas; D is known to be‘widely
distributed in plant tissues including leaves and seeds (Kates,
1954; Davidson and Long, 1958; Quarle; and Dawson, 1969). In-
deed, Yang et 2al. (1967) have discovered that a partially puri-
fied phospholipase D froﬁ cabbage can cataly;e in the presence
of Ca2+ not only the hydrolysis of PC b#t also the exchangg
of the choline moiety with other alcohol moieties such as
ethanol, ethanolamine, glycerxol %nd L-serine. This exchange
activity has been detected im phosﬁholipase D preparations
from leave§ of cabbage, spinach, radish'and'ogger species by
several independent investigators (Bartels and Van Deenen,
‘1966; Douce et al., 1966; Dawson, 19673).1
~- - To account. for both the hydrolyzing and exchange
activity of phossholipase D, Yang et al. (1967) have postu-

lated the following mechanism involving the formation of a

common phosphétidyl-enzyme complex:

1



Phosphatidyl choline+enzyme — .= phosphatidyl-enzyme+choline (25)
~. . :

Phosphatidyl-enzyme + 0O —> phOSpHétidié acid+ghzyme (26}
Phosphatidyl-enzyme + ROH —=x phosPhatidyl404R¥eniyme (27)
- - o [}
) -
where ROH is a free alcohol. . . \

However, . it is very unlikely that phospholishse D -

catalyées the above exchange reactions in vivo. Concerping
;he phospﬁolipase D ;atalyzed exchange reaction betweénlghe
choline.of PC and free glyce;ol, this reaction cannot pgssibly
function in vivo for the reasons discussed above (éee Section é).
This conclusion isffurther supported by the striking differences ]  /
in the properties of'the exchange system In pea micfosomes
(Vandor and ﬂichardson, 1968) and that catalyzed by isolated‘

leaf phospholipase D (Yang et al., 1967). Thus, the pH opti-

~

mum of the former is 8.5, while the pH optimum of the latter

is equal to that of its hydrolyzing activity, i.e. 5.5-6.0.

Also the former system was inactive towards ethanol and glycerol,

while the latter was very active with these substrates.

2. .Subcellular Localization of Biosynthesizing Enzv@es

There is.general agreement that in E.coli the
enzymes involved in the biosynthesis of‘PA (equs. 1-2), CDP-
diglyceride (egn. 3), P%_(eqns. 7-8), and cardiolipin (eqn. 11)
are localized in the ceil envelope (Kanfer and Kennedy, 1964;
'Chang and Keﬁnedy,“?Qﬁ?a and b; Carter, 1968; KiFo and Pizer,
1969; Ailhaund and Vagelos, 1967; Van den Bosch and Vagelos, — ‘

1970; Hirschberg and Kennedy, 1972). Furthermore, White-et al



(1971) and Bell et al. (1971) have demonstrated that these

enzymes are localized in the "inner membrane of the cell

.

envelope" (plasma membrane). ; @
Concerning the subcellular localization of the

enzymes involved in PE synthesis, .namely PS synthetase and
PS decarboxylase Qsee:eqns. 12-13), there ;1ear1y must be an

efficient -coupling of the activity of these enzymes in vivo

since PS does not accumulate in E.coli. One might expect

therefore that the two enzymes would be located at the ‘same -
- ; _ .

-l

subcellular site.’ While there is strong evidence suggesting

the localization of Psudecarboﬁylase_in7the-plasma membrane
(White et al., 1971; Bell et al., 1971; Raetz and Kennedy,

1972), there are counflicting reports concerning the subcellular

localization‘of PS synthetase. Thus, Raetz and-Kennedy,'(1972)
have reported that the enzyme ﬁas localizeé‘in ;he menrbrane
free iupe&natant ffact§Qn after §isrupfggn of E.coli cglls
either by vigorous sonication or‘by ore genfle enzymatic .
lysis methods. Furthermore, the enzymé was found toWpe pre- T
dominantly assoc%%ted with-the ri@osqgﬁ§. Thgse findings are
consistent with the report by Bell et i. (1971) that in the
g.ggli cell envelope the specific activity of PS synthetase

. was very much lower .than that of the other phospholipid bio-
synthesizing enzymes. However, in contrast, Cronan and

Vagelos (1972) have claimed that a consideréble por;ion of

the total PS decarboxylase activity in E.coli 1s present in ™

the washed envelope fractipn when the cells are gently 1yseé,

'.

y
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and White et al. (1971) have reported that in the celL envelope
the specific activity of the enzyme is comparable to that of

the otherAphospholipid biosynthesizing enzymes. Also, Patterson.
and Lennare (li}l) found that all of the activity.in a strain

of Bacillus megaterium was localized in the cell envelope.

Thus, the question of the subcellular‘localizatidn of PS syn-

thetase in bacteria requires further clarification

-

Present knowledge concerning 'the subcellular

locaiization of phospholipid biosynthesizing enzymes in animals

and: plants is summarized in Table 2. Definite comclusions

’

concerning the subcellular localization of "the sn- glycerol -3-

~

phosphate:acyl CoA acyltransferase(s) in animal liver cannot

be made_at present because of the contradictory data available.

Thus, Eibl-et al. (1969) and Davidson and Stanacev (1972) have

reported that the enzyme is localized in the microsomal fraction

only, while Zborowski and Wojtczak.(l969), Stoffel and
— :

Schiefer (1968), Shepard and Hiibscher (1969) and Sarzala et al.
(1970) have claimed the localization of this enzymé in mito-
.chondrie In spinacE,l;av%; the enzyme has been reported
loqalized in the microsomal fraction (Cheniae 1965). The
reason for the contradictory data may'fe the difference in
"the methods of aésaf used, and tnis has been critically dis-
. ’
cussed by Daridson and Stanacev (1972). As discussed above

(Section b), PA can also be biosynthesized in rat liver by

the dihydroxyacetone pathway, but the subcellular localization

Yt

of this enzyme system is at present unknown.
e
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TABLE 2. SUB-CELLULAR LOCALIZATION OF PHOSPHOLIPID BIOSYNTHE?IC

ENZYMES IN ANTMALS AND PLANTS

Enzyme and Reaction

Catalyzed _ Tisgue Localizaqion Reference
© Acyl CoA:glycerophos- rat and guinea mitochondria? 1,2,3,4
phate acyltransferase pig liver microsomal? 5,6 :
(equns. 1-2)
o spinach leaves microsomal?----. 7
/
CTP:phosphatidicacdd rat brain. - . mitochondria 8
cytidyltransferase rat liver and microsomal; 9, 10, 11
(egn. 3) _cauliflower also in mito-
inflorescence . chondria
(inner membrane)
spinach legggs ‘ microsomal 10
: (mitochondria?)
, y o
CDP-dig:inositol guinea pig microsomal 8,12,13
phosphatidyltrans- - pancreas and
ferase brain, rat brain
(eqn. 4) .
cauliflower ~\ mitochondria? 14
infloresence :
i
\\
CDP-dig:glycero—- chicken liver, mitochondria 15,16,17,18
phosphate phospha- rat brain, beef
tidyltransferase » and rat heart
and : ?
PGP phosphatase rat liver - mitochondria 9
{(eqns. 7-8) (inner membrane)
CDP-dig:PG phospha- guinea pig liver mitochondria - 19 /
tidyltransferase ot '
("Cardiolipin syn- rat liver mitochondria 9,20
thetase'") ‘ (inner membrane)
(eqn. 10)
CIP:phosphoryl- rat liver ? 21 -
ethanolamine cytidyl- ) : -
transferase

(eqn. 15) ' ‘ ’ T
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Enzyme and Reaction

Vandor and Richardson

Catalyzed Tissue Localization Reference
CTP:phosphorylcholine rat liver and cytoplasm? 22,23,24,
. cytidyltransferase onion stem microsomal? - 25
{eqn. 18) ' golgl apparatus
CDP-ethanolamine: rat liver and "microsomal 26,27,28,
diglyceride phosphoryl- brain . ' 29
ethanolaminetrans-
ferase
(eqn. 16)
j}
CDP-choline:digly- - ' . rat liver and " microsomal 4,22,23,26,
ceride phosphoryl- brain i ™ 27,30
cholinetransferase '
(eqn. 19) spinach leaves microsomal 31
PS decarboxylase rat liver mitochondria 2.
(eqn. 13) .
i
SAM methyltrans- rat liver nicrosomal 33 E
ferases
(eqns. 20-22) (mitochondria?)
"PE:serine phospha-— rat liver ~  microsomal 32
tidyl transferase" rat and chicken microsomal 34,35
brain ‘
pea seedlings microsomal 36
(xitochondria?)
- 1. Stoffel and Schiefer (1968) 19. Davidson and Stagacev (1971)
2. Zborowski and Wojtczak (1969) 20. Hostetler et al., (1971)
3. Shepard and Hubscher (1969) 21. Kennedy and Weiss (1956)
4. Sarzala et al., (1970} 22. Wilgram and Kennedy (1963)
5. Eibl et al., (1969) 23. Schneider (1963)
6. Davidson and Stanacev (1972) 24. Morré et al., (1968)
7. Cheniae (1965) 25. Morré et al., (1970)
8. Cotman et al., (1971) 26. McMurray and Dawson (1969)
9. Hostetler and Van den Bosch (1972) 27. Jungalwala and Dawson (1970) £
10. Bahl et al., (1870) 28. Porcellati et al., (1970)
11. Douce et al., (1972) 29. Ansell and Metcalfe {1968)
12. Prottery and Hawthornme (1967) 30. Miller and Dawson (1972)
13. Benjamins and Agranoff (1969) 31. Devor and Mudd (1971)
14. Sumida and Mudd (1970b) 32. Dennis and Kennedy (1972) e
15. Kiyasu et al., (1963) 33. Bremer and Greenberg (1960) o
16. Stanacev e et al., (1969) 34. Porcellati et al., (1971)
17. Davidson and Stanmacev (1970) '35. Kanfer (1972) /
18. Stuhne-Sekalec and Stanacev (1970}  36. {ig68)
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The CTP:EA Cytldyltransferase in animal llver is

locallzed primarily in the microsomal fraction, but in rat

liver the enzyme has also-been found to a lesser extent in

~
k

mitochondr}a, in which it is. specifically localized in the
inner membrane (Table 2). However, in brain the enzyme is
localized exclusively iﬁ mitochondria. Concerning the
localization of this enzyme in plant tissue, Bahl é& al.
(1970) showed that the microsomal fraction had the highest
specific activity of subcellular fractions isolated from
spinach and maize leaves gnd cauliflower inflorescence. TNo
activity was found in spinach ané maize chloroplasts. How-
ever, they also presented evidence strongly suggesting that
a éeparate but relatively wmuch less active mitochondrial
eﬁzyme System existed in cauliflower inflorescence. This

-

latter ffhding ié supporfed by the later work of Douce et al.
(1972) who demonétrated the presence of the enzyme in the
inner, but not the outer, mitochondrial membrane from etiolatsd
bean hypocotyles. It therefore appears that ﬁon—photosynthetic
plant tissues resemble animal tissues in possessing both a
microsomal and a mitochondrial enzyme system. |

The CDP-diglyceride: inositol phosphatidyltrans-
ferase of aniéal tissue is localized in the microsomal fraction
(Table 2). The enzyme was found to be absent from purified
rat brain mitochondria (Cotmagé 1971). The iocalization of

the enzyme in non-photosynthetic tissue is not known for

certain. However, Sumida and Mudd (1970b) found that 707 ‘of



the t&tal enzyme activity fr;m cell free homoéenates of
cauliflower inflorescence was localized in an 18,000xg crude
‘mitochondrial pellet, which indicated a mitochonridal loca-
tion in this tissue.

| The CDP-diglyceride: GP phosPhatidyltraﬁsferase of
animal tissues is localized in tﬁe mitochondria (Table 2).
However, in rat liver the enzyme is present to a lesser extent
also in the plasma membrane (Victoria ggrgi., 1971). H;scetler
and Van den Bosch (1972) have éﬁown wsing purified sub;ellular
fractions from rat liver that in this tissue the mito;gondrial
enzyme 1s localized in thée i?ner membrane. The results of
Stuhne-Sekalec¢ and S:égééev (1970) indicate that thi; is also
true in beef heart. The subcellular localization -of CDP-
diglyceridb:e$'phosphatidyl tranéferase in ﬁon-photosynthetiﬁ
tissue is not known. “Doupe (1965) and Douce and Dupont C1969)
aetected the enzyme in a crude migochondrial fraction from
cauliflower‘inflorescencé, but the presgnce;oﬁ the enzyme in
other cell fractions was not investigated. -

/“,,AN_The CDP-diglyceride: phospﬁatidyl glycerol phospha-
tidyltransferase ("ecardiolipin syntheQ3s§") in iiver.tiss;e is
localized in the mitochondria,'and in rat liver the enzvyme has
been shown to be located specifically in the inner membrane

1

(Table 2). . : ~
) N
Concerning the subgcellular localization of the

enzymes in the nucleotide pathways for PE and PC biosynthesis

in animal tissue, little is known concerning the localization
: \

S—

"
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of the respective cytidyltransferase activities. The associa-

tion of CTP: phosphorylcholine cytidyltransferase with certain °

cell fractioﬁs is apparently dependent bn the osmotic strength
of the medium used in homogenizing ﬁhe liver tissue. Thﬁs,
Schneider (1963) has reported that the enzyme can be found
assqciated with Qither the cytoplasm or a total particulate
mitochondrial plus microsomal fraction depending on whether
the medium is hypertonic or h;ﬁotanic, respectively. Also,
Wilgram and Kenneay (1963) reported an eq;al distfibution of
the enzyme between the cytoplasm and the microsomal fraction
~when isotonié medium was used. It is therefore not clear
whéther the enzyme is microsomal ot Cytoplésmic. Furthermore,
our understanding of the localization of this enzyme in animal
tissue is further complicated by thé findingnby'Ho;ré et al.
(1968) that the enzyme is also present in the Golgi apparatus.
Morré et al. (1970) have also studied the subcellular‘dis-
‘tribution of the phosphorylcholine dﬁtidyltransfefase in -onion
stem. The enzyme was apparently present in all cell fraétibns
but with the hiéhest gpecific gétiviﬁy in purified Colgi
apparatus membranes.
Nothing definite is known about the localization of
CTP; phosphorylethanolamine cytidyltransferase in ;nimal
tissﬁe. However, in the original studies of Kennedy and Weiss
(1956) the enzyme was detectea along with.CT?:fphosphoryl—

choline cytidyltransferase activity in aNEU?Gdbxg supernatant

fraction from rat liver, which suggests that the enzyme may

\

—_—



have the same localization as the>p£05phofylchoiine cytidyl-
transferase..

The pHQSphorylethanolamine and phosphorylcholine

. . ,

transferases for'the biosyﬁthesis of PE and PC respectively
in an;mal tissues are localized in the microsoﬁal fraction
(Table 2). However, whether a separate but minor phosphoryl-
cholinetransferase also}ex}sts in animal mitoehondria has been
the Qubject of recent controvéfsy. The enzyme has Eeen re-
pofted to be présent.in isolated mitochondria E;om rat brain
.+ and bovine heaft muscle chCaman and Cook, 1966) and rat liver

‘ - . ’
'?Stoffel and Schiefgr, 1968). Also, choline has been repoxrted

to be inéorpbrated into the phospholipids of isqlated rat
liver mitochondria in a CTP stimﬁlated feéction (Bygravg and
Kaiser, 1968). However, more recent work strongly suggests ‘ !
that these observations arose from microsomal contamination

of the isolated mitochondria, and that purified mitochondria

from liver and brain do not cént;in the phosphorylcholine-
transferase (McMurray and Déwson; 1969; Sarzala et al., 1970;

Miller and Dawson, 1972). Concerning ghe subcellular ;OCaliza— v

T tion of the phosph;rylcholinetransferase‘in non—-animal tissﬁes,

the enzyme inuspinach leaves appears to be localized in the

microsomal fraction (Table 2), while that in the protozoum

Tetrehymena pyriformis is unique in being localized in the

nitochondria (Smith and Law, 1970).

The methyltransferases involved in the methylation

of PE to PC in rat liver have been reﬁorted by Bremer and
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Greenberg (196Q0) to be localized in the microsomal fraction
(Table 2). However, these workers also observed considerable

methyltransferase activity in the crude mitochondrial fractioﬁ,

and it was not determined whether this was due to a separate
mitochondrial enzyme system or to microsomal contamination.

In the studies by McMurray and Dawson (1969) and Sarzala et al.

.

(1970) described above on the question of whether purifiéd

rat liver mitochondria can synthesize PC by the nucleotide
pathway, these workers did not?ﬁnforgynately test their pure '
mitochondrial preparatioh; for ﬁhe prééﬁnce of the methylation
pathway. Thus whether rat li?er mitochondria can synthesize
PC by the methylation pathway is at present ;hknowﬁ.-

The serine-ethanolamine exchange enzyme ("PE:serine

phosphatidyltransferase') of animal 1l4ver, brain and pea

seedlings is localized in the microsomal fraction (Table 2).
The choline exchange enzyme system in liver (see Section i)

is also microsomal (Dils and Hubscher, 1961). Vandor and

-~ N

Richardson (1968) have feporteg exchange enzyme activity in a
pea sefdling crude mitochondrial fraction and which was half
that of the microsomal ‘fraction on a specific activity basis.
However, whether this activity arose from a separate mito-
chcndria; system or from microsomal contamination was not

determined.

~



Iv. Aims ¢f the Research

The prime aim of the research was to elucidate the
'pathways in the biosynthesis of phOSpholiplds in spinach
leaves. PG is a8 major phospholipid in this tissue and it was
of interegt to determine wheﬁher its path&ay of biosynthesis
is the same,és that operating in animals and bacteria involving
the 1ntermédlate formation of PGP from CDP-diglyceride and
sn~-glycerol- 3 -phosphate. Thls pathway was investigated by
folldwing the incorporation of l"“C and'32P from { C+32P]GP
and of 14C from [IQC]GP into PGP-and PG by cell free pre-
paratlons in thé presence of CDP- diglyceride. _The biosynthesis
of PI from CDP—diglyceride and [ C]inositol.waé also
investigated. .

It was also of ;nte;est to study the biosvntheticg
pathways fpr nitrogenous phospholipidé. As discussed above,
there are two known péthways for the de novo biosynthesis of
PE in WNature, One pathway, which'is present in animals,
involves the intermediate formation of CDP-ethanolamine from

[y

ethanolamine, while the second, which is present in-bacteria
- ‘\u

involves the intermediate formation of PS from CDP- diglyceride

'_r

and serine followed by decarboxylation of PS to'PE. It was

of interest to determine which of these pathways functions

in the de novo biosynthesis of PE in spinach leaves. This
question was investigated ig vivo by determining the incorpora-

tion of ll‘(: from l[‘C—-‘labelled serine and ethanolamine into PS

aéd PE by whole leaves and leaf slices. The CDP-ethanolamine



"animal" pathway was tested in vitro using céll free prepéra-
tions and l‘{‘C—l::tbeil.l&d..etl'xanola:nine, phosphorylethanolamine
and CDP-ethanolamine as substrates, énd the PS "bécterial"
pathway by thé formation of [14C]Ps.from [lac]serine and
CDP-diglyceride and its suSsequenﬁ decarbo¥yl£tiop.' In vitro

~

studies wefe also carried out concerning the possibility of
N :
exchange reactions for 'PS and PE synthesis.
Y
With regard to PC biosynthesis, it has already been

established that the nucleotide "animal" pathway operates

1., 1966; Devor aand Mudd, 1971). It was of

(Tonaka et
interest to confirm this pathway, and to determine whether
the alternative "bacterial"™ pathway for PC biosynthesis, in-

volving the stepwise methylation of PE by SAM, also operates.

The methylation p#thway was studied in gizé by following the
incorporation of 14C from 14C-labelled ethanolamine and
methionine into PC and intermediates of the pathway, and in
vitro by testing PE, PE—Mé and PE-diMe as methyl;acceptors
~for SAM. Also studied were the exchange reaction for PC
.synthesis, and the ianvolvement of SAM in the synthesis of
non—phﬁsphplipids. . o ' ) : 7
In spinacﬁ ieaves; PG is the major phospholipid of
the chloroplasts and PC and PE are the major‘phosphélipids of
the mitochondria. It was of interest therefore to investigate
wheéher these lipids can be synthesized in situ by the

organelle in which they occur. This problem was approached

by determining the subcellular distribution of phospholipid
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biosynthesizing enzymes among chlorngéggz, mitochondrial,

microsomal and cytoplasmic cell fractions.

a9

0



B. MATERIALS AND METHODS

A

f

.I‘ Materials

1. Enzymes and Co-factors were obtained from: Phospho-
lipase D (Cabbage, B grade, Calbiochem ); Phospholipase C

(CiWelchii, B grade, Calbiochem ); Glycerokinase (C.F. Bae-

hring & Sohns, Germany); Cytochrome, C (A grade, Sigma
Chemical\Co.); NAD (Calbiochem), CTP and ATP disodium salts.
{(P-L Biochemicals, Inc.).

labelled substrates

%) éommercially availabie.‘-The foilowing cdmpounds
were qbtéined from: dipalmitoyl PE-Me and PE-diMe (Synthetig
A grade, Calbiochem); phosphatidyl serine and pho;phatidyl
inositol (Pierce Chemical Co.); CMP-morpholidate (B grade,
Calbiochem); gig—ingsitol anqgﬁgycerol (Anachemia Chemicals
Ltd.); CDP—diglyceriée (Koch-Light Laboratories Ltd.). CDP-
diglyceride was freed from breakdown products (phosphéﬁidic
acid and CMP) by preparative TLC as described in Methods
I1.1.b., to give a purified material cbﬁtaining 5.40 % P
(caled., 5.90%7 P; based .on average mol. wt. of 262 for faﬁty‘
acids). Its fatty ;cid coﬁposition, determined as described
in Methods III.3, ;és 56% palmitate, 1% palmitoleate, 4%
Qtearate and 37X oleate.

b) Preparation

i} CDP-diglvceride

e Spinach leaf phosphatidyl choline (PC) (isolated




-
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by procgdﬁre_of Sastry and Kates, 1964) was hydrolyzed to
phosphatidiq acid (PA) by Phospholipase D,_essentially
éccording to the method of kates.and Sastry (i969),'in_a
reaction mixture.(total volume 15 ml) containing PC (4é ng),
80 mM Na acetate buffer (pH 5.6), 16 mM CaCl,, diethylether.
(3 ml) and phospholipase D (60 mg). After 3 h incubation at
30°C, the ether was removed iﬁ a stream of N, and lipids were
.extracted is described in Methods VI.l1. The final chléroform
solution was concentrated down under N2 to approximately 0.4
ml and diluted with 2 al of methamol. After 3 h at 4°C, che

precipitate of PA calcium salt was isglated by centrifugation

aq@ washed with 2 ml of cald methanol. The PA was converted

to the freé acid form as follows: To a solution of the
calcium salt in chléroform (4 ﬁl) was added me;hanél (4 ml)
and 0.5 N HC1l (3.6 ml). The chloroform phaée wés diluted’
w;th benzene ana concentrated to aryness gnder Nz. The resi-
dual PA was dried in a desiccator over KOH pellets; §iéid
~30.4 ug, 602& It wasjjudged pure by TLC in solvents (A) a%é
(C) (Methods II.l.a.) (Rg, 0.9 and 0.05 respectively).

PA.W%S converted to CDP-diglyceride essentially
according to the procédure of Kates et _l; (}971): a reaction
?ixture containing PA (30.4 mg)land CMP-morpholjdate (50 mg)
in~dry pyridine (15 ml) was stirred at room temperature for ' h
65 h; the pyridine was evap&rated under reduced pressure and

the residue dried in vacuo in a desiccator over concentrated

sulphuric acid. The residue was dissolved in 20 =1 of

e



B e B

1

-band by the Bligh and Dyer "acidic" procedure (see Methods

chloroform-methanol (1:1) and diluted with 9 ml of 0.5N HC1;
; e '
the mixture was centrifuged, the chloroform phase wa with-

&

L drawﬁ, and the aqueous phase washed with 3 ml of chlproform.

The combined chloroform phases, containing CDP-diglyceride
and unreacted PA, were concehtraged to a small ﬁol;me_under
N2 and the CDP-diglyceride isolated by'prepargtivewTZC-in'
solvent (B) (Methods II.l.a). The band of CDP—diglyAQride'
(§f, 0.2; Rg of PA, 0.9) was visualized_b?'spraying the plate

with water, and the CDP-diglvceride was extracted from the

. . ra ~
VI.2.b). The final solution of CDP-diglyceride in chloroform '

was concentrated to dryness uhder N2 and the residue was dried

" over KOH pellets in vacuo and ﬁinally'@issélved to a known

congentration in chloroform-methanol (2:1, by vol.) and
stored ar”-15°C. The product, CDP-diglyceride diammonium

salt (yield, 15 ng; 33%Z) migrated as one spét on TLC in

solvents (B) and (E) (Methods II.l.a) with Rf, O.ZOand'O.AS,

. respectively, and contained 5.70%Z P {(calecd, 5.90%; based on

average mol. wt. of 262 for fatty acids): Its fatty acid

composition, determined as described in Methods III.3, was

317 palmftate, 137 oleate, 257 linoleate and 307 linoleénate.

1

i1) ﬂ-i,z—Diglycéride g g

- A modification of the method described by

AMacFarlane_and-anght (1941) and Zamecnick et al. (1947) was

employed: PC (lSO"mg,-isoiateH from eggs as described imn

Metgods 1.2.b.4iv) was dispersed in 4 ml of 0.1M potassium
- - 6-:'\: B ',' ] . ) i N

-

-'/
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‘borate (pH 7.2) by sonication as described in Expgrimentzl—

—

11.3,b.1i1, and 0.04 ml of 1M Caci2 and 3 mg of phospholipase
C added. After incubation for 2-1/2 h at 37°C, the reaction
o

was stopped and lipids extracted as described in Hethods'VI;l.

P ~
The diglyceride was freed from unreacted PC by preparative

TLC 1n ‘solvent H (Methods II.1l.a) (Rf of diglycerlde and PC,
0.25 and 0.0, respectively). Yield ‘of diglyceride, 74-mg'
(61%). | |

Hd -

'iii) Phosphatidvl® ethanolamine

From Spinach Leaves
@ t
40.g of fresh leaves were torn into small pieces

~and added to 120 ml of hot isopropanoll The mixture was homo-

genized in 3 Waring blender fotr 1-2 min and filtered. The

filter residue was washed with 80 ml of hot isopropanol, and
rehomogenized with 80 ml of chloroform-isopropanol (l:1 by
vol.):; the mixture was filtered -and the residue washed with

40 ml of chloroform-isopropanol (l:1 by vol.). The combined

filtrates were concentrated to dryness in vacuo and the

residual lipids (650 mg).in chloroform solution were applied
to a coiumn of silicic acid (50 mg, 1.8 x 38 cm). Elution

was carried out with ‘the following solvents: 1) chloroform,
750 ml (pigments and neutrdl lipids), 2) chloroform-methanol

(5:1; by vol.), éS nl (MGD) followed by 3) chloroform-methanol

a

(5:1), 500 ml (PE, G and DGD). Following removal of PG by

pre;arative TLC in solvent system A (Methods II.l.a and b)
>

(Re PG, 0.6; Rz .PE+DGD, 0.72), the PE and DGD were  separated

£
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on a column of silicic acid (3 g, 1.0 x 7.5 cm) as foliows:

-
-

' DGD was eluted with 20 ml of acetone and PE-eluﬁed with 200 Ql'
of chloroform-methanol (5:1 by veol.). Ehe eluate contaiding
PE_was_concentrated to dryness in vacuo énd.the residuél_ |
(8.7 mg).dissolved in chlorofoém..'The PE migrated as a ;ingle .
' ' =

spot with standard egg yolk PE on TLC 'in solvents A (Rf, 0.80)

D (Rf, 0.60); it gave. a positive reaction with the nin-

///i::;in and phosphate stains (Methods II.l.a).

From Egg Yolk

This phospholipid was isolated according to the
procedure of Lea, Rhodes and Stoll (1955).

’\/

4iv) Phosphatidyvl choline

This phospholipid was isolated by the prodedure
E ool .

of Lea, Rhodes and Stoll (1955) from egg yolk. Its fatty acid’

composition was 36% palmitate, 157 stearate, 37% linoleate

and 127 linolenate.

]

AN

v) §E-Glyceroi-3-ph05phate

This compdun& (as barium salt) was prepared by

the method of Baer and Fischer (;939).

II. Chromatography ) . : .
T N . .

1. 'Thin'Laver Chrpmatogfaphy (TLC) s

a) Analvtical TLC was carried. out on 20 x‘ZQ cm

plates coated with silica gel H (E. Merck AG) (0.25 mm).

Samples were spotted under nitrogen on plates previduépy

L



activated for 2 h.at 120°C._ The solvégt §yste§s used for tﬂe
dévelopmen£ of chrémétograms were as follows:
‘A- Chloroformumethﬁno;;acetic acid-water (65:25:8:4 By‘vél.).
B Chloroform-907% aéetic‘aéid-mgthanol (30:20:4 by qu.).‘ ?
;C Chloroform-methanol-28% ammonia (65:25:5 by voi.). ’
‘.;P Chiorofofm—ﬁethaqol—water (65:25:4 Bylvol.).
E Diisobutfl kgtone—acetic acidjwatet (40:?5:5 by vol.).
F Diisopropyl ether;aeetic acid (96:4 by vole.
A .

G Petroleum etﬁer-diethylether—acetic acid (90:10:1 by vol.).

H ”Heptaneiisopropylether—acetic acid (60:40:4 by vol.}.

following_developmeng of the chromatogram, sTDts

//;:Lere located by spraying the plate with the following géneral

_reagents: <a) iodine, bJ 40Z sulphuric acid in ethanol followed
by charring of plate, or’by the following specific reageﬁts,
.c) acidified ammonium molybdate which specifically stains
phosphate containing lipi&s (Vgékovsky and Kospetsky; 1968 .
and Dittﬁer and Lester,"1964) and d) 0.25% ninhydrin in -
ac;to;eQiutidine (9:1 by vol.), which specifically stains
fdmino containing lipids (Marinetti, 1962 and 1964). Radidf
active spﬁts were logated gy'autoradiography as described iﬁ

Methods V.3.

¢

b) Preparative TLC Lipid samples (40 mg/plate)
were étreaked on activated 20 x.20 cm silica gel H plates
(1 mm thickness) using a "Pelick Streaker" (Applied Science
—~ -

Laboratories, Sta;é'dollege, Pa.). Solvent-systems used for

-3 development of the chromatogram were as described above.
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Radioaﬁtive bands Qe;e located by autoradiography, and non—-
radioactive bands by sprayding the plate with Rhodamine 6G-
solqtibn (0.01Z) followed by'view§ng the élate under U.V.
ligh't (366 nm).- Lipids were'éluted ffom the bands ;s

described in Methods VI.2.

2. Paper Chrématogréphv

a2) Lipids
Analytical and préparative chromatographv was

carried out on silicic acid 1mpregnated Whatman 3 MM paper

"prepared as descrlbed by Kates (1967), with ascendlng develop—

ment in diisobutyl ketone—acetlc acid-water (8:5:1 by vol.).

%;
Lipids were detected by staining the chromatogram with the
following reagents:

‘Rhodamine 6G general stain (see Marinetti 1962,

1964). The chromatogram was immersed in a 0.0012% aqueous

solution of Rhodaminé 6G for 5 min and immediately viewed .

under ultraviolet light (366 nm). Acidic lipids fluoresced
. N .

~ -

blue, or purple, and neutral lipids as orangé or yellow.

TS .

Perjiodate—-Schiff reagent; specific for lipids
containing vicinai diol groups; the procedure used was an ' )
adaptation to silidic acid impregnated paper (Sastry and Kates,

.1' . .
196%4) of the method devised by Baddiley et al.(1956).

Ninhvdrin reagent, sﬁécffic for lipids containing
amino groups; ¢hromatdgrams were sprayed with 0.25Z ninhydria Y
in acetone-lutiidine (9:1 by vol.) as desdyibed by Marinmetti

-

(1962 and 1964). . ' : .



Radiocactive lipids were détected by autoradio-
graphy as described in Methods V.3. Lipids were eluted
from préparative paper chromatograms as described in

Methods VI.3.

b) m@;ef soluble compounds. Ascending chroma-

s '
tography was carried out on Whatman No. 1 paper in the M

following solvent systems:

I phenecl-water (100:40 W/W).
J n-butanol-acetic acid-water- (5:3:1 by vol.).
K n-butanol-acetic acid-water (5;2:3 by vol.).

Ty
v
'L isopropanocl-water-conc. .ammonia (7:2:1 by wvol.).

—. M methanol-987 fb:mic acid-water (80:13:7 by vol.).

. '\‘.
N —methanol—&gz formic acid-water (80:30:7 by vol.). .

.
.

0 1M ammonium acetate-absolute ethanol (35:65 by vol.).

Campounds containing phoséhate were detected by the saliq?l-
sulfonic acid-fer?ic chloride proced;re (Vorbeck and

éarinetti, 1965): the chromatogrameas dipped in a solution
made E; dissolving 1.5 g FeCl3-6 H,0 in 36 m1 of 0.3N HC1

and diluting with 970‘m1 of acetone; the chromatdgram was -
d:igd and dipped ig‘éll.SZISOlution-of sg&;cylsulfonic acid’

in acetone; the‘ﬁaﬁspﬁates appeared as whité spots on a mauve .

background. ~ Labelled coppounds were detected by autoradio-

graphy 'as described in Methods V.3.

- o



ITII. Methods for~the CHehical Degradation of Lipids

—

1. Deacylation by mild alkaline hydrolv51s. Lipids

were subjected to mild alkaline deacylatlon by a modification

of the procedure- Tof Dawson (1967b): A solution of the lipids

V]

in 0.5 ml of chloroform methanol (2: 3 by vol.) was treated

—

thh-O.S ml of 0.2N methanolic NaOH at roo- temperature for

15 min. The mixture was immediately diluted with 1 ml of
. & .

chlor;form~methanol‘Ta:l, by-vol.)-and.0.9_ml oiiéaﬁer, ané
then centrifuged for 1 min at ‘400g. The uppér nethanol-water
phase was removed, the Shloroform phase washed with 0.5 ml
méthanol—ﬁater (10:9, by vol:) and the combined methanol-
water extract and washing immediatély-neutralizéd or slightly
ac1d1f1ed with 0.3-0.5 ml of cation e\change resin "(Rexyn RG
50 or Dowex 50). The resin mixture was centrlfuged the
5qperﬁatant removed and the resin washed twice with 0.5 ml

methanol~-water (10:9, by wvol.). The chloroform and methanol-

. - ' : 14 ' ‘
water extracts were counted for C.- The methanol-water

extract was made slightly alkaline with 1.5M methanolic NHAOH

and concentated almost to dryness under a stream-of.N2 at  _

4OOC. The residue was dissolved in 0.i‘ml of methanol-water

(10:9, by vol.) and analyzed by paper chromatog;éphy on

4

- Whatman No. 1 paper in the sqlvént systems described -in

5
Séction II.2.0.

-

2. Saponificatfon. A modification of the procedure

described by Kates (1972) was used, as follows: to a sample

‘,‘3




of.lac;labelled lipid in a glass stoppered 15 ml,centfifuge

tubé was added 1 ml of 0.2N sodium hydroxi&e in 90Z methanol,
'.éndAﬁﬁe mixture was heated at 55°C for 1 h. After.ex;racting
the unsaponifiable material twice with 1 ml of petroleun
ether (b.p. 30-60°C), aliquots of the aqueous-methanol and-
ether phases were counted for ~°C. For lac-methyl fatty acid
esters, tbe remainder of the aqueous-methanol phase waé
transferred to a micfbdistill#tion-apparatus adﬁ heated in

a hot water bath (60-65°C) to distil over methanol, which

'has'thén counted fo% l[‘C.

3. Methanolvsis Procedure for the determination of

Fatty acid composition.. The folléwing procedure described,‘
b} Katesr(1972;“wa5‘emgl;yed}. aﬁ aliquot‘of‘thé chloroform
solution of 1lipids (contgﬁning 15—30 mg of iipids) was pipetted
into‘a side arm flask‘and“the solvent evaporated under a stream

of NZ; 4.5 ml of 2.5% HCL in métﬁanol (pade by disgolving. .
2.5 g of HC1 gas in 100 ml of ;échahoi) was added and the

mixture was heated under reflui (Ca012 tube on condenﬁer) for

1-2 h; 0.5 ml of water was added and the volume was adjusted

with methanol-water (9:1, by‘vol.) to £fill the side‘tube.

Fatty acid methyl esters were thep,extracgE? with 3 to &

poffions (5 m1) of petroleum ether (b.p. 30—60°C); thF ether '. -
extract'was concéntrated to dryness pnder.Nz and.the%residue
dissolved in a known volume of chloroform; An:aliquot (con-

taining 100 pg of fatty ester) was analyzed by gas liquid

. : : . 0
‘chromatography omn.a column -of butanediol succinate at 175°C

e



o - 2
(Nz.carrler gas, 0.5 kg/em™), using a Carlo Erba instrument,

and the fatty acid methyl ester comp051tion calculated as

described by Kates (1972).

IV. Analytical Procedures

[y ~

Ca o .
1. Protein was measured essentially by the procedure °

of Lowry et al. (195i) a%.folloés: Prior to analysis, cell
fractions were diluted with water (100, 00018 fraction by 10=
fold all other fractions 25-fold). To 0.1 ml of diluted
fractlon was ‘added: g mi of a solutlon prepared by addlng SO

ml of ZZ sodium carbonate in 0.1N sodium hydrox1de to 1 ml

of a fresh solution of O.SZ‘COpper sulphate in 1% sodium

potassium tartrate. After 10 min., 0.6 ml of Folin~-

‘“-C1ocalteau reagenc diluted Wlth water (l:1, by wvol.) was

added wlth Vortex:gg durlng the additlon and the mixture

left at room temperéture for 30 mln.i The absorption was

* measured at 730 nm in cuﬁét;és 1.6Icm in di#ﬁeter using a

. Colemaﬁ Junior II Spectrophmbmefer}' Bovine serum albumin
(Fraciion v, Nu;ritional Biocﬁemiéal Cgrporation) was used
as a protein standard. Since cell fractions contzined dif-
:ferent amount's 6f chlorophyll the absorption at 730 nm from

chlorophyll was determined by preparation of a suspension
of 0.05 wl of cell free homogenaté in 6 ml of 2% Na,C0, in

[ ' ) .
0 1N NaOH. The spettrum of this suspension showed a maximum

s

due to chlorophyll at 640 am and minima of zero absorbance

‘at 600 and 730 nm. The wavelength of 730.nm was therefore

.

" chosen for protein é;alysis,‘ -



~ 2.

Chlorophyll was measured by the procedure of Arnon
(1949): to 2 ml of cell fraction suspension was ‘added 8 ml
of acetone, the mixture shaken and cencrifuged,ténd the

absorbance oJf the supernatant read at 652 nm.

3. Phosphorus was measured by the modified procedure

of Allen (1940).

V. Radioisotopic Procedures

1.~ Labelled'compdunds
o a) Commercially available. [U-

1

4C]L—serine (128

nCi/mmole), [1,2—140]ethanolamine (2.7 mCi/mmole), [1,2-14C]

choliqg chloride (5.2 -mCi/mmole) and [U-14C]mvo-inositol

(215 wmCiAmmole) were purchased from the New England Nﬁclear

Corpo ilom. Phosphoryl[l,Z;IAC]ethanol?mine (1.7 mCi/mmole),

léC]ethanoiamine (60 mCi/mmole)) CDP-[l,ZQlAC]choline

(9.3‘mCi/mmolé), [Me—lac]methionine (25 ﬁCi/mmole)Aand =

CDP-[1,2-

adenosyl[Me-lAC]methionine CSO,mCi/mmo;ej were purchased from - T

the International Chemical and Nuclear Ccrﬁoration (ICN).

1

' 4
[1- 4C]Glycerol (15.3 mCi/mmole) and 5—[Me-l Cltetrahydro-

folic acid (45 mCi/mmole) were purchased from Amersham/.

Searle. All compounds were stored at 1% and ‘checked
| .

Y
4

periodically for puricty by paper chrghatoéraphy.

-

b) Preparation ' e

i) ‘ga-[l,3—14C]G1yercol«3-phosphate. This

substrate was synthesized by the enzymatic phosphorylation

A of - [1-14C]glycerol-esgéntially aécording to the arocedure

. p . - . .
- - - -
- -—
N



of Kennedy (1962a) as modified by Chang and Kennedy (1967a) :

a réaction mixture of total volume 5 ml containing‘l(gﬁ'mn
,[1-1ACiglycerbl (2.61 x lO8 dpm), 2.7 mM.unlabelled,glyceroi,
20 =M ATP, 20 M MgCl,, 50 mM Tris HCL (pE 8.0),.20 mM 8-
mercéﬁtoethanol, 53 mg of bovine serum albumin and 50 ﬁg ;f
glycerolkinase, (sp.act. 1 x 10? units/mg protein) was_in;
cubate& at 37°C for 4 h. The mixture was heated to lOOOCl
for 10 min. to stop the reaction, and then appliea'to a

column of Dowex-1 formate prepared by washing alcolumn of

Dowex-1 chloride (200-400 mesh; 16 x 1.3 cm) free of chloride

ion with 4N formic acid and finally overmight with distilled

water. Gradient elution was then Ear:iedpo;t with an arrange- _J
ment of apparatus similarhto'thét described by Hurlbert et al.
(1954) with 250 ml of water in the lower mixing chamber an&
1% of 4N formic acid in the upperlreservoif. With a flow
rate of 1.5 ml/mip.,_fractions of 10 ml each were collected
ana assayed for radiocactivity. The fractions (tubes 1-8)
containing [14¢]glycetdl we?e discarded. The ﬁractions
étubes 30-41) containing [IQC]GP_qFre combined, and‘taken
“?o dryness Qnder reduced pressure at 30?& in a rotary
evaporator. Thé product was dissblﬁed-;n 10 ml of water,
ﬂeutralized with ammenia, and shaken for 1 h with 150 mg of
acid ;ashed-animal charcoal (Norite) to remove any adeniné,
,nucleofides qggnde et al., 1957). The charcoal was‘filtergd
' ‘14

off and the [T 'C]GP filtrate made up to 2 known volume with - -

water and stored at 4°C. The product migrated'withfstandard

74

—



Wt

sn-3-glycerophosphate as a single_fadioactiye spot on What-

—

man Ng. 1 paper in solvent systems” (J) and (0) (Rf'GP, 0.14

and 0.42 respectively; Rf glycerol, 0.6 and 1.0 rTespectivelyd.

Yield of sn-3-glycerophosphate as determined by the enzymatic
procedure described by Xenmedy (1962) was 15.2 umoles (72%);

specific activicy 1.48 x 107 dpm/umole. The product was

.diluted with unlabelled g&-B—glyéerOphosphate prepared as

. described in Methods I.2.b.v. Firal specific activity is

specified in the appropriate section of Results.

ii)ﬁkiﬂ-fl,3-IAC]Glycerol-3?[32P]Phosphate. This

substrate was synthesized from [l;léclglytéESImE§"?B€lsame-

ﬁfocedure as described above{ Qsing [YBZP]ATP prepared as -
described by Glynn ;:E‘bha§§11 (1964). rhe_ﬁg-f1,3-14c1
glycerol-3-[32P]phosphate ﬁasAEounted for total radiocactivity
using a Nuclear Chicaga gasflow Geiger counter (model 1042).
The'32P ac;ivit& was approximately determined by measuring

the fadioactivity (32P only) transmitted through two layers

of paréfilm placed over the planchet containing the sample, o

> -

and the 14C activiﬁy by difference. - gg
. _ . . _ .
1ii) Phosphatidyl{l,?—l Clglycerol from E.coli-
léc

]

enzyme svstem. This compound was preparéd from sn-[1,3-

glycerol;B-ﬁhosphate and CDP-diglyceride by usi;g the PG-
synthesizing enzyme syétep of E.coli (Kapfer and Kemnedy, 1964):
a“reaction mixture of total volume 1.0 ml, containing 6.82 mM
sn-[1,3-%¢clglycerol-3-phosphate (1 x 10° dpm), 5 =M cop-

-
Y



,-/
/ |

diglyceride (Koch-Light Co.), 20 mM MgCl Triton X-100

2’
(1.5 mg/ml), 0.16M Tris HC1 (pH 8.0), 1 mM B-mercaptoethanol

and 3 mg of E.coli 40,000xg pellet suspension, was incubated
for 3 h at 37°C.  The reactfﬁglyas stopped by the additlon of
methanol (2.5 ml) and chloroform (l 25 ml)-and total lipids

extracted as described in Metheods VI.1. [l C}PG was isolated
. T _

by preparative paper chromatography (Methods II.2.a) in diiso-

butyl ketone-acetic acid-water (8:5:1, by_vol.) (Rf PG, 0.58).

14C activity ‘of product, 8.0 x 105 dpm (87 &ield);

4

iy) Phosphatidvl[1,3;14C]gl§cerol from Spinach

enzvme system. This compound was éynthésized in an assay
\ ’ . <
system (total ¥ol. 5 ml) contadning 1 mM CDP-diglyceride.

,(Koch;Light Co.), 1.06 mM gg-[1,3—140]glycer0v3—phosphate

—y

G x. 10 dpm), 30 mM MgCl,, Triton X-100 (1.5 mg/ml), 0.27H

'Trls HCl (pH 7 4), 1 oM B-mefcaptoethanoi and 1.25 ml o?\\\.

Splnach G0,000xg fraction prepared as described in Experi- L

potassium phosphate (pH 8.0) instead of Tris HC1. Incubation,

mental II.1 except that the homogenizing medium contained

3 h at 38%%. Lipiﬁs were extracted as described in Methods -
Vi.l.a.ii, and [1AC]PG purified by preparative paper chroma-
idgrgphy, (see Metﬁods II.E.a), in diisobutylketone-acetic

acid-water (8:5:1, by vol.) (Rf of PG, 0.58).

v) Phosphatidyl[l 3——l Clglvcerophdsphate. This

compound was synthesized in the assay sy@tem under the same

conditions as described above in section iii, except that

-
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u

" B-mercaptoethanol was replaced by iO mM HgClziin order to

'

inhibit PGP phosphatase (Chang and Kennedy, 1967b). Paper

chromatography of the tétal lipid extract in diiséﬁutylketone—
r oo

~acetic ;cid-water (8:5:1, by.vol.) showed 2. .single 1!“C spot

| 14 .
withme, 0.41: no C PG (Rf 0.60) was present.

. . . . - : \
14

vi) [~ ClPhosphatidvl serine. This substrate was'

isolated from cells of E.coli grown in hydroxylamine and

-

[q;lac]serine,'essentially as described by Raetz and Kennedy
(;972): An inocculur of E.coli stain B cells was grown for
6 n oat 37°C in 5 ml of medium containiﬁg 0.11% glycerol,

3 @M Mg$SO 0.01 mM

4> 2 @M KC1, 0.5 mM K PO,, S mM (NH,),S0,,

FeSOa and 0.1M Tris HC1l (pH 7.0); 2 ml of inoculum ‘were

transferred to 25 ml of fresh medium in a 500 ml side arm d

flask. Cells were grown for 6 h on a rotary shaker at-120C>

¥ -
]

‘rpm until the late exponential phase, when 0.5 ml of 1.25M L

'hydroiylaﬁine ﬂydrochioride was added. ‘Incub;tign was con-
tinued for 20 min, a;d then 1 ml of 0.42 =M [U—IAC]L—sgrine
(1.11 x &08 dpm) w;s added;qafter 20 min further incubation,

‘cells were killed by the addition of methanol (66 ml) and

chlarqform (33 ml). }AC-Labelled lipids were extracted as,

- . - Q
described in Methods VI.1. TLC of total lipids in solvent' : '
. ' . . V.-
' ’ - ' . T~ .
c, showed'[IQC]PS (Rf,‘O.lﬁ) to be che’major‘léc product; -Q:

'small amounts of 14¢ were also associated with PE (R 5 0.44)

. e j

and with unkifown comﬁohents nigrating with Rf 0.22, 0.31 and -

150, [+

4C]PS wégfpurified-bylrepeaﬁed preparépivé TLC in

solvent C; it was extracted_frOmﬁthe TLC plate by the Bligh

- - R ' . ) -
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and.Dyer acidic procedure described in Methods VI.2.b. TLC

analysis in solvents (A) and (D) showed. a l?c—labglled‘spot

_ _ “
migrating with standard PS (R 0.53 and 0.15 respectively)
e | FE .
and accouﬁting-fp;_QSZ of total 14C activity; .a minor (532)

—

Troknown compoment Tremaining at the origin-in-solvent C was

alsd‘ﬁ?gsgpt. The ratio of 1‘C’C in GPS, to 14C in the fatey - ' -

.

acid moiety was 1.67 (see Table 15); GPS was identified by

. . ~ -

paper chromatographf'oﬁ“ﬂhapman No. 1 in solvent system (L)

(see Fig. 19). _ SRS

2. Measurement of Radiocactivity ' e

- - T

T

SOlutiOﬂS of 14C 1\1’Pid \Vi'n‘\\CthI'ofO.rm were counte&\-“‘ o T

e

-

in a scintiiiation mixture consisting oanuQSZ POPOP and
Q.SZ PPO in toluene-methanol (87:13 by vol.). -The instru-

ment used was a Beckman LS-150 scintillation counter. \anp

-~
.

sample was counted to 1% statistical error and corrected for .

quenching by the extermal standard :atio (ESR) method
(Baillie, 1960) using a series of Amersham-Searle standards
containing ;qual amounFs;bf-}ac toluene (2.03 x 105 dpm) but
different amounts of‘tﬁe_quenching agent chior#ébrm; Since
chlorophyll was present in many of the.lipid samples counted,
thg q;enching due to this_compound was determined by preparing
standardé céntaining eduai amounts of'laC toluene (1.92 x 165

dpm) but different amounts of total spinacﬁ lipids (equivalent

to 5-50 ug chlorophyll). ‘it‘was.fgund that the plot of X

~ /
Ik ’

- counting efficiency vs. ESR for the chlorophyll ;;%gﬁards was

-~ .
I
’



verf~similar to the corresponding plot for the chloroform
standards fseg Fig.‘2l-k Since chloroform mlmided the -

quenching action'oé chlorbphyll, the chloroform standards
used rjoutinely were adéquate iﬁ dgtermining the degree of

_queﬂcﬁ\{? lipid samples containing chlorophyll (ESR values

——__ were generally in the range 0.25-0.70).

fAllquots (<0.l al) of_aQueous~solutions‘ppp;gining.
14

:C were counted in the above scintillation mixture supple-
mented with Beckman Bio-solv solubilizer (10Z by vol.);
quench corrections were made using the chloroform standards

described above. 14C spots on TLC plates were scraped

directly into the same scintillation mixture and counted;

~

14C spots on paper chromatograms were cut out and added

,
-

di ‘tly-to the scintillation mixture.

- : t
——

T

C 3. 'AutoradidngBhv\\\

. - . l T :
14C—Labelled lipid épot;\ﬁnxlgp and paper chroma-
. T . .

—

tograms were detected by exposing the chromatogfamshpo a

sheet of Kodak Blue Brand X-ray film for a suitable perid&““\‘
of time depending on the 14C activity of labelled spot (on

TLC, Z days for 1000 dpm; on ﬁaper chromatograms, 20 days for

“\‘

.. 1000 dpm)." \The film was developed and fixed by standard

- 4
photographlc procedures. The 32? and 1 c of doubly labelled

T~

lipid spots on paper chromatograms were detected 1ndependent1y

by exposing the chromatogram to. t lavers of X—ray film, the

4 .
lower layer.detecting both 32? and 1"C‘au:t::f.vity, and the upper

layer detecfing only 32p activity.



FIGURE 2

Percentage counting efficiency as a function

of external standard ratio for quenchiﬂg_frbmw

chloroform and chlorophyll.
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vI. Extraction of Lipids bv the Bligh and Dver Procedure:

-

(Bligh and Dver, 1959) Ny ) . ‘ -

\

"1. From enzvme assay mixtures v

Enzymé assay mixtures (1.0 mlj‘ﬁere diiuted with
2.5 ml of methanol and 1.25 ml of chlofoform,to form a one
phase mixture containing methanol—chloréﬁérm-water in the .
ratio 2:1:0:8, by vol. The mixture was.léft at rooﬁ tempera-
tﬁfe for 15 m}nh énd dilufed with 1.25 ml each of chloroform
and water to pfoauce'a biphasié mixture contéﬁning methanol-

~ A .

chloroform-water im ratio 1:1:0.9, by vol. Iﬁg mixture was
gently Vortexed and briefly centrifuged; the loﬁgr chloroform
phase was removed, and thg ﬁpper methanol-water (10:9, by
vol.) phase was washed twice with irﬁl of chloroform. Tﬁe

combined chloroform phases were washed twice with 1 ml of

methanol-water (10:9, by vol.), then diluted with benzene

and concentrated to dryness under, an N, strean; the residue
o ‘ | - . \

- . :
was made to a known volume with c¢hloroform.
N

2. From preparative TLC chromatograms

' a) "Neutral" procedure. Each band of silica con-
taining I;pid was scraped from'ﬁhe plate into a centrifuge
tube and covered with Srm}-of methanol-chloroform-water
k2:1:0.8; by vel.); the mixture was Vortexed\and centrifuged,
and the supernatant was removed. The processiwﬁs repeated
twice, the supernatants were combined (total'va}. 15 ml) and
chloroform and water were added (3.95‘m1 each).\ The.resultant

\
\

\

N



biphasic mixture was centrifuged, and the chloroforﬁ phase
was removed and waéhed.twice with 2 ml.of methanol—%ater
\(10:9, by vol.). Wh%n baﬁds from pléte; developed in
solvent (A? were extrac;ed, any acetic acid-remainihg in the
~chloroform phase at.this_stage was neutralized with 0.2N
metﬁanélic ammonia. Theflipid solution in chloroform_was:
then diluted with benzene ‘and concgn;rated to dryness under
a stream of Nz; the residue was made'up to a known vpluﬁe

with chloroform..

b) "Acidic" procedure. In the purification of

CDPQdiglyceride ané‘[laC]PS by preparative TLC (see Methods
1.2.b.i and V.l.b.vi respectively) it was found.thaﬁ‘tﬂeéé
comp&unds could not be extracted from the siliéa'byrmefhanol-
chloroform-watef (2:1:0.8,:by.vol:). Complete extraction
coula however be achieved bf extractiﬁg tﬂehéilica three
times as rapidly as possible with methanol-chloroform-0.,2
NHC1 (2:1:0.8, by vol.). The chloroform phase, isolated’ as
described in section a) above, was imﬁediatiy neutralized
with 0.2N methanolic ammonia;;and concentrated to dryneés
under an N

2

was made up to a known volume with chloroform. o

stream in the preéence of benzene; the residue

-

3. From preparative paper chromatograms

Lipid material on- Whatman 3 MM silicic acid im-
pregnated chromatograms‘was eluted with chloroform-methanol-

water (1:2:0.8) as &esc;ibed by Kates (1972).




C. EXPERIMENTAL PROCEDURES

I. In vivo studies

. _ 14 . -
1. Incorporation of ~ C-labelled substrates into lipid

a) Bv whole leaées. This stﬁdy ;as carried out
essencially~;ccording to the pfocedures described by Eberhardt
and Kates (1957)_and Kates (1960, 1972). Spinach leaves, each
approximately 6 x 4 cm and welghing 2-3 g, were selected
from a batcﬁ of leaves bought from the local supermarket.

14 Labelled substrate was supplied to each leaf by trans-

piration through tﬁe peticle, as.follows: the peticle of

each leaf was first placed in water, the tip of the petiole
cut off and the leaf illuminated by a 500W light bulb at a

distance of 1.5 ft for 15 min. The petiole was then immersed

in 0.5 ml of an aqueous solution of labelled substrate ([U-14

14

Cl
serine, [1,2- C]ethanolamine'or [Me—lac]methionine, 2-3 uci)

contained in a glass tube (0.5 x 5 ecm), and the leaf was

 illuminated for a further 3.5 h during which time 80-100Z of

the'substrate was taken up. The leaf was then transferred

to a 40 ml cepcrifuge.tube immersed.in acetone-solid COz,

and the leaf crushed with a glass rod. Lipids were exﬁracted
as follows; 10 ml of hot isopropanol were added and the
mixture wvas immersed in boiling water for.l nin, and then:
centrifuéed; the supernatant was removed, and the pellet éas

washed twice with 10 ml of hotfisopropgnol. The cbmb;qed

isopropanol extract and washings were concentrated to dryness .



under an Nz stream. To free the reéidue of non-lipid-materigi,
é ml of chlorqform-me?%anol (1:1) were added, the mixtﬁre was
¢larified by centrifugation and 3.6 ml of water were added.

The biphasic mixture was centrifuged and the chlofoform phase
removed, washed three times with 2 ml of methanol-water (10:9),
and finaiiy concentrated to dryness under an.N2 stream. The
lipid residue was dissolved in cﬂloroform to a known volume
‘and the 14C incorporétion intq individual lipids determined
bj the same TLC method as described fof analysis of 14C pro-
ducgs from in vitro assays (see Experimental II1.3.a).

Individual lipids were also isolated by preparative TLC and

deacylaﬁed by mild alkaline hydrolysis as described in

Methods III1.1, to determine distribution of 1[‘C between

water~soluble and fatty acid moieties. ’ : b3

b) By leaf-sliceg. léc-iabelled substrate was
supplied to leaf slices as follows: Spinacﬁ leaves (approxi-
mately 2 x 4 cm) were first immersed in 0.12 chloramphenicol
for 10 min to kill -surface bacteria, then rinsed with water,
dried,‘anﬁ cut w;th a scalpel into slices approximately 3 mm

wide; 1 g of leaf slices was then immersed in 7 ml of a

14
solution of labelled substrate ([U-lAC]serine; [1,2-""C]

4 14

ethanolamine, [1,2-l Clcholine or [Me-" Clmethionirne, 10 uci)

in 0.15M potassium phosphate buffer (pH 7.5). After illumi-
nation by a bank of seven 35W fluorescent tubes (cool white,

high output) at a distance of 1.5 ft. for 5 h in a shaking

incubator at 37°C, the slices were transferred to a 40 ml

>
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éentrifué;i;ube immersed in acetone-solid COZ’ and lipids

-~

were extracted and analyzed as described in section a)
above. - ‘ : e -<

II. In vitro Studies

. |
1. Subcellular Fractionation. Spinach leaves, bought

from the supermarket, were washed with distilled E.0 and the’

2
main rib removed; 50 g of leaves (approximately 11 x .8 c¢m)
were ground with sea sand (16 g) in a mortar cooled on ice,
in 50 ml of ice-cold homogenizing medium of composition

similar to that used by Appelquist et al. (1968), containing

0.01 M sodium chloride, 0.5 M sucrose, 1 mM EDTA disodium

salt and 0.1 M Tris HCl (pH 8.0). After the leaves were

crushed, grinding was continued a further 3 miﬁ; the brei

was filtered through eight layers of cheese cloth.and the

residue washed with 10 ml of cold homogenizing medium. The

combined filtrate and washing was fractionated by differential

centrifugation atV&OC, as described in Fig.‘3."in most studies,

pellets were suspended as follows: to each pellet was added

6 ml o% 2 mM-Tris HC1l (pH 7.5) and thé pellet was loosened

by scraping the centrifuge tube with a glass rod; the mixture

wa; transferred to a Potter homogenizer of bore 1.5 cm, and

the fellet was suspended by five slow strokes at 0°c. ?he

suspension was made up to 10 =l with the same buffer. 1In

studies on subqellulér enzyme distfibufion,.pellets were

suspended as above except that the fris HC1l buffer was 7 /;///f//’
2 | , ’////,//’//////«/////// | |

—



FIGURE 3 CELL FRACTIONATION EROCEDUREa

Brei filtrate

600xg, 1-1/2 min
: ! l
supernatant cell free pellet (discarded)
homogenate, vol. 60 ml - & .

N

1200xg, 7 min

| 1
supernatant pellet
15,000xg, 30 min
S -
' supernatant } i pellet
,100,000xg, 1L h -
[ - |
supernatant | pellet
250,000xg, 1 h
|
supermatant © pellet S

a) Centrifugal forces a:ezméiEEGA values. A Sorvall RC-2B centrifuge
was used for centrifhgation up to 40,000xg, and a Beckman Model
LZ—GSB'fo:,ceﬁzrifugatipn at 100,000xg and 250,000xg. All pellets,

. other-tHan the 600xg pellet, were washed lightly with.homogenizing
dium (5 ml) and the washings combined with the respective super-—
L natant. ‘ : | : ‘
— Pellet fractions prepared differently from those above will be
described in the text by the supermatant fraction from which they
wvere derived, e.g. a 1200~100,000xg fraction denotes the pellet
obtained by centrifuging the 1200xg supernatant at 100,000xg.

b) For studies oo PG biosynthesis this fraction was_centrifuged at
40,000xg. -
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replaced by homogenizing medium. Minor modifications to the
above procedure were occasionally used,'and are described in

the appropriate legend.

2. Markey enzvme assavs. All spectrophotometric measure-

ments were made on a Carey Model 15M.

a) Cvtochrome c oxidase. This enzyme is one of the

chain of enzymés involved in oxidative phosphorylation. In
e ; _

. animals (Appelmans -et al.,-1955) and plants (Goddard and

Bonner, 1960; Tolbert et al., 1968) the enzyme is localized

in mitochondria. Within animal mitochondria, it is known to

be situated only in the inner membrane ‘(Parsons et al., 1966;

Levy et al., 1967; Schnaitman and Greenwalg, 1968), and

though the intfamitochondrial localization of the plaﬁt enzyme
has nbt_been determined it is also most likely exclusively
localized in the inzer membrane.

In the, présent study, cyfochromeJc oxidase was
measured spectrophotomefrically essenﬁially according to the
procedure of Smith (1955), as follows: Prior to analysis,
cytochrome ¢ &ss reduced with so&ium ascorbate, ghe excess
a;dorbéte removed by dialysis (Wharton and Tzagoloff, 1967),
aﬁd the concentration of reduced éytochrome ¢ determined

b] .
spectrophotometrically (Ycmetani, 1965). Spinach cell

fractions were diluted to 60 ml with homagenizing medium and
then "solubilized" by gentle shaking for 1 min at 0°c in the

presence of 0.2% lubrol. The decrease in absorbance (Ared)'.

of redu@ed cytochrome ¢ at 550 nm was then followed as a



function of time inla mixture (vol. 1 ml) containing 90 mM
potassium phosphate (pH 7.0), 23 mM cytochrome & (882 redﬁcéd) - é
and 0.03 ml of diluted cell fraction. After a-réaciioﬁ time
of 1 min a few crysfél§~of potassium ferricyanide wefe aaded i
gnd thé~absorbancé (Aox) of fully oxidized cytoghrdme ¢ was

- _ -
measured.. The first order rate-constant waé determined froﬁ
the log -(Ared-Aox) vs. time plot, and the initial rate of
‘o;idation of cytochrome ¢ wASAcalculat;d as describeé‘by

Smith (1955).
3 {

b) Catalase. This enzyme, which catalyzes the

breakdown of hydrogen peroxide, is found in peroxisomes‘of

leaves (Tolbert et al.; 1968) and liver and kidmey (de Duve

b ¥

ana Baﬁdhuin, 1966). However, the ease of iysis of peroxisomes
can give rise to activity in the supernatant fnaction.(T;lbert
et _l., 1968). Thus distribution studies with this marker
eﬁzyme s%ould be iﬁterpreggg with caution. In the present
study, enzyme aétivity was measured-spectrophotometrically
essentially according to the procedure of Lick (1966), as-
follows: Prior to amalysis, eacﬁ péll fracg&on was diluted
with homogenizing medium (cell free hbmogenate and 40,000xg
supernatant by x5, and pellet fractioms by x25), and the
diluted fraction ﬁés "solubilized" Sy gentle shaking for

1 min at 0°C in the presence of 0.2% lubrol. The decrease .
in absorbance of hydrogen peroxide at 240 am was then followed

as a function of time in a mixture (vol. 1 ml) containing

67 mM potassium phosphate (pH 7.0}, 14 wM hydrogen peroxide



~a

FIGURE ¢4

Cytochrome ¢ oxidase and catalasé activities

as a function of protein concentration.
A Cytochrome ¢

B Cat;lése

El

"
~
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and 0.03lm1Aof diluted cell fraction.- fhe first order rate )

<

constant was determined from the log (ébsorbance) vs. time

plot, and the initial rate of reaction calculated as des-

cribed by Lick (1966).

The éq&ivi;y cf both cytochrome ¢ oxidase ‘and

catalase was linear with enzyme conceatration over the raunge

1

assayed (Fig. 4). "Solubilizatiqn" of 'cell fractions with

lubrol was necessary for proper dispersion of both enzymes;
treatment of cell fractioms with higher lubrol concentrations
or for a longer time period than described above did not .

affect the activity of either enzyme.

A

"

3. Biosynthésf% of Phospholipids and Neutral Lipids from
14

C-Labelled Substrates

o Details of individual experiments are given in

legends to appropriate tables and figures. o

a)} Gemneral me}hod of assay. Reactions were carriea
out in 15 mlrgigss stoppered‘cehtrifugé tubes 1in a voldge of
1.0 m1 (unless otherwise stated) with shaking in a constant
temperature bath at either 30° or 37°C. Reactions were stopped
byrthe‘addipion of methanol-chloroform (2:1; vol. 3.75 ml),
and ;ipidé were extracted by the Bliéh ?nd’Dyer procedure

14

described in ‘Methods VI.1. C-Labelled lipid products were

analyzed és follows: a portiom of the chloroform solution of"
lipids was counted for 14C as described in Methods V.2. A
second portion was then chromatographed either by TLC or on

.

silicic-acid impregnated paper (Methods II.l.a and 11.2.a).



Radicactive spots were either scraped from the TLC chromato-

gram, or cut out of the paper chromatogram, and counted in

’

the ;Einéillation mixture supélemente& with solubilizer (see -~
Methods V.2). Total incorporation of 1ébelled subétrate into
each lipid component was calqulatéd from the relative dis-
tribution of radicactivity in the corresponding spot multiplied
by the radioactivity incorporated into the total lipids. Ali
results reported are from single experiments, unless stated
otherwise. However, results from duplicate experiments on

the incorperation of l[‘C from [IQC}SAH into PC fatty acids

(see legend to Fig. 29C) showed the general method of

assay
as applied to this enzyme system to be reproducible to

within *5%.

b) Dispersion of lipid substrates.

i) Vortexing. In studies utilizing CDP-

~ 0

diglyceride and [14C]?S as substrétes, these compouﬁds were
dispersed in the appropriate reaction mixture as follows: 2
suitable aliquot of substrate in chloroform-methanol (2:1) or
chloroform was pipetted into an empty reaction t§be and the

solvent evaporated under an N stream. The remaining non-

2
enzymatic components éére added and the mixture Vortexed
Vigérously for 15 seéi? The above procedure resulted in the
formation of cle;t dispersions of CDP-diglyceride (ca. 0.1
mM); and of [14C]PS.

Unless stated otherwise, all other lipid substrates

were dispersed prior to their addition to the assay systems



gither by sonication or dialysis, as fpllowé:

ii) Sonication. A mi#ftre of 3-5 mg bf lipid (PE,
PE-Me or PE~diMe) in 1 ml of 20 ﬁH TrishHCI (pH 8.0) was
sonicated at room teﬁperaturé for 15 sec. intervals over a
5-10 min period, with cooling in -cold water. A Quigly-
Rochester instrument fitted with a microtip oscillating at.
maxizum output was used. The clarity of the 1ipid ngpension
produced was dependent on the lipid uséd: both.spinach and
egg PE pré&hcbdfaimﬁgi dlear.suSpensions, while both di-m
palmi;oyl PE-Me and Pﬁ-diMe gave rise to opgﬁhe gel-=like

suSpqﬁsions. There was no breakdown of lipids during sonica-

tion as.shown by TLC analysis of the final suspensions.

iii) Dialvsis. The procedure followed was‘that
‘described by Fleischer and Klouwen (1961): A mixture of
spinach fE (5 mg) in 1 =l of n-butanol-20X K-deoxycholate -
(pH 7.5) (87:13 by vol.) ﬁas dialyzed at 4°C for 7 days on a
rocker dialyzer, against 300 ml of a solution (renewed every
24.&) centaining 20 mM Tris acetate {(pH 8.0) and 1 mM Na2
EDTA. resultant, almost.clear, PE suspension (vol. 2.2
ml) ' was free of butanol but most likely contained some un-
dialfzed deoxycholate. Concerning this, Fleishcer and Klouwen
(1961) reported that in the dialysis of beef heart mitochrondrial
total lipids the amount of undialyzed deoxycholate could not
be decréased below 53 ug/mg lipid. Ia the expé}iment des—-
cribed in Tablé 23 the PE suspension was tested immediately

following its breparation. .



D. RESULTS

I. Bioswnthes{s of Phbosphatidyl Givecerol

o e

A

1. The Incorporation of g&-[l,3—14C]Glycerol-3[3?PI

ﬁhosphate-and-gg—[l,3—14C]Glycerol—B—phoSphate

into Phosphatidwyl Glvecerol by a 40,000xg Spinach

N

Cell Fraction

Preliminary studies were carried out to test sn-

[l,3~14C]glycerol-3-[32P]phosphate ([14C+32

P]GP) as a sub-
strate in the biosynthesis of phosphatidyl glycerol (PG).

It was found that a 40,000xg fraction, in an assay system at

pH 8.0 containing CDP-diglyceride, Mg2+ and Tritoﬁ’X—lOO, S

32P) from

incorporated 2% of total radiocactivity (14C+
[14C+32P]GP into lipid; under the same conditions a 90,000xg
14 32

fraction incorporated 0.7Z of total radiocactivity (TCc+ P)‘
into lipid. Wiﬁh both fractions, one major radicactive pro:
duct with mobility-corresponding to that of PC‘(Rf, 0.58)
and labelled onlyiwith 14C was formed; a minor radicactive

product migrating with R, 0.38 was also detected on both

"BQP'only" and

£
"14C+32P" films, showing that the minor pro-

duct contained both 14C and 32? (Fig. 5).
Identification of these products was carried out
14
subsequently using 33—[1,3-14C]glycerol-3—phosphate ([T C}IGPF)

as substrate, since the doubly labelled GP was difficult to

prepare- and the 32? decayed rapidly. The major product



. - \
FIGURE 5
- i ‘ Autoradiogram of a chromatogram of lipids
‘ 14,32 )
labelled with léc and 32? from [~ C+ "Plglycerophosphate.

1. 40,000xg fraction as enzyme .source
2. 90,000xg fraction as enzyme source

Assayv mixture (vol. 1 wml): 0.8 muM g&-[l;S-lac}

“ 2 : 4 32, .14
glycerol—B-[3"P]phosphate (6.7 x 10" cpm; ~°P:

c, 1:1),
0.1 mM CDP-diglyceride (Koch-Light Co.), 10 mM MgCl,, 0.25 X
Tris HCl (pH 8.0),.Triton X-100 (1.5 mg/ml), 13 mM B-
mercaptoethandl, and 0.6 al of cell fraction suspended in
homogenizing medium. Cell ﬁractions were prepared as des-
cribed in Expéfimental I1.1 éxcept that homogenizing mediun
‘contained 0.1 M potassium phOSphate.ipH 8.0) instead of

Tris HCI. Incubation was for 3 h at 37°C. Inceorpeoration

of total radiocactivity inte lipid by the 40,000xg and

90,000xg fractions was 1345 cpm (2Z) and 470 cpm (0.73%)

respectively. : _
f .

Chromatography wason silicic acid impregnated

paper in diisobutylketone-acetic acid-water.(S:S:l by vol.).

14C+32

T%% separate detection of 32? and P was carried out as

desc;ibed in Methods V.3.

Individual components in the mixture of spinach

lipids were identified by their R, values (Kates, 1972) and

f
by the staining procedures described in Methods I1I1.2.a.



ORIGIN

32 p+l4c
Detected

32p only
Detected

SPINACH
LIPIDS




" FIGURE 6

Autoradiogram of a chromatogram of phosphatidyl’
[1,3—140]glycerol synthesized by the AOSUOOxg
cell fraction from spinach and E.coli.

1. Spirnach IlQC]3G, synfhesized'as de;-

cribed in Methods V.1l.b.iv.

1

2. E.coli [ QC]PG, synthesized as des-

i - - cribed in Methods V.1.b.iii.
Chromatography was on silica gel H plates in
chloroform-methanol-acetic §cid-watér

(65:25:8:4 by vol.).
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FIGURE 7

Autoradiogram of a chromatogram of glycerol
phosphoryl [laclgiycerol formed by deacylgtion
‘of phosphatidyl [1,3-14Cngycerol synthesized
'by the 40,000xg cell fraction from spinach
and E.coli. |

1. Spinach GP[léciG-

2. E.coli GP[lac]G

laC]Glycerol

3. [1-
14
4. sn-[1,3-""ClGlycercphosphate
Chromatography was on Whatman No. 1 paper in

phenol-water (100:40 w/w).

Ld
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(Fig. 5) was identified as PG as followsr After incubation
ofl[lAC]GP wich-the 40,000xg fractidn, the major 14C lipid.
product was 1solated as described in Methods V.l.b.iv. Toe
product mlgrated on TLC (see Fig. 6), with Rf value identical
to that of authentic [. C]PG (Methods V.1l.b.1iii). -Qeacyia-
tion gave. a single radioactive water_soluble‘product having
an Rf value on paper chromarographr in ohenol-water (100:40,
W/W) identical with that of [lac]glycerophosphorylglycerol
formed from authentic’ [ C]PG (see Fig' 7).

The minor lipid product labelled with l[‘C and 32?
from §E—[l,3— C]glycerol—B-[ P]phosphatc (see Fig. 5) was
not rigorously identified, but it ‘is likely‘to be phosphatidyl
glycerophosphate since it had a similar mobility (R,, 0.38,
Fig. 5) to that of authentic phosphatidyl [l 3—l C]glycero—

phosphate (Rf; 0.41; measured on a separate chromagﬁgram)

prepared as described in Methods Vfl.b.v.
The quesrion arose as to the-pathway by ﬁhich radio- -
activity from labelled GP was incorporated 4nto P2G and PGP« |
The " p0851bllity that GP was first dephosphorylated to glycerol
which was then incorporated into PG by an exchange reaction
was ruled out by the results of an experiment comparing the
relative incorporation of [14C]GP and [lhclglycerol into PG
under the same assay conditilons. The results in Table 3 show

-

- ’ 14 ..
~that 14C was incorporated into PG from [~ Clglycerophosphate
; bl

B4 14 .
“But not from [IQC]glycerol. Furthermore,'[ C]lglycerol could

P

not be detected in the methanol-water soluble products from



TABLE 3. THE RELATIVE INCORPORATION oF ['*c] GLYCERO-

14 '
PHOSPHATE AND [~ C] GLYCERDL_ INTO PHOSPHATIDYL

GLYCEROL
e ‘
_ ‘ laC—Incorporation
Substrate _ into PG2 ‘
) dpm
14 o _
sn[1,3-" Clglycerol-3-phosphate : 1200
[l-laélglycerol E 0

3assay system (vol. 1 ml): 0.1 -mM CDP-diglyceride (Koch-
Light Co.), 10 mM MgCl,, 1.5 mg Triton X-100, 0.25M Tris

HCl (pH 7.3), 0.6 ml o% 40,000xg fraction suspe& ed in
homogenizing medium, and either 800 uM sn-[1,3-""Clglycerol-
3-phosphate (1.6x105'dpm), or 3 uM [1-1%Clglycerol (8x10%
dpm). Incubation for 3h at 37°C. The 403,000xg fraction
was prepared as described in Fig. 5. .

-



the [IQC]GP_incubation Gnen these were‘chronatognaphedﬁon e
Whatman No. 1 paper in butanol-acetic acid-water tSté:l by
vol.); unreacted [14¢JGP (Rf’ Q.69) was the.onlf pnoduct tRQ
of standard glycarol, 0.48).; ) . _ :
The tormatton of %tAC]PG was absolutely dependent ) .
on the presemnce of exogenous CD?fdiglyceride (Table 4),
strongly ;ndicating that‘CDP—diglyceride was an ,bligatory.
substrate. Maxinum synthesis of fG occurfé&/atﬁé CDP-
diglyceride concentration, of 0.64 mM, above which there was
2 marked inhibition (Table 4 and Fig. 8).
Thus,. the above evidence shows that the 40,006xg
cell fraction from spinach leaves contains.an enzymelsyst;m

oatalyzing the biosynthesis of ‘phosphatidyl giycerol fram

CDﬁf;;glycerlde and sn-glycerol-3- phosphate Furthermore,7
the findlng that-P¢ formed from sn-[1, 3- C]glycerol -3- [ P}
phosphate as substrate was 1abe11ed only " w1th 140, whereas
the 32? was incorporated only into the "PGP" spot (Flg. 3),
shows that the biosynthetic pathway most likely involves the
intermediate formation of PGP, which 1is then dephosphorylated
to PG (see eqns 7-8). |

- The formation of PG from CDP- diglycerida and [ C]GP
by the 40,000xg fraction was limnear with time of incubation
up to 1 h, after a brief lag phase of about 2 min (Flg %),
andswith protein concentration up to 0.35 mg/nl (Fig. 103)r

14

It should be poinngd out that in these two studies the c-

incorporation into the total lipids was taken ds a measure of



»

‘rate of PG formation}was'constant for all pre-incubation

o . . . .
times up to 1 h, but decreased thereafter to 707 of the

+ .
_activity being observed at 2 =M Hg? (Fig. 13); at all con-

. oY
~ 93 -

o

f\/-
)

formation of PG, and mo correction was made for any PGP. that
might have been present in tHe fngi products.

The pH optimum of PG formation in Tris HC1 Vas 7.3
(Fig. 11A); over the .range of "pH covered only small amouats
of PGP were detected (2-102‘of total 4C products). The
temperature optimum of PG fermation measured by the incorpera~
tion of 14C into the total lipid extract was found to be 37°%¢
(Fié llB) The thermal stability of the PG synChe31zing
system at ‘the optimum temperature was determlned by pre=

1ncubat1ng the 40, 000xg fractiom at’ 37 °c for varylng lengths

\\of/time up to 3 h, and then assaying for its actlvity. The

-

initial aetivit} after 3t prefinCubation (Fig. 12). .At no

* . P ‘
time was PGP formation observed 1nd1cat1ng that the PGP
phosphatase 15 not more heat labile than the PGP synthetase
In some evperiments (see Tables 7 and 8 and Fig. 11A), the -

40 UOOKg fractlon was stored at —10 C prior to assay. The . o

loss of actlvity during a 3- day storage period was approxi-

mately 10%.

. ) 2+ .
PG formation was dependent upon Mg“ , half maximal

2+ 2+

centrations of Mg“ , PG was the only product detected.’ Mn

was also found to be effective as 2 co-factor, but at a con— . o
2+
centration of 10 mM it was only half as effective as Mg~ .

The effect of varying Triton X-100 concentration was mnot



<

TABLE &. THE "EFFECT OF CDP-DIGLYCERIDE CONCENTRATION

ON PHOSPHATIDYL GLYCEROL SYNTHESIS

> g
ha
] . T
CDP-diglyceride , Phosphatidyl glycerol formed?
concentration, uM ) ‘ n moles/h
0 - 0.0 -
0.02 T 14.3
0.04 ' 14.8
0.08 - 12.9
T 0.16 - T | 10.2

.Y 0.25 ’ , ~9.5

®Assay system (vol. 1 ml): 1 mM [I&C]GP (8.5 x 105 dpm),

30 mM MgCl,, 0.25M Tris HC1 (pH 7.4), 1.5 mg Tritomn X-100,"
0.2 ml (0.33 mg protein) of 40,000xg fractiom suspended in
0.1M potassium phosphate (pH 8.0) containing 1 oM
B-mercaptoethanol, and varying amounts of CDP-diglyceride
(Koch Light Co.) as indicated. The 40,000xg fraction was
prepared as described in Experimental II.l except that
homogenizing medium contained 0.1M potassium phosphate

instead of Tris HCl. Incubation, lh at 370¢. Ll%c-Labelled

lipid products were chromatographed on silicic acid im-
pregnated paper in d%isobutyl ketone-acetic acid-water
(8:5:1 by vol.). [14cjP¢ was the only product detected.
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FIGURE 8

The effect of CDP—diglyéeride concentration
on phosphatidyl glycerol synthesis by the
40,000xg fraction.

Data obtained from Table 4.




Phosphatidyl Glycerol Formed (n moles/hr)

|

0.20 0.24

0.04 0.08
Concentration- of CDP- Diijlyceride (mM)
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FIGURE 9

Time course of phosphatidyl glycerol syn-

thesis by the 40,000xg fraction.
Assay system (vol. 1 ml): 1 mM [lAC]GP

(1 x lO6 dpm), 0.1 mH'CDP-diglyceride (Koch-Light

Co.), 30 mM HgClz, 0.25 M Tris HC1 (pH 7.3),

1.5 mg Triton X-100, and 0.2 pl of 40,000xg

fraction suspended in 0.1 M potassium phosphate

(pH - 8.0), and prepared as described in Table 4.
Reactions were started at the same time

and stopped at the times indicated. The incorpora-

tion of l{‘C into total lipids was taken as a

measure of PG formaticn.
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FIGURE 10

. The effect of protein concentration on phospha-
tidyl glycérol synthesis by thé cell free homo;
genate and 40,Q00xg fractions.

A, Cell—free-homogenaté

B. 40,000xg fraption
Assay system as descr}béd in Table 7, but con-
taining varying amounts of either cell free
homogenate or¥40,000xg fraction, &s indicated.
Cell fractions were those és@ayed_in the sub-

cellular distribution study described in

Table 7. The incorporation of %Aé into the’
total lipids was taken as a measure of PG <

formation.
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FIGURE 11

The effect of pH and temperature on phosphatidyl'glycerol

synthesis by the 40,000xg fraction.

A. pH
Assay system as described in Figure 5, except that 0.25 M
Tris HC1 at pH 7.0, 7.5, 8.0; 8.5 or 9.0 was used, and

. eénzyme source was 0.3 ml of 40,000xg fraction suspended in
‘homogenizing medium and stored at -15°C fo; 3 days before
assay. The preparation of 40,000xg fraction and chromato-
graphy of lipid as described in Figure 5. The pH values

- shown in the figure are the meésured-pH of the final reaction

mixture.

B. Tewmperature

Assay system (vol. 1 ml): 1 mM [16C]GP (8.5 x 10S dpm),

0.08 mM CDP—diglyFeride (Roch-Light Co.), 30 mM MgClz,

0.25 M Tris HC1 (ﬁH 7.3), 1.5 mg Triton k—lOO and 0.2 ml of
40,000xg fraction, Prepared as desc:ibed in Figure 5, sus-
pended in 0.1 M pot: phosphate (pH 8.0) contaiﬁing 1l oM B-
mercaptoethanol. Incubation for 1 h at temperatures indicated.

. 14
Incorporation of C into total lipids was taken as a

measure of PG formation.
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FIGURE 12
Stability of the 40,000xg phosphatidyl
glycerol synthesizing enzyme system at 37°%.
Assay system (vol. 1 ml): 1 mM [14C]GP
(8.1 x lO5 dpm), 0.1 mM CDP-diglyceride (?och
Light Co.), 30 nM MgClz, 0.25 M Tris HCI1

(pH 7.4), 1.5 mg Triton X-100 and 0.25 ml of

~40,000xg pellet suspended in 0.1 M potassium

_ phosphate (pH 7.6) containing 5 mM B-mercapto-

ethanol, Incubation, 1 h at 37%C. ?rior to,

assa&, the 40,000xg suspension was pre-incubated
atl37°C for different timeé as indicated. Pre-
paration of 40,000xg fraction and chromatograph&

of lipid prbducts as described in'Figure 5.
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FIGURE 13

-
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The effect of HgCl2 concentration on phospha-

tidyl glycerol synthesis by the 40,000xg

Al

Assay system (vol. 1 wl): 0.4 mM [lAC]GP (1.2 'x

. 105 dpm), 0.1 mM CDP-diglyceride (Koch Light

Co.), 0.25 M Tris HCl (pH 7.3), 0.2 ml of

40,000x3~fr§£fion sﬁspended in homogenizing

medium containing phosphate buffer (0.33 mg

- 1

protein), and varying amounts of MgCl, as

2
indicated. Incubation, 1 h at -37°%. ‘Prepara-

tion of'Q0,000xg fraction and chromatography of

lipid products as described in Figure 5.

-

“é
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studied, though it was observed that.in the absence of

" Triton little or no PG was formed. -

Data on the effect of gﬂ-glyce;ol—3-phésphate con- -

centration on the formation of PG and PGP is shown in Table 5

and Fig. 1l4. Under assay conditions of optimum pH and Mggf

concentration, and a saturating concentration of CDP-diglyceride,

o«
“

- the initial rate of formation of PG showed typical Michaelis-
Menten kinetics and reached a maximum at a GP concentratiom

of 1.3 mM-(Fig. 14A). For a“GP concentration of 1 mM the
initiai E;;e-;f formation of PG could be validly expresse&
as‘the‘gmount‘of PG formed in 1 h,‘since the formation of PG
w§§ reasonably linear up to 1 h'(see Fié. 9). At other GP‘

. concentrations, the formation of PG as a functioa of time was

.not determined, but was assumed to be reasonably linear up

to 1 hk.

«
-

‘ In .this ﬁarticulgr experiment, an amount of'PéP' .
intermediate accumulated aﬁd reached a steady stafe above a
GP concentration of Q.53 mM (Fig. i&Aj- However, at all con-
centrations of GP, PGP acéouﬂted for only a small proéortion o
of total phosbhatide fdrm;d 68;142, Table 5), showing that ‘ .

‘the rate determining step in PG synthesis from GP is the first

step catalyzed by PGP synthetase. Thus,

-CDP-dig + GP —go7 PGP + CMP step 1

+ i step 2-
. . BGP -Eggf? PG Pi P

s ) .
The Michaelis-Menten constant for GP in the first step was

‘. -

[]
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calculated as follows: Using_the nomenclature of Dixoﬁ and
Webb (19641,'the rate eguation for the firstjstep;‘assuming
there is no effect of one substrate on the-affinity by'the-
enzyme for the oéhe;, is - - '

v_, [GPIlCDP-dig]

-d[GP] _ <28)
dt (Ka+[GP])(Kb+[CDP—dig])
where Ka and Kb are the Michaelis-Menten constants for GF
and CDP-diglyceridé, respectively.
- Under conditions of 'saturation by CDP-dig,
[cCDP-dig] >> Kb, and cﬁe equation reduces to
-d[GP] vmax[GP] (29)

dt K_+[GP]

Since GP forms the products PG and PG?, it feollows

that ‘
- —d[Gp] _ 4(PG + BGP) ' (30)
dt dt ’ ,
Thus,
d (PG + PGP) . vmax[GP] (31)
dt K+ [GP]

\

The ﬁiﬁt of-faté of (PGtPGP) formation Vvs- GP con-
centration showed typical Michaelis-Menten kinetics (Fig. 14A),
and from the iineweaver-ﬁurke pldt, shown in Fig- 148, the
Michaelis—Menten Eonstanf for GP was calculated to be 0.25 mM.
.For comparison, the‘corresponding Ka obtained from the Line-

weaver—Burke_flot of PG formation alone, Wwas 0.20 =M.
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TABLE 5. THE EFFECT OF sn-GLYCERQL-3-PHOSPHATE CONCENTRA-

Y

TION ON PHOSPHATIDYL GLYCEROL-ANb PHOSPHATIDYL

GLYCEROLPHOSPHATEASYNTHESIS

> ' - .
Glycerol phosphate : . Formation® of _
concentration i \\/; ) -
uM - PG+PGP PG PGP

1 moles/h

0.13 . 7.9 O 7.3(52) 0.6(8)

0.26 11.6 ©10.3(89) . 1.3(11)
0.53. - - . 15.1 13.0(86) 2.1(14)
0.79 " _ - 16.6 14.4(87) 2.2(13)
1.32 _ 17.2 15.}(88) ZaltIZ)

. ZAssay system (vol. 1 ml): O.lmM CDP-diglyceride (Koch
Light Co.), 30mM MgCl,, 0.25M Tris HC1 (pE 7.3), 1.5 mg
Triton X-100, 0.2 ml of 40,000xg fraction prepared as
described in:Table 4, suizended in homogenizing medium,
and varying“amounts of [“"C]JGP (sp.act. 7.7 x 10° dpm/
pumole) as indicated. Incubation, 1h at 379C. PG and PGP
were separated on silicicacid impregnated paper in di- -
isobutyl ketone-acetic acid-water (8:5:1 by vol.) and
counted separately as described in Experimental IT.3.a.

Figures in parenthesis denote amount of ea;h lipid as Z
of PG+PGP.
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FIGURE 14

The effect of sn-glycerol-3-phosphate con-

.centration on ‘the synthesis of.phosphatidyl

glycerol aad phosphatidyl glycerophosphate

by the 40,000xg fraction.

Data obtained from Tablé 5.

A. Rate of 1lipid formation as a functiocn of
GP concentration.

B. Plot of 1/v vs 1/s, where v is the rate
of (PG + PGP) formation and s is GP

concentration.
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The effect of sulfhydryl reacting reagents on PG

syﬂfheSis-by.the_ﬁP,OOOxg fraction is shown in Table 6. PG

synthesis was not significantly inhibited (8%) by HgCl2 at
a concentration (10 mM) reported to be comﬁiéqely inhibitory
for PG synthesis in cell free preparations'from cauliflower

inflorescence {(Douce and D&poht, 1969),59hiﬁken liver

— — — e ——

(Kivasu t.al., ;§63) and E.coli (Chéng-énd‘Kennedy, 1967).

Furthermore, only‘l%z idhibit;on‘wés ob;érved on increasing
the HgCl2 c;nc;ntratiog to 40 =M. The most pfénounced in-
hibition was observed with p-chloroﬁercuribenioate,.bpt still
amounted to-only 217. ©No PGP ﬁasl@etected in any of the’
inhibition assay systems.. It should be pointed out that a —

small amount of B-mercaptoethanol derived from the 40,000xg

suspension was present in the reaction mixtures, but at a

‘concentration (0.25 mM) too low to react with significant
amountélof sulfhydryl reagent.- Furthermore, it was found

that prior dialysis of the 40,000xg fraction against phosphate
buffer did not affect the results. Since none of the sulf-
hydryl reacring reagents inhiﬁited PG synthesis to any great
extent, n&r esulted in accumulation of PGP, 1t was concluded
that neith;: PGP synthetase noTx PGP phosﬁhatase contained

sulfydryl groups ac:ifely'taking part in thelir catalytic
3

-

action.
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TABLE 6. THE EFFECT . -QF SULFYDRYL GROUP REACTING REAGEN%S

ON PHOSPHATIDYL GLYCEROL SYNTHESIS BY THE

40,000xg FRACTION

Assay systema PG formed Z Inhibition
n moles/h

Complete : 16.8 -
s HgCl, (10mM) - 15.3 8
"+ HgCl, (40 m) 14.0 | 17
" +"PCMB (5mM) ‘ 13.3 o 21 -
" o+ lbdoacetate (5mM) 17.0 - 0

n

Complete assay system as described ip Table 4; concentra-
tion of CDP-diglyceride, g\éfy. Enzyme source: 0.25 ml
of a fresh suspension of the~%0,000xg fractiomn (1.6 mg
protein/ml) im 0.1M pot. phosphate buffer (pH 8.0) con-
taining 1mM B-mercaptoethanol.’ Preparation of 40,000xg
fraction and chromatography of .assay products as described
« in Table 4.

Abbreviation: PCMB, p-chloromercuribenzoate.
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2. Subcellular distribution of the phosphatidvl

glycerol synthesizing system

The results of this study are shown in Table 7.
The'recovery-of protein and chlorophyll, 'and of PG éynthetase
and cytochrome c oxidase activities after cell fractionation
was virtually quantitative. Quantitétive recovery of enzyme
activity 1is usually.obtéined when the enzyme concentration
for each cell fraction assayed lies in the linear range of
the activity-enzyme concentration plot. For cytochrome ¢
oxidase and catalase this condition was met {see Experimental

I1.2., Fig. 4). The low recovery of catalase activity may

perhaps be connected with the long pgriod of storage at -10°¢
of cell fractions prior to assay. In the PG synthetase assay,
0.04 ml (0.57 mg protein) of the cell-free homogenate and.

0.2 .ml (0.27‘mg protein) of the 40,000xg pellet fraction were
assayed, and at these protein levels, PG synthesis in the two
fractions was linear with protein-concentra:ién (Fig. 9A and
B). Therefore, for these two fractions the coﬂditidn_dis-
cussed aone was met. For the 1200xg and 15,000xg pelletg
and the 40,000xg supernatant, 0.2 ml was assayed, containing
3.3, 1.7 and 0.9 mg protein respectively. The effect of
protein concentration on PG sfnthesis in these fractions was
not investigated, but since the recovery of enéyme ac;ivity
was almost quantitative (108%Z), enzyme activity in these | «

fractions at the levels of protein assayed was presumably

linear with protein concentration.

M
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- The study reported in Table 7 showed that the
40,000xg fraction contained a high prbporgion (?52) of
phosphatidyl glycerol-synthesizing activfty; and the highest
rspecific activity. The 40,000xg supermatant also contained’
a high proportion of activity (442),'but‘#ith é‘lpw'speci?ic
activity, and about 25% of this activity.could be sedimented
By fufthe:'centrifugation at é0,000xg. A gmall-(lSZ) Eut
significant propqrtion~of activity was associated with the
15,000xg fraction, but little activity (437) wés found in the
1f00xg‘fraqtion. Essentially the same distribution pattern
was obtained when the cell fractions were ultrasonicated -
pfior to assaying for phosphatidyl glycerol-sypthésizing
activity. T

thorophyll was concentrated in the chloroplagg
(1200xg) fraction; some was also present in the lS,OOOxg
fraction, but was virtually absent frqm the 40,000xg fraction.
Cytochrome c oxidase, the specific marker £for mi;ochondria
(Experimentai IT.2.a) was concentr%ted in the 15,000xg mito-
chondrial fraction; a small proportion (19%) was also found
in the 1200xg fraction, but little activity (3Z) was present
in the 40,000xg fraction. Catalase, the specific marker for
peroxisomes (Experiment II.2.b), was concentrated im the
15,000xg pellet and the 40,000xg supermatant fractions, but
was completely absent from the 40;b00xg fraction. The high

proportion of activity in the supernatant is in agreement with

that reported by Tolbert et 1. (1968) for spinach.
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The phosphatidyl glycerol-synthesizing system thus
' appears to be localized primarily in the 40,600xg fraction 1
which, being essentially ffee'of chloreoplasts, peroxisomes
and mitochondria, is most probably a microsomal fraction.
Tﬂe question whether the PG synthetase activity détected in
the 15,000xg fraction was due to microsomal éontaminaqion or
to a separaée mitochondriai s}stem cannot be answered un-—-
ambiguously since the 15,000xg fraction Qas not assayéd
specifically for microsomal marker enzymes. iﬁ a separate

experiment attempts were made to assay the cell fractions

for glucose-6-phosphatase, which in animal tissues is

localized in the microsome fraction.(Ginsburg and Hers, 1960) .

However, using the assay procedure of Harper (1965), it was
found that ?Oz‘pf the briginal total cell-free hOmogenage
~activity was localized in the 90,000xg supernatant, while
ronly 30Z7 was present in the 600#96,000xg'total parciculate.
fraction. Since the 90,000xg supernatant would not be

expected to contain a high proportion of microsomes it was

concluded that undef the .conditions of sub-cellular fractiona-
tion employed, glucose-6-phosphatase was not 2 valid microsomal

marker. Indeed, this marker enzyme is now known to be localized

in microsomal preparations from enimal tissues (Ginsburg and’

Hers, 1960), but in plant tissues this enzyme is distributed

in the c¢ytoplasm as weil as in the microsomes (Thompson, 1969;

Harwood and Sgumpf, 1972). Therefore, glucose-6-phosphatase
was not used in the present'study to determine microsomal

distribution among cell fractioms.

-
-
-
~
-



"0,0T- um 28p1038 8}99m ¢ Jurmofro}] .Ho:m:uwoanmuume:moc w:ﬂcﬁmu=ouﬁo.w=mv
‘1933INnqg azeydsoyd HT'0 uf, pepuadsns uorilowiy I{®2 yo®? jo 'qu g*Q @d2anos auwfzuyg
+/ ®Tqe] Ul peqyaodsap se suof3lowviy TI922 3O uofieviedaad pup walsds Lesse mumHmEoon

C ol

h vz . 9'1 7'0 : (R oT) CTOBH+
~
—
: - 1°¢ ° z°0 (uotjaowal 8x000°0%) ajeydwod
L pe1 1 (ne 01) CTOBH+
- 61 71 (uofioe13 8xp00°GT) 239TdWOD
y/8oou U Tu/3u .
UOFITGTYUT pawioj UOJIEIIUIDUOCYD mEmumhm Kessy
p 94 ) uyejoag T[OUTd
H
~ §NoIIovud
A?QHF<=mmO¢P

3X000° 0% GNV $%X000° 61 daHl Ad SISAHLNAS TOYADATO

NO SLNAOVAY ONILIVAY dN0dd TX9axrdins 10 Lodddd dHI ‘g 4THVIL



- 112 -

The possibility that the PG synthesizing activity
in the.lS,OUOxg fraction Eepresented a separate mitochrondrial’
system was further studied. _Since mitochondriel PGP phoe— |
phatese is known to be inhibited by sulfhydryl reageﬁts
(Chang and Kennedy, 1967b)an experiment was carried out to
determine whether PG synthesis in the 13 00013 fraction could
be affected by sulfhydryl reacting reagents. It was found
that PG synthesis in this fractionm was only slightly inhibited

by 10 mM HgCl, which also did not significantly inhibit PG
| synthesis in the 40,000xg fraction (Table.S). Furthermore, -
‘no PGP‘was detected among the products from the assays con=
teening HgCl2 It was therefore concluded that the PG
“synthetase activity in the 15,000xg fraction most likely arose
from microsomal contamination, but the possxbllity that it

was associated with a separate mitocbondrial system resistant

to sulfhydryl reagent must‘also be considered.

II. - The Biosynthesis of Phosphatidvl inositol

Aseays were carried out using a partieulafe frac- -~
tion (1200-100,000xg pellet) incubated with [U—léC]Ezgf
inositol, Mn2+ and Triton X-100, either in the presence or
the absence of CDP-diglyceride. The Tate of‘[laclPI syn-
thesized in the absence of CDP-diglyceride. was 0.8 n moles/h,
and was stimulated three fold by the additien of'CDP—diglyceride
(see Table 9). When Triton X-100 was omitted from the assay

systems PI synthesis in the presence of CDP-diglyceride was

Ea

VAP vvao
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decreased, whereas PI in the absenee of CDP- diglyceride was
increased (Table 9). However, both activities required Mn2+
(5 oM) which could not be_rerlaced by ng+ or Caz+‘at the
~same concentrarion. The synpheeie of PI in che:presence of
CDP-diglyceride was rnvestigared-as a functioe of reaction
time (Table 10), bet the data are'uncorrected for synthesis
of PI .by the CDP-diglyceride independent parhway. However,
_the data include a value (0.71 n moles) for CDP-diglyceride
independent srﬁrﬂesis‘ef PI ;: 60 min. ‘-Q

The [1¢

C]JPI structure of the labelled product from
\\\;’//Teactions carried out in the presence and absence of CDP-

diglyceride was confirmed as follows: the product from each

reaction migrated on‘TLC with an Rf identicek to that of

standard PI (see Fig. 15A). The_proauets were isolated by
preparative TLC (see Fig. 15A.for solvent<system) COmbined,- -
and deacylated (see Methods II1.1). The 14C-lebelled de;
ecylated lipid migrated as a singie 1\{"C-labelled spot with
Rf identical‘to that of standard glycerophosphorylinositol - ' -
on Whatman No. 1 paper in methanol-\SZ fd}hic-écid—warer .
(80:13:7, by vol.), as shown in Fig. \lSB Since the combined ~
product yielded only [ 4C]glycerophosphorylinositol after

¢ :
deacylation it was c&ncluded that the\product formed from |

(U lI‘C]mvo inositol either in the preSénce or absence of CDP~-
diglyceride was [ C]phosphatidyl inositol.
With regard to the pathways of \PI biosynthesis,

‘ 1
the observed CDP-diglyceride independent eynthesis of PI

|

:

| | !

. : t
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TABLE 10. PHOSPHATIDYL INOSITOL SYNTHESIS IN THE fRESENCE

OF CDP-DIGLYCERIDE AS A FUNCTION OF REACTION

TIME (/i _\\\\ .

-4
/

PI formed®, n molés

Reaction Time

min plus CDP-dig. minus CDP-dig.
0 0.0 . -

20 ‘ ) 0.82 -

40 ' 1.00 -

60 \ 1.19 ©0.71

aAssay.system (vol. 1 ml): 0.05 =M [U—lACJ myo—inesitol
(2.4 x.10° dpm), 0.05 mM CDP-diglyceride (prepared as .
described in Methods I2.b.i), 20 mM MnCl,, 20 mM MgClsy,
0.2M Ttis HC1 (pH 8.5), 1.5 mg Tritom X-100 and 0.3 ml
.0of 600-100,000xg pellet fraction suspended in 50 mM Tris
HCl (pR 8.0) containing 3 =M B-mercaptoethanol.  Incubation
was at 30°C for varying times indicated above. c- _
Incorporation into total lipids was taken as a measure of
PI synthesized.  Results are corrected for a zero time
blagk (0.11 n moles). ' Dash (-) denotes data unavailable.
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v

FIGURE 15

Autoradiogram of chromatograms of phosphatidyl
[ldC]inositpl and its deacylation product
labelled from [U-lAC]ivo—inosical in the pre-

sence and absence of CDP-diglyceride.

A. Phosphatidyl [lac]inositol product from
assay systéms described in Ta¥Fle 9.
ﬂl. in the presence of CDP ~diglyceride
2. in the absence of CbP- diglycerlde
Chromatogra?hy was on silica gel H plates
in chloroform-methanol-acetic acid-water
(65:25:8:4) |

B. Deacylation product of combi;ed phosphatidyl
[14C]inositol prgducts from assays irn presence
and absence of CPP-diglyceride. GfI, GPE
and GPC were prepared by deacylation of
standard PI, PE and PC respectively..

~

Chromatography was on Whatman No. 1 paper in

methanol-987 formic acid-water (80:13:7).
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(Tables 9 and 10) most likely represents an exchange reaction
.of the type. described in Introduction III.2.d, whereas the
CDP-diglyceride stimulated synthesis of PI most likely arises

from CDP~diglyceride: incsitol phosphatidyl transferase

activity.

III. Riosvnthesis of Nitrogenous Phospholipids. The In-

1

corporation of lAC Activity from [U- 4C]L—Serine,

14 14

[1,2-""C]Ethanolamine, [Me-" C]L-Methiodine and

4
[1,2—l ClCholine into Phogpholipids bv Whole Leaves

and Leaf Slices

The results of this study are shown inrn Tables 11 1
‘ <
and 12, and in Figures 16 and 17. They can be summarized

as follows:

1) lI‘C-‘L,abell.fL:f.ng: of PS

In both wholg leaves and leaf slices, a small pro-
. 14 14 . .
portion of C from [~ Clserine was incorporated into a
component chromatographically identical to PS5 (Fig. 16 and
Table 11).

14

2) C-Labelling of PE and PE-Me

a) With both whole leaves and leaf slices 2 high
preportion of the lét in lipids labelled from [lQCIEthanol—
aminecwas. associaced wich the "PE+PE-Me" fraction (Table 11 and
Fig. 16). With the whole leaf, all of the 14¢ in this

fréction was localized in the methanol-water soluble products : '
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< FIGURE 16

Autoradiogranm of a chfomaﬁogram of lipids

. labelled from [l¢C]methi6Qine, [lQC]ethanol—

émine and [;ac]serine by whole leaves.

1. _[Me—lACTmethionfne, -

2. [1,2-%%

Clethanolamine
3. [1,2-14C]ethanolamine + unlabelled
methionine

14

4, [U- C]L-serine

Chrbmatography was on a silica gel H plate in

chloroform—methanol-acetic acid-water (65:25:8:4).

- Mobility of standard lipids not shown in figure

were: PG (Rf 0.60), DGD (Rf 0.75) and MGD (Rf
0.90).
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FIGURE 17

Autoradiogram of a chromatpgram of methanol-
water soluble products fronm deacylation of

14

' lipids labelled with C by whole leaves.

A. PE + PE-Me 1labelled fronm [1,2-14C]ethanol—
amine. |
Cgrﬁmatography.on Hhatman No. 1 paper in
isopropanol-water-conc. ammonia (7:2:1).

B. 1. PC labelled from [Me~léc]methioniﬂe

lAC]etHanolaﬁine

2. PC labelled from [1,2-

3. PE labelled from [U- “Clserime

4. PC labélled from [U—14C]serine

Chromatog:aphy on Whatman No. 1 paper in

n-butanol-acetic acid-water (5:3:1).
Stanaard éPE, GPE-Me, GPE-diMe and GPC_obta;ned
by deacylation of corresponding standard phospho-

lipid. Spots b and ¢ refer to the unidentified

4 . _
C~labelled spots in the PE fraction labelled

from [U-14C]serine.

h ]
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TABLE 12. THE INCORPORATION OF 14

C LABELLED SUBSTRATES -

INTO DEACYLATED MOIETIES OF PC. PE AND PE—Me

BY WHOLE LEAVES AND LEAF SLICES

14

C-Incorporation into deacylated
a
Substrate . 1ipid3
‘ dpmx10"
GPC GPE GPE-Me
Whole leaf LE - _
[t-1%ciL-serine 5.1(23) 10°(-) | 0
[1,2-1%CJethanolamine 32(97) 226¢97) 4% (=)
[He—laclk—methionine 36(88) 0 0
a

Leaf slices
[U-laC]L-serine ' : - - -
[l,Z-lAC]ethanolamine - 245(92) -
[Me-1%Clnethionine 8.7(67) - -
[l,Z—laC]choline 91(99) - -

aDeacylation was carried out on the individual lipids
described in Table 11 isolated by preparative TLC in
chloroform-methanol-acetic acid-water (65:25:8:4). The
identity of deacylated products was confirmed by paper
chromatography, as described in Fif& 17 and text. .Numbers
in parenthesis denoted Z of lipid C in deacylated molety.
Dash denotes data was unavailable.

bDetermined from the relative 14C in the GPE spot (Fig. 17B)

cDetermined from the relative l[‘C in the GPE and GPE-Me
spots (see Fig. 174).
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after deacylation, the major component of which was chroma-
tographically identical with standard GPE; a minor component
containing 2% of the 14C was identified as [l&C]GPE—He

(Fig. 17A and Table 12). Incubation of the whole leaf with

[1,2-14C]ethanolamine in the presence of unlabélled!L-

methionine resulted in a two-fold stimulation of incorporation

of 1'{'C into the "PE+PE-Me" fraction. This was probably a

reflection of the greater uptake of [1,2-14C]ethanolémine by
this particular leaf rather than any spécific effect of !
méthionine itself. Since the "PE+PE-Me" fraction labelled

in this system was not deacylated, it is not known whether

PE-Me was éctually'labelled in thié experimentffpﬁfth leaf

. slices, all of the 1!“C in the deacylated "PE+PE-Me" fraction
was localized in GPE, and no [lac]GPE-Me was detected

(Table 12). However, failure to detect [}AC]GPE4Me may have

resulted from insufficient exposure of the chromatogram of

deacylated "PE4PE-Me" to X-ray film.

[ TSI |

o

i

»
~-
,"

b) The "PE#PEfHe" fractioﬁ in whole leaf and leaf

4

slices was also labelled with 4¢ from [U-l ClL-serine

- . 14
(Table 11 and Fig. 16). With the whole leaf, 53%Z of the c

activity in this fraction was localiied in the water-soluble
deacylated products and 47% in the chlorbform soluble products.
The identity of the latter will be discussed in Results 1IV.7.

.The water-soluble products contained two major components, !

one chromaﬁographically identical to standard GPE-(Rf, 0.12}),
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and the other with low mobility (spot b, Rf’ 0.06), and N

";race component (spot c, Rf, 0.18) (Fig. 17B). Spot b was '
not c¥clic 1,2-glycerophosphate, which would be ob;ained by
over hydrolys;s, since the lagter migrates with Rf.O.Zf
(Kates,-1972) in the solvent system uéed. It is likely that
spot b is digalactosylglycercl, since the mobility of bothr
“compounds is about half thgt of GPE (Kates, 2972). 'Further-
more, digalactosyl diglyceride was found to have the same
mobility as PE on TLC in chloroform-methanol-acetic acid-
water (65:25:8:4, by vol.), (see legend Fig. 16), and would
be isolated with ﬁhe lAC—labelled-"3§4PE—Me" fraction. |
‘~¢) The "PE+PE-Me" fraction both in the whole leaf

14C from [Me-_l4

14

and leaf slices was slightly lagelled with C]

methionine. With the whole leaf, 36%Z of the C activity in

this fraction was localized in the water soluﬁﬁé products-after
dégcylation and the remainder in the chloroform soluble products.
The identity of the latter will be discussed in Results Iv.7.

The water-soluble prod;ct, containing 2000 .dpm of 140, was
chromatdgraphed on Whatman No. 1 paper in isopropanol-28%
ammonia-water (7:1:2, by vol.). H;wever, the faint 14C spof

(Rf, 0.7) detected on:the'autorégiogram obtained by exposure

of the chromatogram to X-ray film for six weeks did not cor-
respond to GPE-ﬁé. éince this exposure time is long enough

for detection of 14C activity as low as 500 dpm (see Methods

14

V.3), it was concluded that little or no l‘!’C from [Me-" C]

methionine was incorporated.into the GPE-Me moiety of PE-Me.
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3) lAC—Labelling of PC \ ‘{ | .

a) Both whole leaves and leaf slices incorporated

4 ) . .
l‘!‘C from 1 C-labelled ethanolamine, methionine and éérine-

,'-‘a " .
into PC (Fig. 16 and Table 11). However, with all three sub-

strates the proportion of total lipid 14C'in PC was considerably
v

greater in whole leaves than in leaf slices, but 1iitig;aif-
f%ignce was observed in the proportion of 14C in the other
components. With whole leaves, 97Z and 88% of the total lAC

in PC labelled from [14C] ethanolamine and [14C] methionine

respectively was Jocalized in the GPC moiety (Tablé.lz And

Fig. 17B). 1In cdntfas;,Awith [lacl_serine, only 237 of the

l-&C was localized in the GPC moiety (Table 12 and Fig. 17B).

The labelling of the fatty acid moiety of PC by [lAC] serine

and [14C] methionine will be discussedlgn Results IV.7.

14

With leaf slices, 67% of the ~ C in PC labelled

from [lAC]~metﬁionine was localized, in the GPC_moiety (xabie 12).
However, the distributicn of 1[‘C between the fatty acid and

Hzo-soluﬁle moieties of PC labelled from [14C] serine and

[l&C] ethanoclamine was nbt‘determinedmbecause of insdfficient

IAC activity in the PC.

b) Over 90% of the 14C incorporated into total

1

lipid by leaf slices from [1,2- 4C]choline was associated with

PC (table 11), all of the activity of which was localized in

n
the GPC mofety (Table 12).

n - ’ _

-
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14 . . )
4) 1 C Labelling of Lyso PE and Lvso PC

In leaf slices, considerable amounts of 14C from

. 14 . )
[1&CJser1ne and [T 'C] ethanolamine were incorporated into
lyso PE (Table 11). This lipid was identified by its 140-

labelled product from deacylation which migrated with standard

'

GPE ,on Whatman No. 1 paber in n-butanol~acetic acid-water

‘

(5:3:1 by vol.). In contrast, im the whole leaf, no l{‘C from

either substrate was incorporated into lysquE even though the

4 : :
incorporation of 1 C into PE, the.probable precursor of lyso

PE, ‘'was as high or even ﬁ;ghg} than that in Lleaf sliéqs
(Table ;1)._.Leéf slices.also indorporgted lAC,;ctivity from
{14C] choline {nto lyéo PC (Tab;e 11); however, in whole
ieaves, in which PC was highl& labelled.from‘[lAC] methionine
or [l4c] ethé#olamine, no lyso Pé was detected.

5) 14C-Labelling of Othef Lipids
. : /.

"Both whole leay and leaf slices incorporated

" 14

C from all substrates except L14C]

e 14
choline into the 'neutral lipid™ fraction,  and trace®os c

considerable amounts o

frm%[qAC] ethanolaminggiq?o a&,unknown qompound X (Fig. 16
and Table 11). The identity ;2 these products will be dis-
cussed below. i

The significancé of the above results in connection

with the pdthways operating in phospholipid and neutral lipid

biosynthesis will be discussed below.
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~

+.1V. Biosynthesis of Nitrogenous Phospholipids.

In Vitro Studies

e
Rl

1. Biosynthesis of Phosphatidyl Serime by the

J Nucleotide Pathway

Assays for biosynthesis of phosphatidyl serine (Ps)

by the nupleotide pat?p&y were carried out using a particulate
fraction (1200-100,000xg pellet) incubated at pH 8.0 with
14 '

[U-""C]L-serine, either in the presence or in the' absence of

cDP-diglyceride (see Table 13 for details). In the system

cdntaining CDP-diglyceride, a smallibut sfgnificant amounty

4

(0.25%) of [U—l Cl-L-serine was incorporatéd into a lipid.

product which was assumed to be PS on the basis of its
-

mobility on TLC (Table 13). 14

C activity was also present
in the "fE“ spot but at a very;low level. However,'iﬁ the
absence of CDP-diglyceride, 14C incorporation into PS was
redu;ed to abouEh}Sz of that obtaineﬁ-in the presence of
CDP-diglyceride. Thus, PS syﬁthesis by the particulate’
fraction Qas largely dependent on exogenous CDP-diglyceride,
suggesting.the presence of a CD?—diglycgride: serine phos-
phatidyl transferase ("PS syntaetase“); The fS synthetasé
in E;ggii’has been sh%§3-to_depend for activity on the ‘pre-

sence of Cutsﬁum (2 mg/ml) and Nazsoa (0.1M) in the assay

>

system (Kanfef and Kennedy, 1964). However, in the present
study, the éddition of these componenfs to the assay’gﬁsgem

was fouﬁd to almoét completely inhibit PS5 synthesis (fh&&e 13).
) . .
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TABLE 13. THE EFFECT OF CDP-DIGLYCERIDE ON THE INCORPOéA—

TI0N OF [U-1

4
C]L-SERINE INTO PHOSPHATIDYL SERINE

1

BY A TOTAL PARTICULATE FRACTION

14
a
Assay System

C—Incorporationb,,dpm

PS PE
_ Complete system - “ 5711 126
Complete system, minus CDP-dig. 781 0
Complete system, + cutscum +'N3230a_ 184. 0

Ccomplete assay system (vol. 1 ml): 7.5 uM.[U—l
(2.1 x 10% dpm), 0.13 oM CDP-diglyceride (prepared as
described in Methods’I.2.b.i), 50 mM sodium phosphatgy (pHE 8.0),
1.5 mM B-mercaptoethanol and 0.4 ml of 1200-100,000xg pellet

C]L-serine .

suspended in water (1.3 mg protein). Cutscum (0.5 mg) and
Na,S50, (80 mM) were added as jandicated. Incubation, lh at

300C.
big

authentic PS and PE, 0.53 and 0.72

(ps, 303 dpm; PE, 308 dpm).

2

respectively).
*C inceorporation were corrected for boiled enzyme controls
A

C-labelled lipids were separated by TLC in chloroform-
‘ methanol-acetic acid-water (65:25:f:4 by vol. Rfs of

Values of

o
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2. Biosynthesis of Phosphatidyl Ethanolamine by

: . 4
Decarboxylation of [l C] Phosphatidv] Serine

a) Subcellular distribution and identification

of 14C--la'belled products

The biocsynthesis of PE by tﬂe ﬁgcarboxylation
of PS was investigated in ;yétems containing IIQC] PS and
different subceliular fraction;. Results. of this stﬁdy are
shown in Fig. 18 and Table 14; A high proportion (74%) of
the total enzyme acti?lty recoﬁered was localized in the
100,000xg supernmatant fraction, while of the particulate
fractions the 15,000xg pellet contained the most activity.
Howe;er, because of the low overall recovery (461) of enzyme
activity, these results on subcellularqdistribufion of PE
synthesis can only be considered approximate. It should be
pointed out that in the boiled enzyme control no éistinct
[14C]§E spot was observed on the autoradiogram showing 146—
labelled lipid products (lane 4, Fig._lSj. However, a small
aﬁount qf laC (ca. 1% of l!‘C in PS substrate) was detected in
this 3p§t by scintillatﬁon counting; all data in Table 14 are
corrected for l[‘C in this "boiled enzyme' control. 1 -

Unéxpec;edly, with all cell fractions, 14C was also
found in the "neutral lipids™ (compound Y, Fig. 18 and
Table 14). Though the recovery of activity was very high
uqder the conditions of this experiment, it is clear that

almost all of the activity was localized in the 100,000xg

supermnatant.

-




Autoradiogram

1.

2.

6.

7.

labelled from [

cell free
1200xg.

15,000xg
15,000x¢g,
100,000xg

100,000xg
[140
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FIGURE 18.

of a chromatogram of lipids

14C]PS by cell fractions.

homogenate

boiled enzyme

supernatant

]PS substrate

Assay system as described in Table 14,

Chromatography on silica gel H plaé%s in

chloroform-methanol-conec. ammonia (65:25:5).
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TABLE 14. SUBCELLULAR DISTRIBUTION OF PHOSPHATIDYL SERINEl

DECARBOXYLASE - —

' a
Formation of

: . PE Compound Y
Cell Fraction - -
Activity zb Activit Zb
dpmxlO'S dpmx10~
Cell-free homogenate 21.1 16.3
. - _ [
1200xg ’ , 0.5 S 0.7 2
15,000xg . . 1.4 14 1.1 3
100,000xg o 0.7 7 0.4 . 1
100,000xg supermatant 7.2 74 36.2 94 .

Recovery | ﬁ.susz) 38.4(2352) - . \

qassav system (vol. 0.5 ml): [lAC]phosphatidyl serine (1.7

x 10% dpm, prepared as described in Methods V.l.b.vi) and
0.1 ml of cell fraction suspended in homogenizing medium.
pH of cell fractions adjusted to 7.0 with dil. HC1l prior

to assay. Incubation, 20 min. at 309¢. l4%c-Labelled lipid
products were separated as shown in Fig. 18, and 14C in-
‘corporation into each lipid was calculated as described in
Experimental II.3.a. Values of activity are corrected for
boiled enzyme control. '

refers to % of recovered activity.
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Among the 14C labelled 1lipid products from all cell
fractions, a2 small amount of }AC was associated with a com-
ponent having an Re identical to that of standard lyso PE
(Fig. 18). Consistent with a-lyso PE structure for this
component was the finding that it was most héa€ily-1abelled
by those cell fractions, mamely the cell-free homogenate and
lO0,000ﬁg supernatant, mést actively synthesizing [lAC] PE
(Fig. 18).
14Clhas also been found 'to be assoéiated with ‘pro-

ducts distributed in the methanocl-water phase following the

Bligh and Dyer extraction step in the enzyme assay procedure.

.01 . :
That this C activity was not due to traces of unextracted

lAC labelled lipid was confirmed by the finding that no lAQ

activity was extracted from the methanol-water phase uﬁbn
repeated washing with chloroform. The identity of the -
methanol-water products will be discussed below.
. i 14 14 :
The incorporation.of C from [T C] PS into PE

. ' 14
strongly suggested the direct formation of [~ 'C] PE from
[14C] PS by the action of PS-decarboxylase. This was con-

firmed by comparing the ratio of 140 in the water soluble

14

o . S 14
moiety to the C in the fatty acid moiety of both [~ C] PE

N

and.[l&C] PS. It was found 'that this ratio was lower in
1 :
[

-’ , - ' . 14 ..
for the formation of [14C].PE by. the decarboxylation of [~ C]

4C_] PE than in [14C]-PS°by an amount close to that calculated

PS (see Table 15). It should be noted that essentially all

of the 1Z‘C in the water-soluble mild alkaline hydrolysis
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FIGURE 19

Autoradiogram of a chromatogram of methanol-

water soluble products from deacylation of
[IAC]PS and [14C]PE.

1

1. | 4c]Ps'

1

2. [*cree
The labelled lipids ;re those described -in

Table 15. Chrométography was on ﬁhatman No. 1
paper in isopropanocl-water-conc. ammonia (7:2:f).

Standard GPS and GPE obtained by deacylation of

standard PS and PE respectively.



Standards




- 134 -

i 14 14 . -
_p;oducts from [ C]%§>é5£/{ C]PS was associated with GPE

and GPS respectively (Fig. 19), and all of the 14C in the
lchloroform solublg products was associated with fatty acid
metﬁ?l esters (Rf, 0.70 on TLC in petroleum ether-diethyl-
ether-acetic acid (90:10:1, by vol.)). |

' Concerning thé structure of compound Y, it was
identified as an ester derivative of laC-labelled_fatty acids
since on hydrolysis with mild alkali (see Methods III.1) it

gave a single lAC labelled product with R_ (0.72, R_ intact

£ £
lipid, 0.0) on TLC in petroleum ether-diethylether-acetic

acid (90:10:1, by vol.) idemtical to that of standard fatty

acid methyl ester. The biosyntﬁetic pathway in the formation
of this compound will be discus'sed below.

b) Characteristics of the Particulate PS decarboxylase

14C-Incorporation into PE was strongly inhibited

by the detergents sodium lsuryl sulphate anJiTriton‘X—lOO
(Experiment 1, Table 16). 1In the'presence of Tritgn X-100,
PE synthesis was not significantly stipulatedigy‘the presence
of M32+ ahd'Hn2+, suggesting indirectly that PS decarboxylése
is not dependeﬁt on these metal ions for activity (Table 16,
Exp. 1). It should be pointed out that the Yée in the boiled
enzyme or zero time controls was due to 140 labelled_con—
taminanﬁs present in the [14C]PS substratecgigrating with PE
and compound Y in -the TLC solvent system u;éd.

PE synthesis was strongly inhibited by hydroxylamine

(Table 16, Exp. 2), indicating that PS decarboxylase contains

1%

-
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TABLE 16. THE INCORPORATION oF ‘*c rrom [l%cips 1nTo PE

AND COMPOUND Y BY A PARTICULATE FRACTION

14

' Incorporation® of C;
~dpm
Assay System -
' PE . * Compound Y

EXE‘ 1 /‘/ .
Complete® - | 7000° 11,250

" + sod. lauryl sulphate 2100 ' 3360

" + Triton X-100 4530 4150 .

" 2+ 2+ :

+ Tritem + Mg + Mn - 4900 - 3900

" boiled enzyme 1050 390

" zero time ' 1000 : 500
Exp. 2
Complete® 1413 1049 :

" + hydroxylamine ) 352 - 1317 ) .
3Determined as described in Table 14.

5

bComplete‘assay system (vol. 0.5 ml): [lac]PS (1.1 x 10
dpm), 50 mM Tris HC1 (pH 7.0) and 0.2 ml (3 mg protedin) of
1200-100,000xg pellet suspended in 2 mM Tris HC1 (pH 7.0).
Additions were made as indicated to give the following con-
centrations: sodium lauryl sulphate (0.5 ng/ml), Tritonm X-100
(0.5 mg/ml), MgCl, (10 mM) and MnCl, (10 mM). Incubation,
1h at 30°cC.

cComplete assay system as described in Table 14, using
15,000xg pellet suspension as enzyme source:. Hydroxylamine-
hydrochloride was added where indicated to.a final concentra-
tion of 30 mM. Valués are corrected for boiled enzyme
‘control.
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TABLE 17 . THE INCORPORATION OF ~“C ACTIVITY INTO PE,

.COMPOUND 'Y AND METHANOL-WATER SOLUBLE PRODUCTS

14 : ~ ‘
FROM [*“C] PS AS A FUNCTION OF REACTION TIME

3 l4(.‘. Activitya, d;'n'n:»:lo_'3 -
Time : ‘ MeOH— Kecq}ery
PS PE Y H20
“ sol -

0 94.4 0 0 0 .. 100
32 : 86.1 - 2.3 3.7 1.3 97
60 74.3 2.7 5.5 3.8 . 8%

120 : 68.6 3.6 7.0 6.1 A 87
. : ol

aAssay system (vol. 0.5 ml): [14C]phosphatidyl serine
(96 x 103 dpm), SO mM Tris HCL (pH 7.0), and 0.3 ml of 1200-
100,000xg pellet suspended in 2 mM Tris HC1 (pH 7.0).
Incubation 2t 379C" for varying lengths of time as in-
dicated. 19%C-Activity in each lipid determined as
described in Table 14. 1AC-Activity in MeOH-Hzo_soluble -
products determined by counting MeOH-HE,0 phase following _ ~
. Bligh and Dyer extraction of lipids. Values are corrected’ :
* for 60 min. boiled enzyme control (PE, 722 dpm; Y, 600 dpm;
T MeQH-H,0 soluble, 3900 dpm).

| 14 =
N bIncl_udes 14C activity in €O,, calculated as 24% of c .
TN activity in [Y4%C]PE. '

Y, -
Y

X
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T :
. FIGURE 20 <
- °I ..‘
The effect of reaction tim§ on the incorpora-
A : N AN
tion of C activity into PE, compound Y and
methanol-water soluble produéts f{om‘[lac]PS
by a-particulate fraction.
Data.obtained from Table 17.
. r



xlOs '

x 103

Y

wdp 'P219A022 wc_.am._%:ocamo;n_ _”o

J

bl
3 ? 8
_

L]

v PS
® PE
| Y

L _

—

A MeOH-H20 soluble

) - <

wdp ‘sd _?&

L]

wo4j uoljpiodiodu| 3,

]

]

"_Tirhe (min)



- 138.- -

_ pyridoxal phosphate as co-efdzyme (Clgfk, 1963). It is

interesting that the C incorporation into compound Y was

actually increased by the presence-of.hydroxylamine, in con-
trast to the inhibition of the PS decarboxylase. This =~

obsgrvation was verified in subsequent experiments and will
be discussed below. o T S
_ 14 ’ ”
— . . The formation of [~ C]JPE as a function of reaction

time was anomolous in that [IAC]PE formation fell off markedly K
e

after .30 min (Table 17 and Fig. 20). .In contrast, the decrease

‘after 30 min in the rate of C-incorporation into compound Y

was more gradual. Included in Table 17 and Fig. 20 are data -

on the time course of forﬂiﬁ;pn of lgC-labelled‘metﬁaﬁol?water

,soiuble enzyme products. -

The time course showed an apparent

lag phase during the first 30 min after which it paralleled %g}
that of the 14C-incorporation into compound Y. o ) . #
: - | ¥ _5
37.: Biosvnthesis of Phosphatidvl ethanolamine by the - - | ' ;/// E
’ : : =
S ; ., -
.+ Nuclestide Pathway " //nff

a) The formation of [l&C]phosghétidvl ethanolamine

——
from CDP-[i42—l&C]ethanolamine

' : 14 .
A very high incorporation (43Z) of C into PE

. . 14
was found with a system at pH 8.0 containing CDP~[1,2-7 C]

ethanolamine, Hn2+,'a 100,000xg fractiom, and no added di-

o A e 14
glyceride (Table 18; Fig. 21, lanme 1). Small amounts of = C

vere .also associated with lyso PE ahd an unidentified "neutral

1ipid™ fraction. The addition qf S-adenOSylméthionine, alone’
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or in the presence of‘Triton X-100 df'thé 100,000xg super-
natant fraction, did not affect the relative proportion of
14 ., . o o .
C in the lipid products (Fig. 21, lanes 2-4, and Table 18),
and this will be discussed below in Results IV.’5.

| _ 14 A6 L
. _ . The "identity of the [~ CJ]PE and [7'Cllyso PE pro-

ducts was confirmed as follows: Each component was isolated

from the combined total lipids of assay systems l—él(Fig.-Zl) : )

and deacylated to give a single

. - .

14C—l'abelled qater-soiuble

product chromatographically identical te GPE (Fig. 22)

PE synthetase was found to require an+ or Mg2+ as

co-factors. The effect of varying concentrations of added

metal ions on PE synthesis by a dialyzed 100,000xg fraction

is shewn in Fig. 23A. The optimum concentration of Mgz+ at

o . : 2+
which PE synthesis was maximal was 8 mM, while that for Mn §
. ' : o 2+ =
was 2 mM. It should be pointed out that the optimum for Mn =

. - o
was only an upper estimate 'since PE synthesis at lower con- i E
' , ' 3
centrations was not deteramined. -~

Both metal ions appeared to

inhibit.PE synthesis at concentrations higher than their

: respective optimum values (Fig. 23A), but the most marked

ol i 2+ .
inhibition was with Mn~ . However, it is noteworthy that at : '

-

high Hn2+ éoncentrations_a precipitate, possibly of Mn2¥ salts,
appeared in the assay mixtures during incubation and-may have
. , ‘ 14 . : ,
* been responsible for the observed decrease in [~ C]PE synthesis. .

) : 2+ .
The formation of Pf’at 20 oM Mg .as a2 function of

/,/’\Qﬁ ig shown'in ?ig..?é?. The optimum pH in Tris HC1 was found
to be 7.0.
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FIGURE 21

v . Autoradiogram of a’'chromatogram of lipids

1

~ labelled from QP?FIl,Z- 4C]ethandlamine by

a iO0,000xg fraction.

Y

Assay.Sygfém'l. Complete sjé;ema,

Assay System 2. Complete system® + SA4M (53 UM)

Assay Sysfem 3. Complete syétem? + SAﬁ (53 M)
+ Tritom (0.5 %g) |

Aés;y Systém 4.'Combf;te.systéma + SAM (SB\MH)

+ 100,000xg -supernatant (4‘mg protein).

[=%

—_

aComplete assay system (vol. .1 ml): 4.14 EM CDPﬂ[l,Z-lA
ethanolamine (5.5 x 10° dpm), 50 mM Tris HC1 (pE §.0),
2 mM MnCl; and 0.3 ml of 100,000xg pellet suspension
(1.3 mg protein). All tubes initially contained the 5
complete system alone.  After 15 mins incubation at 30 c,
"in this system, additions were made as described above,

. and incubations continued a further 60 min.

Cl

Chromatograph& on ‘silica gel H plate_in chloroﬁorm—meﬂmnol—

‘.

acetic acid-water (65:25:8:4).
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TABLE 18. THE INCORPORATION OF ““c FroM cpp-11,2-1%c]

ETHANOLAMINE INTO LIPID BY THE 100,000xg

FRACTION

‘--laC—Intorporationb, dpﬁxlo_a

Assay Systema

L A . Neutrral
. P . e
. PE Lyso BE ﬁg - Lipid
- L \ _ . .
Complete P 16 0 16
" + SAM 246 16 0 - 16
~ - _ . NS
" " 4 Tritonm X-100 223 = 7 0 16
" ™ 4+ 100,000xg 239 12 0 15
- » supernatant '
a

As described in legend to Fig. 21.

P14 : L4, | L
C-Labelled lipids are those shown in Fig. 21, and = C- .
incorporation into each 1lipid calculated as described in

Experimental II.3.a.

-

-

P
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- EIGURE 22
-.-’:
7
Autoradiogram of a chromatogram of methanol-

water soluble pro&ucts from deacylation of -

PE andvlyso PE labelled from CDP-[1, 2-14 C]

I -

- ethanolamine.

~—

[14

1. C]PE.

)

-

Chromatography was on Whatman No. 1-paber in

2. rt C]Lyso PE

- methanol-98% férmic acid-water (80:3Q:7 by
“vol.). ‘
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FIGURE 23

The effect of divalent metal ion concentration and pH on
PE synthesis from CDP-[1,2—14C]ethanolamine by a 100,000xg

fraction.

A. Divalent metal ion concentration

-

h J 4
Assay system (vol. 1 ml): 4.14 uM CDP-[l,Z—l“C] .
ethsnolamine (5.5 x 10° dpm), 50 mM Tris HC1 (pE 7.5),
0. 5 ml of 100 ,000xg pellet suspension dialyzed for 1- 1/7 h

prior to assay against 20 mM Tris HC1 (pH 8.0), and varying

- -

amounts of MnCl_, or MgCl, as indicated. Incubation,‘30 win

_— ‘ 2 2

at 30°C.. PE synthesis calculated from lZ‘C incorporation

&

into total lipids. Values-were corrected for boiled enzvynme

control (U 05 pmoles PE/30 min) carried out in assay system

‘containing,IS mM an plus 15 mM Mg2+. TLC of 14C labelled

products from assays containing 2 oM or 30 mM Mn2+, or 8§ mM

o ’ .
Mgz » Showed over 90Z of l{‘LC localized in PE.

B. pH
- 4

Assay system (vol. 1 mi): 2.05 uM CDP—[1,2-14C]’ -

- .

\

ethanolamine (2 86 x 105 dpm) -20 mM MgCl 0.2 ml (2. limg_
~ protein) ¥ 100 OOOxg pellet suspended in 2 mH Tris HCI1
| (pH ? 5), “and 100 mH Tris HC1 of varying pH as “indicated.
Incubation, 15 min at 30° C. PE synthesis calculated from ..

N _l C incorporation into total lipins.

™.
-

T — . -
v i
=
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The formation of [14
14

CJPE labelled in the GPE moiety
from CDP—[l,Z— Clethanoclamine by a 100,000xg fraction esta-
blished the operation of a CDP-ethanolamine: sn-1l,2-diglyceride

phosphorylethanolamine transferase ("PE synthetase”) utilizing

endogenous diglyceride. The involvement of diglyceride was

demonstrated by the finding that PE synthesis in the 15,000xg :

N

and 100, 000xg fractions was stimulated 367% and 427 respectlvely
by the addition” of unsaturated sn-1, —dlglycerlde (Table 19).
Results on the suﬁcellular distribution of PE
synthetas%;are shown:in Table 19. In the absence of exogenous
diglyceridé, 947 of the total PE synthetase activity was evenly

distribute&!between rhe 15,000xg pellet, lO0,000mé“pellet,_and
the lOQ,OOOxg supernatant, whereas only 127 of the toral . ;
activity was rresenthin the.IZOOxé pellet fraction. In the
_presence of diglyceride, PE syntherase activity was stimulated
in all fractions except the 100 000xg supernatant in which
activity was slightly inhibited, and was distributed mainly in
the 15,000xg and 100,000xg pellet fractions.  Though the- effect
of enzyme concentratlon on_PE. synthetase in eatch fraction both
in tﬁe absence and presence of diglyceride fts not lnvestigated

- O Y . \

the recovery of activity was quantitative, suggestlng that the
—

enzyme concentration in each fraction used in the assays was
in the linears range of the enzyme activity vs. concentration

plot.
Though the distribution of the mitochondrial marker
.'enzyme &mEochrome ¢ oxidase among the cell fractions described

. . . 8

-
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-in- Table 19 was not detérnined, it was founa in a senarate

- 146 = ' . &

1 v

,

A

experiment using an identical cell fractionation procedure

rhat cytochrome ¢ oxidase activity was distributed as:follows:
1200xg, 29%; 15,000xg,_61%;'100,600kg; 7% and 100,000 super-
natant, 3% -, Since the 100,000xg microsomal fractiom nhoned

;ho highest specifio activityﬂnhen a;aned borh in the pre-
senco and absence of diglyceride (Table 19) it can clearly bel
concluded thar the BE-synthétase aotivity in rhis:fracrion .
must be due to a microsomal enzyme system. Whethor tne.activigy

in the 1200xg and -15,000xg fractions arose from separate

" chloroplast and mitochondrial systems, or to microsomal con-

tamination, will be discussed below.

b) Formation of Phosﬁhorvl[IQC}ethanolamine from
7z
[IAC]Ethanolamlne by Ethanolamlng Kinase
. - \\\

Attempts were made to demonstrat¢ the flrst enzyme

in the nucleotide pathway in PE plosyntha51s, namely efﬁano;—

¢ - -

amine kinase. The results of this study are shown in Table 20.

. : * . ] ] 4
A small but significant incorporation (2%) of 1 c

into phOSphorylethanolamine was found Ulth a system using a

15,000xg supernatant fraction at pH 7.5 containing [1, 2— 5]

- -

ethanolamine and ATP. When ATP was omltted incorporation

S

. .. 1.
was reduced eight fold. The residual low-act: ity. observed

'""was presumably due to endogenous ATP. Results weré found tor

LY

be unaffected by prior dialysis of the '15,000xg snpernatant

fraction. _ Thus the dependenoe'of'phosphoryl[ C]etganolamlne
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TABLE 20. ETHANOLAMINE KINASE ACTIVITY IN THE 15,000xg -~

N . \\ -
SUPERNATANT FRACTION N - . s
I 14 .
™~ a ~’C-Incorporation into
- gssay'System . ‘ . phosphorylethanslamine,
e - . dpm e
Complete syste%,“i Qi:\‘ _ o 21,650 ' -
n oo ‘minus ATP = - . 2,800
a. - ‘ L ] T4 .
Complete gystem (vol. 1 ml): 0.2 mM [1,2- Clethanolamine
_X1.2 x 10% dpm), 0.2¥ Tris-HC1 (pH 7.5), 0.3 =4 ATP, 2 mM’
MgCl, and 0.4 ml of 15,000xg+ supernatant fractiom (6 mg-- .
protein). Incubatien, 1h at S0°C.._Lipids were  extracted - el
by the Bligh_and Dyer procedure (see™Methods vI.1l) and T
counted for 1%C. An aliquot (ca. 50,000 -dpm) of. the -

methanol-water phase was chromatographed on  Whatman No. 1
paper in n-butanol-acetic acid-water (5:2:3 by vel.), and o
radioactive spots corresponding to standard ethanolamine

(Rf, 0.44), phosphorylethanolamine (Rf, 0.25) and CDP-
ethanolamine (Rf, 0.13) were located by aucaradio§£aphy,\\\

and cut out and counted. " Total incorporation of ¢ into
phosphorylethanolamine was calculated from the relative
distribution of l4¢ in the phosphorylethanolamine spot

multiplied by the total léc in the methanol-water phase.
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. 14 ‘
formation.from [~ Clethanolamine on exXogenous ATP suggests

the presence of a cytoplasmic ethanolamine kinase. )

d)‘Fdrmdtion of CDP[-lAC]ethanolamine from phosphorvl

) 5\\[1,2-1AC]ethanolamine

- T —f‘“*&ttEmp;s‘Egidemonétrate the second step in the
etHanolémine is converted to CDP-ethanolamine, ¢onsistently
fazled In a-typical etperlment no 14C couldhbe detected'in
- CDP~- ethanolamlne when phosphoryl[l 2— C]ethanolamine (final

conc. 0.3 mM) was incubated in ‘the above assay systenm des-

cribed in Table 20 supplemented with 0.5 mM CTP. Furthermore,

\\‘jxgﬁggifii\jif incorporated from phosphoryl[lAC]ethanolamine into

- PE, ‘even thpugh the assay system contained the necessaTry co~
\_\
factors and endogenous_dlglycerlde substrate for convergaon
- "\_\

of any CDP (1, 2—148iethéﬁblad&ne\gorméd into PE. These

——

results were unaffected by addition to the\§ystem of NaF, an

inhibitor of Mg2+ dependent nuclecotiidase (Heppel and_g}lmoe,

e

,Lf £ 1951), or by dialyzing the 15,000xg supernatant priorx to

assay for 4 h at 4°C against homogenizing medium.

14 .
™~ _The possibllity that any CDP—[l 2-~"Clethanclamine
\ .
product was hydrolyzed to phosphoryl[l 2— C]ethanplamine by

.
a pyrophosphatase was ruled cut in a separate experiment in

which CDP-[1,2—14C]ethanolamine was incubated in the above
s ‘ \\\ i )
assay system'TTable 20), without. any formation of phosphoryl

. -

4 .
[l Cjethangfamine. Also, on jneubation of a cell free homo-
? .

“npucleotide pathway in PE biosynthésig; Yn~which phosphoryl-
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14 :
genate wlth phosphoryl[l 2-" C]ethanolamine'in the presence.

: 2+
of Mg and. CTP at pH 7.5, no CDP- [ C]?thanolamine was
»formed suggesting that CT? phosphorylethéﬁglamine cytidyl

transferase was abgsent_in other cell fréctionsl

4. Biosynthesis of Phosphatidvl choline bv the

" Nucleotide Pathway.

The presehce infSpiﬁach leaves of CDP-choline:st-
1,2~ dlglycerlde phosphorylcholine transferase, which was. first
 demonstrated by Devor and Mudd (1971), was confirmed in the
present st;dies using assay mixtures containing CDP-—- [l Z—IQC]

choline, Hn2+, exogenous diglyceride, and different subcellular -

fractions. The results of this study are shown 1in Table 21.
. | .

Though the effect cf enzyme concentration on PC synthesis in
each fraction was not invéstigated, the quantitative recovery
of activity after fractlcnatlon suggests the enzyme concentra—
tion in each fracticn wWas in the linear range. Tt was found . -
that the fraction with the highest sbecific activity and preo-
portion of the total activity was the 100,000xg microsomal
pellet, which as discussed in Results Iv.3. a. was essentially
fréee of mitochondria. The subcellular origin of the activ1ty
“in other cell fractions islnot clear but will be discussed
furtﬂ;;\bélow. | .

"It shdulg be pointed out that in the above experiment,
PC $ynthesis was calculated -from the 1ncorporation of 1[‘C into

“\

4
total lipids. TLC analysis offthg 1 c labelled lipid products -
- .

.,
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TABLE 21. SUBCELLULAR DISTRIBUTION OF PHOSPHATIDYL CHOLINE

SYNTHESIS FROM CDP—[l,Z—lAC]CHOLINE

7

Pl.csphatidyl choline synthesisa

Cell Fraction

Activity * % Specific

(nmoles/30 min) * - Activity
Celi free homogenate 76}5 100. 0.10
1200xg - | 8.3 11 0.06
-15,000xg 19.2 25 0.15
100,000xg P | 36.0 qf ' 0.72
100,000xg supernatant ' 12,4 i 16"\ 0.02

7 recovery N ' o 99

——

assay systgem (vol. 1 ml): 52 UM CD?—[1,2—14C]choline
(1.1 x 108 dpm), 100 mM Tris HCL (pH 8.0), 2 mM MnCly,
gg—l,Zrdiglyceride (300 ug), and an aliquot of cell-free
homogenate (0.05 ml) or cell fractiom (0.1 ml) suspended
in homogenizing médium. Cell fractiomns were those used
for assay of PE synthesis described in Table 19 after
storage at pH 7.0 for 24h at -15°C. The diglyceride was
prepared and dispersed in the assay mixture as described
in Table 19. Incubatiom, 30 min. at 30°C. PC synthesis
was calculated from the incorporation of ¢ into total

lipids.
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from the 100,000xg fraction in chloroform-methanol—acetic

acid-water (65:25:8:4, by vol: ) showed that 957 of the total

L, 14 '
lipid 14¢ was associated with ?C'(Rf, 0.30) and 57 with lyso

.PC (Rf, 0.07). The identity of'thesé llplds was conflrmed by
the formation of GPC as the only H20 soluble product after
deacylation (Rf 0.31 on Whatman No. 1 paper in n-butanol-

\
acetic acid-water (5:3:1, by vol.), identical to that of

standard GPC). - | .
The optimum pH for CD?—choling:55—1;2-5ig1yceride—

phosphorylcholine.transferase was found to be 7.0, identical

to that for CDP-ethanolamine:gg—l,z—ﬁiglyceride ﬁhiiﬁboryl—

ethanolaminé transferase (Fig. 23BJ, using the same assay

system.

5, The Biosvnthesis of Phosphatidvyl chéline by the

Methvlation Pathway . B . :

The methylation pathway was, . 1nvestlgated using, . : ;
. I . i
phosphatidyl[l,2- AC]ethanolamlne or S-adenosyl[Me- *cl )

methionine as labelled substrate.

aJ'.PhOSphatidvl[l,Z—lac]ethanolamine as labelled

substrate

[l&C]PV was synthesized in situ by pre-incubating.
a 100,000xg fraction in 3 system at pH 8.0 cohtalnlng CDP-

14 The mixture &as then further

yi
[1,2-" Clethanolamine and Mn~ .

incubated with unlabelled S- adenosyl methioniné\(SAM), either

alone or in the presence of Triton X- 100 or the 100.,000xg

¥ ﬁiﬁ%ﬁa"ﬂi&aﬂsﬁ.ﬁﬂuﬂdw}u‘mm KRS A rm I TS RS tan b sopas

>‘
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supernatant fraction. Details of each assay system and the
distribufion of 14C among lipid products are shown in Flg 21 —
and Table 18. No [1 C]PC was detected in any of the incubation

mixtures containing SAM., These rTesults suggested the absence

of a PE:SAM methyltransferase capable of methylating PE

generated in situ. Since no [ C]PC was formed in the presence

of Triton X-100 or the 100, 00013 supernatant (see assays 3-4,

Fig. 21, Table 18}, the negative results wetre not due to in-
adequate dispersion of PE substrate nor toO lack of soluble

cofactors.
Y

Cimethionine as labelled substrate

b) S-adenosvl[Me-l&

i) Individual steps in the Merhvlation Pathway

Assays were carried out in which a.IO0,000xg fraction.

was incubated with [;&C]SAM-both in the absence and presence of o

exogenous-?ﬁ, phosphatidyl monomethylethanolamine (PE-Me) or - -

1t should ‘be:

Pt

phosphatidyl dimethylethanolamine (PE-diMe).

pointed out that uyéé? the conditions of assay used, a small

~amount (0.5%) of [lAC]SAM wasg found to break down mnon-

b o
enzymatically to produce two chloroform soluble_l C-labelled

compounds which migrated on TLC in the solvent system described

in Fig. 24 with Rfs of 0.40 and 0.70. A similar observation

was made by Smith and Law (1970)'who partially jdentified "these

4
products as [Me--:L C]methylthloaden051ne and [Me- C]methyl-

thioribose respectively. However, in all studies reported

below these breakdown products were completely removed from
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total 1ipid extracts by the following -acid washi¥g procedure.

-

the combined chloroform phases (vol. 4. S nml) ‘following Bllgh

. . 14
and Dyer extractilon of C-labelled 1ipid products from assay

ixtures {see Methods VvI.l) was washed twice with 1 ml of

r

mechanol40.2N.HCl (10:9 by vol.), and finally once with 1 ml
of methanol-water (10:9); the chloroform phase was then
neutralized immediately with 0.2N sethanolic ammonia, diluted

with benzene aﬁd concentrated to d;yness under 2 N2 stream.
The results of studies with- - [IAC]SAH are giﬁen
in Flgs. 2&—27 and Tables 22-25. It .was found that only 2
small amount (1390 dpm) of 1l"C was incorporated into PC by
[IAC]SAH in the absence of exogenous PE% PE-Me or PE-diMe,
and of which onlf 13i was localized in'the‘Bzo soluble GPC

moiety (Table 22). The 14C-inéorporatipn into PC, and there-

.

fore presumably into 1its CPC moiety, was not stimulated by

the presence of added sonicated 'spinach PE. Also, in neither

' . e 14
of these two assay systems were significant amounts of c

i

a2 HNVA

. incorporated into. either the PE(4+PE-Me) or PE-diMe fractions.
These results (Table 22) were consistent with the findings
from the experiments using [1&C1PE described above (sectiom a)
in showing the inability of the 100,000xg fraction to methylate
significanﬁ quantit%es of either endogenous OT exogenoué PE.
However, in the presence of exogenous PE-M¥Me or ‘ . ;
PE—diMe,‘the incorporation of lAC into the GPC moiety of 3C
was stlmulated za-fold and 200-fold respectively (Table 22). !‘\
Furthermore, in the presence of PE-Me, 1&C was also ihcorporated_.

. 4 . ) . Lo :
into PE-diMe iu which 83% of the lée was localized in the |
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FIGURE 24

Autoradiogram of a chromatogram of lipids

14C from [14C]SAM by a .

labelled with
lO0,0BﬁEg fraction in the absence and pre-
sence of exogenous PE, PE-Me and PE-diMe.

1. Comple;e assay system

[+

Complete assay system + PE
3. ‘Complete assay system + PE-Me
4. Complete assay system + PE-diMe fﬁ

Assay conditions as described in Table 22.

Chromatography was on silica gel H plate in

_chloroform—me;hanol—acetic acid-water

(65:25:8:4).
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FIGURE 25

Autoradiogram of a chromatogram of methanol-

water soluble products from deacylation of PC

14

and PE-diMe labelled with ~ 'C from (t4cysam.

1. ,[lﬁC]PC labelled in the presence of PE-Me

2. [14C]PC labelled in the presence of PE;diMe

3. Elac]PE-diMQ iabelled in thé presenhe of
PE-Me

Labelled lipids are those described in Table 22.
Chromatography was on Whatman No. 1 paper in

isopropanol-water-donc. ammonia‘(7:2:1 by Vvol.).
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; } - 14 .
GPE-diMe moiety. [T 'CIGPC and {lAC]GPE-diMe were identified”

N

by paper chromatography as sgoén in Fig. {é. These results
. O

therefore established the existence of an enzyme system in

the 100,000xg fraction catalyzing the methylation of ?E—ﬁe

S

to PC via the intermediate formation of\?E—diMe.

‘It should be pointed out that both in the absence
and presence of added phospholipid, lkf.was incorporated into
the cﬁloroform soluble fatty acid moiet§ bf fC (Table 22).
The nature of the reactdons leading. to this incdrporation-
will be described in more detail in Results IV.7. Also, a
small amount of 14C was incorporated from [ CjSAM into the
neutral 1%;1& fraction and was fairly independept of added

phOSphOllpld (see Fig. 24 and Table 22). The idenfity of 14C-

“labelled compopents compr151ng this neutral lipid fractlon

i

will be“described im Results v.1. | . -
The results described above (Figs. 21_ 24 and

Tables 13, 22) raised the question of the role of PE in the

meghylation pafhwﬂf{\\Ihough a very small amount of 1&C was*

1ncorporated inte the GPC moiety of- PC‘iﬁ the absence of

added PE-diMe (Table 22), this may have arisen from methylatlon

of trace amounts of PE-Me and PE-diMe that.may be present in

the 100, 0b0xg fraction. As mentiomed earlier, the additioen .

of exogenous PE dispersed by sonlcation did not stimulate

léC-incorporation into the GPC moiety of PC (Table 22) An

experiment was then carried out with a 100, 000xg (' heavy

microsomal") pellet using spinach PE dlspersed by the dialysis

1
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ptocedure of Fleischer and Klouwen (see Experiﬁentai II.3.b.iii).

However, incorporeticﬁ of 14C into the weter—soiutle (GPC).
moiety of PC was increased only by about‘édz {Table 23 and
Fig. 26). The small amount ‘of 14C'incorpofated into the
PE(+PE-Me) frettion by the lO0,000eg pellet, alone or in the
presence of the 250, OOOtg pellet, was also increased; but the
14C was concentrated largely (82Z) in the fatty acid (CHC13
sotuble) moieties. Only 187 of the total 14C in thlS fraction
was locallzed in the H 0 soluble molety, Jbut no [ C]GPE -Me
could be detected by ‘paper chromatography. Since 1n51gn1f1-
cant amounts of-[ C]PC, and no [° &C]PE -Me, were formed by

the addition of dialyzed~dispersed PE, it.was concluded there;'
;fote that demonstration of PE:SAM methyitransferase was not
de;endent on the mode of dispersion of exogenous PE.

The possibility that PE:SAM methyltransferase was
present in anotier cell fraction was then investigeted.
Neither the 1200xg nor the 15,000xg fractions in assay systems
at pE 8.5 cgntainihg [I&C]SAM and dialyzed-dispersed éE were
found to incorporate.éigﬁificant amounts 05‘14; into PE-ge or

‘the GPC moiety of PC. The 250, 000xg ("light microsomal™)

14
fraction alsé incorporated only traces of C into PC; under

-.
-

the same-aseay conditions this fractiom was capaﬁle of con-
verting added PE-diMe to PC, and presumably also PE-Me to PC

£

("light mie:qsomes" exp., Table 23). Furthermore, addition

o

of the\?S0,000xg.ﬁellet to an assay system containing the

4 .
100,000xg pellet did not gtimulate 1 C-incorporation into PC

-
-~
=
-
-

PRy
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FIGURE 26

Autoradiogram of a chromatogram of the methanol-

water soluble product from deacylation of PC

14

labelled with 1%C from [**CTSAM by a 100,000xg

fraction in the presence of exogenous PE.
The [14C]PC sample deacylated was that des-
cribed in Table 23.

Chromatography was -on Whatman No. 1 paper .in

isopropanol-water-conc. ammonia (7:2:1 by vol.).

A,
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TABLE 24. THE EFFECT OF METAL IONS ON 14C-INCORPORATION

~

FROM LIACJSAM INTO PC AND NEUTRAL LIPIDS

lZ‘C,—Incorporatio'nb, dpm

Assay Systema

PC Neutral Lipids
— .Fomplete systenm 1020 4400
o + 1 oM MgClz. _ 1020 4030
"+ 10 =M dgCl, . ' 840 . 2360
g + 1 liMnCIZ 1080 1420
" + 10 uM MnCl, ' 430 280
" + 5 mM NaCl + 5 mM KC1 1160 2@@0.

e

aComplet:e assay system (vol. 1 ml): 8 uM [14C]SAM (9.5 x 105
dpm), 100 mM Tris HC1L (pH 8.0) and 0.3 ml of 1200 - 100,000xg
pellet suspension (3 mg protein). Iancubation, 30 min at

- 300cC.

14

C-labelled lipids were separated by TLC in chloroform-
methanol-acetic acid-water (65:25:8:4 by vel), and 14¢. . .
incorporation into PC (Rf, 0.31) and neutral lipid (Rf, 1.0) -
calculated as described in Experimental II.3.a.
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from dialyzed-dispersed PE substrate ("heavy microsomes"
exp., Table 23). When the 100,000xg supefnatant'fraction was
tested, it was éoﬁnd that no l[“C was incorporated into PE-Me
or into the G}C moietf 6f PC. Also the addition qf this
fraction to an aésay system containing the lO0,000xé pellet
did not increase 14C incorporatioh into PC regardless of
whether the‘14C-labelled substrate was SAM (Table 523,.0r PE
(Fig. 21 and Table 18); It was tﬁerefore éoncluded that
PE:SAM methyltransferase was not present either in the 1200 xg,

15,000xg and 250,000xg pellets, or the 100,000xg supernatant ..

fraction.

"The possibility was considered that failure to

detect PE:SAM methyltransferase ir the above experiments might

have been due to the absence of possible metal ion cofactors.

[ ]

' . 2+ 2+
However, it was found that the presence of either Mn , Mg™

or Na+ plus K+; gailed to stimulate incorporation of 14C into
PC by a 1200-100,000xg fraction and in fact Mgz+ and Mn2+

were strongly inhibitory at 10 mM concentr;tions (Table 24). ‘
It was concluded therefore that the detection of PE:SAM methyl-
transferase was nof dependent on the presence of mono- or

divalent metal ions. It should be noted that the metal ioms

at all concentrations étrongly inhibited 14C-incorporation

into neutral lipid,‘and the signifiCance‘bf this wili be

discussed further below. |

The possibility that PE:SAM methyltransferase was

inactivated during subcellular fractionation or assay by air
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oxidation of active site cysteine residues was ruled out by
s 14, . L L -
the finding that C incorporation into PC by a 100,000xg

fraction was unaffected by the presence of B-mercaptoethanol

s L .
in the homogenizing medium or assay mixtures. Also, it was

found that ! C-incorporation infip PC was unaffected by ex-

tensive diélysis of the 100,006;3 fraction prior to aésay,
which largely ruled out the possibility that low molecular
weight i#hibitors might be lbosely bound to the enzyme.

Since all attempts to demonstrate the methylation
of PE b§ SAM failed, other pathways for the biosynthesis of
_PE-Me were considered. A possibility is.tﬁat PE is methylated

laC]tetfahydrofolate ([IAC]

by another methyl donor. 5-[Me-
THF) wés testédlén‘ﬁn assay system identical to that- described
in‘Téble 22 except that [1AC]SAM was replacea by [l&C]THF
(final cone. 8§ uM). However, no 14C was foundéd to be incorpo-
rated into lipid, thus ruling out the possibility‘of [lac]THF
as a méthyl donor. Other methyl donors were not tested.
Another possibility for the biosyntﬁesis of PE-Me is N-.
methylation of PS by SAM followed by decarboxylation. This
was tested by jncubation of the 100,000xg fraction at pE 7.5
either with‘unlabelléd PS plus [lAC]SAM, or with [14C]PS plus
unlabelled SAM. TLC in chloroférm-methanol-acetic acid-water
(65:25:8:4) of the labelled lipid products from the former
assay showed that no ;AC was incorporated into PE-Me, nor was
14

there any increase in the ¢ —incorporation into PC above

that from a control assay in which unlabelled PS was omitted.

o
=

Iy
41

[N
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}LC in the same solvén§ system of the labelled lipié products N
srom the latter assay also showed that no l&C was-incorporated
'into PC from [lAC]PSf These results therefofe indicate that.
PﬁlMe‘is‘not biésynthesized by a PS methylation and decarboxy-

lation pathway. _ ‘ v

i) Subcellulaxr localization and characteristics of

PE-diMé:SAM methvltransferase
.Results on the subcellular localization are shown
in Table 25. The cell fraction witﬁ the highesg?yefcénCage of :
total activity, and highest épecific activity, was the 100,000xg
microsomal pellét, which was essentially free of mitochondria
(see Results IV.3.a). The low activity iﬁ the 1200xg fraction,
in which a high proportion of the_total chioroph§11 was

localized, strongly suggests the absence of this enzyme in

chloroplasts. Appreciable activity was found in the 15,000xg

—_
: . L .
fraction, but it is not known whether it arose from microsomal
. . . \' N

- ‘_,,

conéamination or from a separate mitochon@gizi enzyme sygtem.

It ‘should be pointed out that the high recovery of
activity (156%) may have been due to assay of the cell free‘
homogenate at protein levels above the 1inear.range of the
aétivity-enzyme concentration plot, resulting in a low apparent
activity for Ehis fraction. .

The methyltrénsfera;e has a pH optimum in Tris HC1
buffer of 8.0 (Fig. 27). The enzyme is apparently specifié'
fof éAﬁ since no l!‘C was found to be incorporated into 1ipid
when [lﬁc]SAH wés replaced by 5-[H¢:}4c]ﬁetrahydrofolate in

an assay system identical to that desecribed in Table 22. : :“'ﬁ
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FIGURE 27

The effect of PH on the incorporation df léc

into PC synthesizéd by methylation of PE-diMe

by [T%clsam.

~
Assay system as described in Table 22 éxcept
that pH of Tris HC1 buffer varied as indicated.
14C-Incorporation into PC calculated as the
difference between 14C--incorpoi:'ation inte
total lipid from 4ssays containing PE-diMe

and contreol assays in which PE-diMe was

absent.
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" but.mno [U-lAC]L-serine into either PS or PE. However, in the
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»

6. The Biosynthésis-of Phosphatidvl Sefine, Phosphatidvl

Ethanolamine and Phosphatidvi‘Choline 5v Exchange

Reactions

The resplts of this study are shown in Table 26:

In the‘preéence-of EDTA, a particulate (1200-100,000xg)

14C

]

fraction at pH 8.5 incorporated very small amounts of [1,2-

1 2

ethanolamine and [1,2- 4C]chol:[.ne into PE and PC respectively,

2+ : - .
presence of Ca and absence of EDTA, the incorporation of

z'C]c:"noli'n.c-: into

[I,Z-IACIethanolamine into PE and of [1,2-1
PC was stimulated eight “fold and four fold regpectivelf,
while again no [U-léclserine was incﬁrporatedbinto either PS
or the PS decarboxylation product, PE. Thus;:the observed

Cazf stimulation suggest§ that the incorporation of ethanol-

amine and choline into lipids in the absence of added nucleo-
tides occurred via exchange reactions of the type described

in Introduction III.l.j.- However, it should be pointed out

that the observed activities were extremely low, i.e., only

14 1

0.18% of [1,2-""Clethanolamine and 0.12Z of [1,2- 4C]choline

were incorporated into PE and PC respectively.

7. The Incorporation of 14C Activitvy from S-adenosyl

[He-lAC]methiouine into the Fatty Acid Moieties of

Phoéphatidyl Choline and Phosphatidyl Ethanolamine.

Lg-vitro and in vive studies

As described above in Results IV,5, a 100,000xg

fraction at pH 8.5 incorporated 14C from [lQC]SAH into‘the
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chloroform soluble fraction of deacylated PC (Tables 22 and
23). TLC of this fraction showed the major component to 3;
‘fat;y acid méEh&} esters, together with traces of free fatty
aclds, (Fig. 28B). ' Since individual moleCular species of'
fatry acid methyl esters - cannot;be separated on silica gel H
plates, ‘the structure of the fatty acids in PC labelled from
[ C}SAM is not known, but most likely they are cychopropane
:acids. This question will be further discussgd/beiow.

The incorporation of 14C into PC .fatty acid was . -

linear with time of incuhation up to 30 min (Fig. 29A), amnd ‘: \
-

S

had a pH optimum of 8.5 (Fig. 29B). At these values of in- «
=

cubation time. and pH, half maximal 14C-incorp&oration into PC’

fatty acid was obtalned at a [ C]SAH concentration of approxi~

M

matelvaF UM (Flg. 29C). It should be pointed out that the

result% in Fig. 29 are expressed as the total 140-incornoration

inte PC, and it is assumed ‘that essentially all of the 140 is: @

localized in the PC fatty acid moiety for each of the reaction

umixtures assayed. This'assumption is most probab;y valid since

on deacylation of the conbined [laCiPC pfoducts from the. time

course and pH experiments (Fig..ZQA and B),‘ove:_QOZ of the :
14C vas found to be localized in the fatty acid moieties.

| 14C-Incorporation from LIQC]SAH into the fattx acid
moieties of PE was also demonstrated (Fig. 2835, but in a re-
‘action mixture containing exogenous dialyzed PE which probably
contained some deoxycbolate (see Experimental I1.3. b iii). S
However, the effect of deoxycholate itself on the 1AC-

incorporation inte PE fatty acids is not known.



" 14
« Evidence for ~ C-incorporatioen fronm [ C]SAM into

)
the fatty acid moieties of PC and’ PE was obtained also in

the 'in vive experiment with whole leaves. It will be recalled
4 14 :
that- 1 C :from [Me-" "Clmethionine was incorporated in equal

amounts into the chloroform soluble products of both the

.deacylated PC and PE fractions (see Results III.2.c. and -

III.3.é). A major component of these chioroform soluble

5

¥

products*from both lipid fractions was shown to be 14C-

labelled fatty acid methyl esters (Figl 28A). It should be

noted that a significant amdunt of 14C'from the PE fraction

was associated with a Compomnent. migratlng on TLC JuSt slower

-

than fatey acid methyl ester (Fig. 284), and which was not

further identified. These results suggest the presence in
L —— o 14
whole leaves of enzymes catalyzing the incorporation of Me--"¢

from [He-IAC]methionine, oresumably via the intermediate

formation of [lAC]SAM, into .cyclopropane fattf acids localized

in PC and PE. -
It is.offinterest that the PC end PE tractions were

also labelled in about equal amounts by whole leaves from

14

[U-ldc]serimej but to a much greater extent than. from [Me-""¢]

14

,methlonlne (see Results III.2.b. and IIX.3.a). The main C- -

labelled component in the chloroform soluble products was

again fatty acid methy; ester (see Fig. 28A).
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L o . . 3 -
- " FIGURE 28 -
: —_—
Autéradiogram 0f a chromatogram of chloroform
. soluble products from deacylation of PE and PC
o 14 . 14
labelled in vivo from [U-" Clserine and [Me-"'C]

methioninéiand in vitro from [14C}SAM.

A. Lipids®labelled by whole leaves as described
in Table llﬁ.. : _ ‘
. .14 14 o
: 1. [T 'ClPE labelled from [Me—" Clmethionine
' 14- : 14 . o
2. [~7C]PC labelled from [Me-" Clmethionine

1

3. (%cIPE 1abelled from [U- 4c]'serin_e

4. [1AC]PC_laBelléd.ffom {U—lAC]gerine_

B. Lipids® labelled by 100,000xg fraction as

&,

described in Tables 22 and 23. 7 -
5. [Yc]pc labelled from [*clsaM

6. [*

“CIPE labelled from [°clsa¥ in the |

presencé of dialyzed-dispersed PE.
Chromatography was on silica gel Hiplateé in pet.
éther-dieth&lether-gbetic acid aéid (90:10:1).
Abbéeviations: a, methy1=§tea}ate plus methyl
‘dihydrosuayylate; b, stearic acid.

2_\ _

"

14 - ) ‘ . : .
"*C-Labelled PE and PC were isolated from total

|
t
; . , . labelled lipids (see Tables 11, 22 and 23) by

. _ preparative TLC in chloroform-pethanol—acetic
‘ acid-water (65:25:8:4) '

ezt
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- X | “FIGURE 29

The effect of reaction time, pH and SAM con-

v

centfation on the incorporation of 14C from

[léC]SAH into fatty acid'moieties of PC by a

100,000xg fraction.

Assay system as described in TaSle 22 except

that following assay conditions varied as

indicated. | |

A. Reaction time. ‘Enzyme source: 100,000xg

fraction,(z.s mg protein)

B. pH.//ﬁ;zyme source: 100 000xg fraction

2.5 mg protein)

“C [IAC]SAM concentration. Specific activity

of [14C]SAM was 1.9 x 10° dpm/nmole, and
e

;
]
-
-
2

values of lac-incorporation into PC are the

mean of duplicate experiments (deviation

from mean, < +5Z). Enzyme source: lO0,000xg\-
-

fraction (1.7 mg protein).
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1 .
V. The Incorporation of AC Activity from S-adenosvl [ME_IA

Cl

methionine into Neutral Lipids

1) In vitro studies

During.the studies on the biosynthesis of PC by
the methylation pathway (Results IV.5), it wae oeserted that
14C‘was incorporated from [IAC]SAM by the 100,000xg pellet
and supernatant fractions into neutral lipid (see Tables 22-

23 and Fig. 24). Experiments on the subcellular distributiom
of the enzymes catalyzing this incorporation were then carried
out, the results of which are showt in Table 27. The fractions
tost actively incorporating léC into neutral lipid were feund

to be the chloroplast plus mitochondria (600-15,000xg) pellet,

and the\lOO ,000xg supernatant while comparatively little

acth;r§ was found in the 100 0001g pellet fraction. The in-

. i_ |lfn

‘corporatlon of 14C 1nto neutral lipid by the 100,000xg pellet

i

was stimulated b— fold by dlalyzed dispersed PE. This stimula- B

i

tion was unlikely caused by PE itself, but p0551bly by the 2

FARY]

small amounts of deoxycholate which may have been present in
the PE dispersion (see Experimental II1.3.b.iii). The per-
centage recovery of neutral lipid synthesizing activity after .

cell fractionation was 79Z.

The TLC separation of lAC labelled neutral lipid

oS

products from each cell fraction is shown in Fig. 30. The (
products from the cell-free homqgeﬂate~consisted of two major :
components (spots Q and $) and two minor components (spots P

and R). Components S and R migrated with R s identical
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TABLE 27. SUBCELLULAR DISTRIBUTION OF ENZYMES INCORPORATING
14 '

4 .
C FROM S-ADENOSYL [1 CH3]METHIONINE INTO NEUTRAL

LIPIDS

4 .
Incorporation into Neutral

Lipid®
Cell Fraction —
) Activity -
c:l[:amxlo--6 %
Cell-free homogenate 2.4@
600-15,000xg ) 0.94 39
100,000xg © 0.03° | 1
.100,000xg supernatant | 0192 , 39
"% recovery . 79

=
2
2

3Assay systém (vol. 1.0 ml): 58 uM SAM (1.9 x 108 dpm),

50 mM Tris HC1 (pE 8.5) and 0.55 ml of cell fraction sus-
pended in 2 =mM Tris HC1 (pH 8.0). Incubation, 1 h at 30°C.
Lipid extract was freed of [IAC]SAM breakdown products as
described im Results IV.5. L4%C-Labelled lipids were
separated by TLC in chlorofoi?—methanol-acetic-acid—wa:er
(65:25:8:4 by vol.) and the C-incorporation into neutral.
lipid (Rf, 1.0) determined as described in Experimental
II.3.a. : :

bIncreased to 0.12 in thé'presence of dialyzed-dispersed PE
(0.23 mg/ml).

"
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FIGURE 30

Autoradiogram of a chromatogram of -neutral
lipids labelled from [14C]SAH by subcellular, v
fractions and from [He-lac]m%fhionine by leaf

slices.

From [IAQlSAﬁ: Assay system.as described in

A

Table 27.
1. cell free‘ﬁomogenate'

2. 600-15,000xg

3. 100,000xg

4. 100,000xg supermatant

5. 100,000xg pellet + dialyzed-dispersed PE.

From [Me;laclmethionine. iFor experimental

details see Table 11.

6. by leaf slices

Chromatography vas on silica gel H plate in
diisopropylether-—acetic acid (96:4).
Abbreviations: Me-FA, fatty'acid methyl ester;

FA, fatty acid; ROEH, long chain alcohol.

I
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to those of standard fatt§ acid methyl gstef d long chain

aigqhol respectively, but the component and Q migrated

gore slowly than sterol and were 1 further investigated.

-
<r
.

laC-product from the

e ‘ _
600-15,000xg fraction but«as only slightly labelled by the ‘ !

100,000xghpe11et and pernatant fractions. Component Q was. N :

the -major product
(Cim
pellet, while

f all-fractions except thé‘600—15,000xg .
omponent P was' a product of the 100,000xg |
supernatant fraction only; Component R appeared to be a
major product from the 100,000xg pellet fractiom fortified
with PE, but was only slightly labelled in the other fractions.

Taking the results of Table 27.and Fié. 30 together,

e following conclusions can be made:

i) The enzyme system catal Tg synthesis of com-
ponént S was localized in the chloroplast p}us mitochondrial
(600715,000;g) fraction.

ii) The enzyme systenms- catalyzing synthesis of com-

.ponents P and Q were localized in the 100,000xg supernatant. .
iidi) Thé-énzyme systém(s) catalyzing synthesis of

component k.w;s dist;ibuted approximatély evenly between the
chloroplast plus mitochondrial fraction and the 100,000xg |
supernatant fraction. .

| Componenté S and R were further ident%fied as follodé@gﬁ -
Both components were jgolated from the peutral lipid products
labelled by the 600-15,000xg.£raction using preparative TLC in'
diisopropylether—acetic acid (96:4, by vol). The R, (0.67) of

component $§ was 1denticél to that of stand;rd fatty acid methyl
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ester in petroleum ether-diethyletherjacetic acid (90:10:?,

by vol.). Furthermore, all of the 14C was localized in the
methanol distillate following saponification as described in
Methods III.2. Compément S is therefore a fatty acid methyl
ester, labelled in the methyl group of the methyl ester moiety.
After treatment of component R by the saponification procedure 1
(Methods III.2), 54% of the 14C was found to be unsaponifiable ;
and had Rf on TLC in diisopropylether—acetic aoid (96:4)
identical to that of the untreated component R; the remaining
467 of 140 was methanol water soluble. Component R may consist
of two unresolved compounds, namely an unsaponifiable lipid
which migrates on TLC like a long chain alcohol (sée Fig. 30)
and a saponifiable lipid. Toe nature of these lipids was not

further. investigated.

It was possible that the labelled fatty acid methyl-

ester observed (Fig. 30) may have been formed non-enzymatically ;é

by reaction of endogenous free fatty acids withl[IAC]methano? ’ j é%
-z

released from [lac]SAM. The experiment described above

(Table 27) was repeated using a cell free homogenate as enzyme

source together with a boiled enzyme control. The incorporation

of l“:'C into neutral lipid by the cell free homogenate (0.27 ml ]

aliquot) was seven times greater than that by an equal aliquot
of boiled homogenate (Table 28). Doubling the aliquot assayed
increased the lhc-incorporation by the cell free homogenate

0! ; -
by 557 but did not affect that Dby the boiled homogenate., When

the “*C-neutral lipid products were ohrOmatographed on TLC in

14 '
diisopropylether-acetic acid (96:4) all of the -F.in the

boiled homogenate controls remained at the origin, whereas the
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el
TABLE 28. ENZYMATIC AND NON-ENZYMATIC INCORPORATION OF-
140 FROM [}ACJSAM INTO "NEUTRAL LIPID"
. Incorporation of l[“C
Assay Systgma Alii?Ot inte Neutral Lipidb .
) dpm ‘ :
Cell-free homogenéte ' -0.27 ) . 6450 :
" " ~— 0.55 9960
" " , boiled 0.27 820
A " , boiled 0.55 " 1000 T
Homogeﬂizing medium | 0.7& 200
" " , zerotime 0.2? 190

aAssay system (vol. 1.0 ml): 57.1 uM [14C]SAM (8.4 x 105 dpm),
50 mM Tris HCl (pH 8.5) and different aliquots of cell free
homogenate, boiled homogenaté, or homogenzing medium, as
jndicated. In the boiled homogenate assays, the aliquot of
homogenate was boiled in the reaction tube for 10 min and

the remaining constituents of the reaction mixture deed.
Incubation, 1 h at 30°C. Lipid extract freed of [14cisaM
breakdown products as described in Results 1v.5.b. 1.

bDetermined as described in Table 27.
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l!‘C in the unboiled homogenate was found in components. S,
(methyl fatty acid ester), R, Q and P in a patoern éimilor'
to that shown in Fig. 30} Therefore, these results strongly
suggest that the 14 -labelled fatty acid methyl ester and
also.components‘f, Q and R observed in Fig. 30 are products
of enzymatic actiomn.

In the experiment reported in Table 28 a'socoqﬂr
_control was carried out to determine if the 14Clin "neutral
1ipid" from the boiled homogenate was due to labelled break-

" down productsformedfrom [ C]SAH during incubation. When the

'boiled homogenate was replaced by the homogenlzlng medium used

-

in the preparation of the cell free homogenate, 140 in "neutral
lipid" was decreased about five times to a value which was

equal to that of the zero time control, representing labelled

contaminants in the [lAC]SAM. Thus the 14C "pneutral 1lipid”
product from the. boiled homogenate was formed non-enzymatically,

but, as described above, was not jdentical to the products <&

-

¥

formed enzymatically.

2. In wivo studies

| It will be recalied that a very high proportion of
the 14C incorporat&ihywhole leaf or leaf slices from [He—lac]
methionine og_{U—lAC]serine was incorporated into the neutral
lipid fractiom (Table 11 anéeFig. 16).- The .fraction labelled
from tHe-lAC]methionine by leaf slices consisted of the same
four components P, Q, R and S labelle& in the in vitro experi-

ment (see Fig. 30). The najor labelled product was component R;
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this is in contrast to the labelling pattern fiom the‘cell

free homogendte ir which component R was only slightly

- P

1abelled (Fig. 30). Though not shown, the same labelling

; 14
pittern as thathfrom [Me-""Clmethionine was obtained for the

neutral lipid fraction labelled by leaf slices from IU—IAC]

h

serine.

e
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-E. DISCUSSION

1. Pathways.of Bigsvnthesis of Phdspholipids in Spinach Leaves

-

a) Phosphatidvyil glvcerol |

Evidence was obtained which showéd that PG in spinaéh
'legﬁgs is biosynthesized frpm_gg-glycerol-B—phosﬁhafe'and'CDP—
diglycéride, the first’ step being catalyéed by CDP-diglyceride:
gg—glyceroi—3—§hoéphaté phos?hati@yltfaﬁsferase to form PGP
(eqn. 7) apd the second by PGP pﬁosphﬁtase (equ. 8). The role
of glycerophospﬁaté as substrate was demonstratéd ih-numerous
gﬁperiments-by the incorporation of laé'from [1,3—140]53—
'glycerol;B—phogphate into PG by a,ﬁ0,000xélf:gction ia ;he
gresence‘;ﬁ CDP-diglyceride (Figs. 5-14 and:Tables 3-8).
Fur;her&ore,'[1—1AC]gl§céroi.was inactive as subSt?até
(Table 3), which ruled out the possibility that thelobserved‘
lac-incorporation froﬁ [laC]glycerophOSPhate into PG océu;red
i;ia prior dephosphorylation followed by an exchange reaction
' ! L]
6f the [lac]glycerol forﬁed with endogenous lipid. The role
of CDP-digiyeeridg as sﬁbsirate_was ~ipdicated by the finding
tﬁat'the {ncorporation of lI'C from [l&C]glycerophosphate into
PG wés absoluiely.dependent upon the presence of CDP-diglyceride
(Table & ‘and Fig. 8).°
- . The amount of’[lAC]PG synthesized by the 40,000xg -
fraction under'optimum'boﬁﬁitioﬁs (0.1 mM CPP-diglyceride,

' 2+ o .
1 oM [;QC]glycerophosphate, 30 mM Mg“~ , PH 7.3, 37.C) was

. consistently high in the range 14-17 nmoles/h/0.4 mg protein’
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(Tagles 4-5, Figs. 8-14), representing a 14-17% cénversipnuww
of thé limiting‘substrate dDP—diglycefide.to ?G.
The intermediate formation of PGP w#s demonstrated
by fﬁe'labelling of this compound with both,BZP and lAC when
a h0,000xg fraction was incubated with [1,3-1&C]§3;glycérol—
3—[3?P]phosphate in the presence of CDP-diglyceride (Fig. 5).
{Fﬁrthermore, PGP formation increased with jnereasing GP con-
‘centration-(Flg. léA, Table 5). A more dlrect demonstration
would have involve? igolation‘of the [ C+32P]PGP and using
it as substrate for éﬁé-subsequent dephosphorylation react}on.
However, insufficient mé;erial was_avaiiablé for this experi-
ment. '
In all experimeﬂfs,the accumulation of tﬁé PGP inter-
mediate was either low or below the‘iimits of detection.. The
formation'of this intermediate is therefore the rate deter-

mining step in PG synthesis, and all the/cqfactor requirements

and kinetic data observed for PG formation are really

Characterlstic of the phosphatidyltransferase catalyzing this
first step. Iﬁ.follows that tHe phosphatidyl transferase has
a pH optimum of 7.3 (Fig-. llA); requires Hg2+ (half max act.,
2 aM) or Mn2+ for activity (Fig. 13), and has a Michaelis-—
Menten constant (Km) for cP of 0.25 mM (Fig. 14 gnd Table 5)-
The Km for CDE- diglyceride could not be obtained from the

plot of- BG formation vs CDP- diglyceride concentration (Fig. 8)
because of insufficient data at’ low CDP-diglyceride concentra;

C3

tions. The cause of the apﬁarEnt johibition of PG formation



and’ thus of the phosphatidyltransferase by high CDP-diglyceride
concentrations is not clear. A similar inhibition was observed
for the E.coli and chicken liverzenzymes (Chang and Kennedy,
1967a; Kiyasu et al., 1963), but in all cases iﬁ is probably

an artifact arisiﬁg from ghlowéring'of Mgz+ concen&ra;ion be-
jow the saturating level by the formation of insoluble CDP-
diglyceride Mgz+ saixs.

The phosPhatidyltransferasg resembles the bac;erial
enzyme rather than the corresponding enzyme in animal tissue.
Thus the transferase purified from E.coli (Chang and Kennedy,
1967a) also reQuirés ng+ oT Mn2+ for activity, though the
half maximul activity with Mg2+ (6-8 aM) is somewh;t‘higher
than ‘the corresponding Qalue (2 mM) for the spinach enzyme.
0n the other hand, the enzyme ta liver (Kiyasu et al., 1963)
and brain (Davidson and Stanacev, 1970), does wmnot requir; any
metal ions for activity. Also the Km (0.25 mM) of .glycero-
phosphate for the spinach enzyme is identical'to that for the K
purified E.coli enzyme, but is somewhat higher thaﬁ the cor-
responding Km (0.15 mM) for the liver enzyme. A PG synthesizing
-éﬁstém has been demonstrated in 2 cauliflower inflorescence mito-
chondrial fraction by Doucé and Dupont (1969) but its proper-
tiés were not_described.

. Am unexpected property of the spinach 40,000xg PG
synthes;zing system is 1its apparent resistance to a number of

sulfydryl group reacting reagents (Tables 6 and 8). This is

in striking contrast to the observed inhibition Dby sulfydryl
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reagents of the PGP phosphatase in crude particulate fractioné

-

. . e
from liver (Kiyasu et al., 1963) and cauliflower inflorescence

(Douce and Dupont, 1969).‘ Thus; whiie_the liver and cauliflowér
phosphaiéses were found to be completely inhibited by 5 oM

. HgClz respggtively, n& significant inhibition of the spinach ;
phosphatase was obtained with eithef 10 mH.or 40 oM HgCl,.
The spinach PGP phospbatase apparently resembles the PGP

phosphatase from a mutant of B.megaterium which has also been

reported to be uninhibited by HgCl2 (Pattqfson and Lennarz, . -

1971).

Nt

b) Phosphatidyl inositol

4 .
[l C]PI was synthesized from [U-lac]mvo—inqsitoi by

a 1200-80,000xg particulate fraction both im the absence and

presence of CDP-diglyceride (Tables 9 an {f&), indicating

the existence of both an exchange reaction and 'a reaction
catalyzed by CDP-diglyceride:inositol phosphatidyltransfera;e.
It is éignificant that_boéh reactions specifi;ally réguired
Hn2+,as divalent metal ion cofactor (TaBle 9. The fﬁositol

exchange reaction is clearly different'from the type of

exchange reaction involving serine, ethanolamine and choline

)

found im ﬁea seedlings (Vandor and Richardson, 1968) and
animal tissue (Barkenhagen et al., 1957; Kanfer, 1972) which
2+
specifically reduires Ca .
A possible mechanism which explains both the phos-
phatidyltransferase and the "exchange" reaction and also the

common Hn2+ requirement, 1is that shown in equations 5-6. This
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mechanism was first snggested by Paulus and kennedy (1960)
to erplain similar phosphatiayltransferase and inositol
wexchange” reactioms in liver extracts. In this,mechgnism,'
the,CDP-diglyceride:inositol‘phosphatidyltransferase enzyme
can form a phosphatidyl-eni?ﬁe compiex in reversible reactions
with either CDP-diglyceride or PI. However, only when the
phosphatidyl-enzjme is derined from CDP-diglyceride will.a
net synthesis of PI result.

It should be emphasized that this mechanism is orly
a tentative Suggestion. The observed increase in [1AC]PI
synthesis in the presence of CDFP- diglycerlde (Tables 9 and 10)
doesgnot by itself establish the existence of CDP- dlglycerlde

inositol phosPhatiﬂﬁltransferase. The direct involvement of

CDP- diglycerlde as substrate can only be conclusively demon~—

strated by experiments to determine 1if 14C from CDP- [ cl
diglyceride can be incorporated directly into PIL. However, 2
the e;istence of CDP-diglyceride: inositol phosphatidyltrans=
ferase in Spinach leaves is most probable in view of the work
of Sastry and Kates (1966) who observed incorporation of 32
inte PI from sn-glycerol [ P]phosphate in the presence of
CTP arnd Mn2+ by spigach cell fractiomns actively synthesizing
[32P]PA. ?resumably the [32P]PA was converted to [S—BZP]CDP—
diglyceride which reacted‘with endogenous inositol to form
IBZP]PI. Di%ect jnvolvement of cDP-diglyceride in the bio-
synthesis of PI has been well demonstrated by Sumlda and Mudd

(1970a) in cell fractions from another plant tissue, namely

cauliflower inflorescence. ’ <
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¢) Phosphatidvl serine i

Whole leaf and leaf slices were found to incorporate =

- 14 '
spall amounts of C from [U-l&C]L—serine into PS (Table 11).

Though the distribution of 14C between the fatty acid,

glycerol and serine moieties of [ 4C]PS was not determined,

a high proportion of the ll‘(: was most likely localized in the
serine moiety incorporated intact into PS. This conclusion

is supported by the evidence preéented below that the 14C-

incorporation into the GPE moiety of PE from [U—lAC]serine
by whole leaves arose by decarboxylation of phosphatidyl [ c]

serine.

Concerning the pathway of PS biosynthesis in spinach

14

leaves, it was found that the incorporation of [U-""ClL-serine

into PS by a leaf 12,000- 100,000xg particulate fraction was

l-"‘l‘

almost totally dependent upon the presence of cDP-diglyceride

(Table 13), thus suggesting a reaction {eqn. 12) catalyzed by H =
CDP-diglyceride: L-serine phosphatidyltransferase ({Ps syﬁthe-
';ase): Vﬁnlike the corresponding enzyme in E.coli (Kanfer and
Kennedy, 1964))the spinach phosPha;idyltransferase does mnot
require cutstum or_NaZSO4 for activity, in fact these com- ¢
pounds at the concentrations tested were greatly inhibitory

(Table 13). The phosphatidyltransferase may also exist in

other photosynthetic tissues 23 suggested by the results of

-in vivo studies with Chlorella vulgaris by Sastry and Kates (

(1965) (see Introducticn III.l.g)-
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connection with the alternative pathway for PS
namely a serine exchange reaction with phospho-

PE (eqn. 23), the low residual incorporation of

&C]serine into P$ in. the.absence of CDP-diglyceride

(Table 13) could poss;bly have arisen via such a pathway. On

the other hand, according to the results shown in Table 2&?§

the same particulate fraction was unable to catalyze any [lQC]

serine incorporation into PS, either in the absence or presence

1

‘ 2+ ) : 2+ :
of Ca , even though an active Ca“ -stinulated incorporation

of [ aC]ethanolamine and [lﬁC]choline by exchange :eactiﬁns

into PE and PC respectively was observed. The only difference

in procedure

between the experiments described in Tables 13

and 26 was the type of buffer used, i.e., potassium phosphate .~

was used in the former experiment and Tris HC1 in the latter

experiment.

1t is therefore possible chat a serine exchange

enzyme system does function in phosphate buffer but is ia-

hibited by Tris HC1 buffer. In this connection, Tris HC1l has

been reported to inhibit serine, ethanolamine and choline

exchange reactions in brain particulate fractions by as much

as 50-80%1 (Kanfer, 1972). Also, vandor and Richardson (1968)

have repoxrted that certain buffers, unfortunately not speci-

fied, are inhibitory for the ethanolamine exchange system in

pea seedlings, but whether this was also true for the serine

exchange system was not determined.

In

summary, evidence was obtained which suggested

that PS in spinach leaves is'biosynthesized by the pathwgy
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characteristic of bacteria. The presence of . the serine

exchange system characteristic of animals is unlikely but

cannoct be ruled out. 1,

d) Phosphatidyl ethanolamine

In in vivo studies with whole leaves, 8¢ from

4 :
[U-l Cl]L-serine was incorporated not only into PS but alse

‘into the glycerol phosphorylethanolamine moiety of PE

(Tables 11-12, Figs. 16-17). Though the distributiod of Lag
between the glycerol and ethanclamine moie£ies of GPE was mnot
detérmined, it is unlikely that the glycerol moietf was

labelled in view of the lack of,lAC—incorpbnation from [U—14C]

serine into PG by whole leaves (see Fig- 16). Thus, assumingm

that all of the 14C was localized in the ethanolamine moiety,

-
-

these findings indicated the existence of PS dqqarbdxylase in -
spinach leaves. However, a more conclusive proof was the

: & & .
showing of a direct conversion of [l C]PS to [1 CJPE in yitro

it U

(Tables 14-17, Figs. 18-20).

The.spinach PS decarboxylase resembles the cor-
responding enzyme in bacteria (Kanfer and Kennedy, 1964;
Patterson and Lennarz, 1971) protozoa (Dennis and Kennedy, 1970).
and liver (Borkenhagen et al., 1961) im its lack of a requirg—
ment for divalent metal jons (Table 16, Exp. 1). Howevef, un-
like thé enzyme in these tissues, which is stimulated by
Triton X-100, the spinach enzyme appears to be strongly in-

hibited by this detergent (Table 16, Exp. 1)-
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" The *inhibition

hydroxylamine (Table 16,
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of the spinach decarboxylase by

Ex 2} suggests that the enzyme

contains pyridoxal phosphate as coenzyme since inhibition of

"act1v1ty by hydroxylamine is a common property .of enzymes con-

taining this coenzyme (Clark 1963) The corresponding de-

carboxylase in bacteria

(Wichner and Kennedy, 1971 Patterson_t"

~ and lennarz, 1971) and- protozoa (Dennis and Kennedy, 1970) is

also inhibited by ﬁydroxylamine

>

The biosynthesis af PE in spinaoh leaves via decar-

borylation of PS is probably a de novo pathway producing a

evidence discussed above

. PS is' biosynthesized from CDP-diglyceride and serine’rather

,than by an exchange reac

net‘synthesis.of PE. This conclusion is supported by the

-(see Section c) which suggested that

tion involving serine and endogenous

PE. The complete pathway, inVOlv1ng the reactions shown in

Eqns. 1l2- 13 is therefore

tozoa in which decarboxy

de ROVO synthesis of PE

L=

derived from.PE by-an ex

H\
the same as that operating in

_bacteria, but differs from that operating in animals and pro-

lation of PS is not involved in the

"since PS is itself most probably

change reaa;ion (see Introduction III.l.g)-

PS decarboxylase together with PS synthetase may be widely dis-

tributed in plants, as,indicated by indirect’ evidence for their

Occurrence in Chlorella vulgaris. {SastrTy and Kates, 1965) and

tomato root (Willemot-am
That spinach’P

ethanolamine was shown b

d Boll, 1967) (see Introduction I1I.1. g)
E can also be biosynthesized from free

. 4
y the high incorporation of’1 c from

o
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(1, z-l&c]ethanolamine into the GPE moiety of PE by whole leaf
and leaf slices (Tables 11l- 12, Figs. 16-17). There are two -
possible pathways that would give rise to this incorporation,
namely the CDP—ethanolamine pathway (eqmns. 14-16) and the ex-
change pathway (eqn. 23). The strongest evidence in support

H . "
of the CDP-ethanolamine pathway was the demonstration of a

very active diglyceride -stimulated synthesis of” 14

CJPE from
CDP-[1,2— C]ethano;amine by a 100,000xg fraction (Figs 21-23,
Tables 18-19), thus estabiishing the existence of CDP—ethanol—
amine: ;E}l,Zed;glyceride phosphorylethanolaminetransferase

in spinach leaves. The finding that this enzyme requires ng+

or Mn2+ (Fig. 23A) agrees with the preliminary results reported

by Mudd and Macher (1972). However, the pH optimum found in

the present study (7.0, Fig. 23B) was somewhat lower than thatr s
(pH'TtS) reoorted by these workers.

The exisnence of ethanolaminekinase catalyzing the
first step in the pathway (equn. 14) was suggested by the
observed ATP~stimulated incorporation of [1,?-1AC]ethanolamine
into‘phosphorylethsnolamine by 2 15,000xg supernatant fraction
(Table.ZO)t

The second step of the pathway (eqn.- 15), catalyzed
by CTP: phosphorylethanolamine cytidyltransferase, couid not
be demonstrated in vitro under a varilety of experimental con—
ditions (see Results IV. 3.¢). The.reason for these negative

results is unclear. Cytidyltransferase activity if present

would be expected in the 15,000xg supernatant by anology with
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the localization of the corre5ponding enzyme in animal tissue

(Kennedy and Weiss, 19563 Schnei@ei. 1969). The absence of

activity in\the spinach supernafant using the same pH_(TJS)

as used for the animal system was probably not due to the

action of interfering phosphatases on CDP-ethanolamine oxr the

presence of dialyzable inhibitors (see Results IV-3-C)w In . ;
view of the presence in spinach leaves of the other two enzymes
cf the CDP-etﬁanolamine pathway, namely ethanolaminekinase and
the phosphory}ethanolaginetransferase, it is concluded that the
cytidyltransferase most likely functioﬁs in vivo but was in-
active under the conditions of assay used in vitro. Indeed,

Kennedy and Weiss (1956) have claimed, but p;ovided no experi-

mental evidence for, the presence of this enzyme in carrot root
extracts. )

Conceruning the exchange pathway, the Caz+-stimulated
incorporaﬁion of [1,2-1 C]ethanolamine into PE by a 1200-
100,000xg partiéulate fraction in the absence of cytidine co-
enzymes {Table 26)‘Suggests the in gggzg_OPeration of 'an
~ethanolamine exchange reaction. It will be recalled that the
ethanclamine exéhange reacfioq in pea seedlings (Vandor and
Richardson, 1568)'and also in liver (ﬁorkenﬁagen et al., }961)
and brain (Porcellati et 2l., 1971; Kanfer, 1972) was also
stimulated by Ca2+.aﬁé independént of cytidine coenzymes.
However, in view of the well kpown ability of phospholipase D

to catalyze exchange reactions im witro (see Introductiom’ 1I1I.1.3)

the question arises as to whether the observed ethanolamine
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exchanée reaction was eatalyzed not by an independent exchange
enzyme but by phospholipase D. Though it is non éenerally
accepted that phospholipase D in plant tissue is loc%{ized in
the cffeplasm (Quarles and Dawsnn, 1969;‘Clermont and Douce,
1970), the enzyme is known ‘to become attached to particulate
fractions during cell;fractionation (Kates,‘1954‘ Clermont and
Douce, 1970) and was therefore most likely present in the 1200-
100,000xg particulate fraction assayed in the present study.
Though the observed ethanolamine exchange reaction occurred at
pH 8.5 in the absence of any surface active agents or diethyl-—
" ether, whereas phospnoiipase D—catalyzed exthange reactions
have a pH optimnm of 5.5—6.0 and are most aqtiye'in the‘pre-

sence of diethylether (Yang et al. 1967), it cannot- be ruled

out that any phospholipase D present in the partlculate fraction
was sufficiently active under the assay conditions used to
account for the very low ethanolamine extchange activity .
observed.. Thus, no firm conclusions can be made concerning
whether the ethanolamine exchange reaction was catalyaed by

an independent exchange enzyme or was 2an artifact ariaing

from a phospholipase D catalyzed exchange reaction.

The evidence discussed above strongl; suggests that
there are two majoe routes operating in the;gg novo biosynthesis
of PE in spinach leaves, namely the PS decarboleation pathway
(eqns. 12-13) and the cDP-ethanolamine pathway (eqns.-l&-l&).
This 1is the first demonstration of the operation of both path-

. ways in a single tissue. It will be recalled that bacteria
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utilize only the former pathway (Kanfef end Kennedy, 1964 ;,
_patterson and Lennarz, 1971) while animals use oﬁly the latter
'pathway (Paulus and Kennedy, 1960). It’is not possible to
determine from the results of the present study which of the
two pathways predominates in the biosynthesis of PE in spinach '
1eaves. The finding that the incopporaqipn of 14C into the GPE |
moiety of PE by whole leaves was ebout 23-fold greater from
[1,2-14C]ethanolamine than from [U-IAC]serine (Table 12) might
suggest that ;he CDP-ethapolamine pathway predominates. How-
ever, it is not wvalid to compare the incorporation from
[l,Z—IAC]ethanolamine with that from [U-lac]serine-for the .

‘following reasons: i) the experiments with these two substrates”

used two different leaves which may not have been physxologlcally

equivalent, 1ii) the inyolvement of [U—lAC]serine in the forma-
tion of tetrahydrofolate derivatives (see Section e), and of
sugar by the glyeolate'pathway-(Tolbert, 1971), would deplete
the pool of [U-lac]serine aveilable for the PS decarboxylation

laC]ethanolamine might not be expected .

pathway, whereas [1,2-
to be as metabolicelly ective, and iii) the dilution by the
pool of intracellular unlabelled substrate Wwas likely Qifferent

for each of the labelled substrates.

e) Phosphatidyl cﬁoline

Methylation pathway

The incorporation of 14: 4nto the GPC moiety of PC
' 4
from [l,Z-lQC]ethanolamine and {He»l Clmethionine by whole

‘leaves and leaf slices, and into the deacyleted moieties of FE
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nnd PE-Me from [1,2—14C]ethanolamine by_whole leaves (Tables
11-12, Figs. 16-17), is consistent with the occurrence of the
methyletion pathway for PC biosynthesis in spinach leaves
(eqns. 20-22). The GPC moiety of PC was also labelled in vivo
from [U- AC]serine- this could have occurred by two metabollc
routes; namely, i} formation of phosphatidyl [l 2-l Q]ethanol—
amine via decarboxylation“of phosphatidyl iu- AC]serine, as '
discussed in Section d, followed by methylatlon to phosphatidyl
[1,2- C]choline, ii) utillzation oé carbon-3 of [U—l-‘ﬁC]serineFJ
for toe formation of [Me—1 Cjmethionine via the operation of
the tetrahydrofolate one-carbon pathway Known to be present im
plants {(Burton and Sakami, 1969; Dodd and Cossins, 19703
Kisaki et al., 1971; Ciandinin and_Cossins,‘l9?2). This route
is supported.by the similar pattern of:labell}né of meutral
lipios by both fﬁ— &C]serine and [Me— C]methioning EE.EEEE
(see Section &4 below). Although labelling of the glycerol
moiety of GPC 5y [U-lac]serine was not directly jnvestigated,
it is unlikely in view of the lack of laC incorporation from
[U—lQC]serine into PC by.whole leaves (see Fig- }1).

| VTwo of the intermediate step in the methylation
pathway, namely the methylation of PE- &e to PE-~diMe and of
'PE—diHe to PC by SAM weTe demonstrated unamblguously 13_33553
(Tables 22-23, Fige. 24-25). However, a?tempts to demonstrate
the methylation of either endogenous ©OT éxogenous-PE by SAM
_in vitro consistently failed (see Results IV.5.b.1). Any

4
.incorporation of l[’C from [1 C]SAM into tﬁ? GPC moiety of PC
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b3 microsomal fractions wvas always extremely small and in fact
may well have resulted from mechylation of possible traces of

PE Me and PE- diHe.

N

- . 'The failure to demonstrate methylatlon of either

;:endogenous oriexoge ousuﬁE is surprising in view of éhe success—
. Y ST
ful demonstration of such’ reactlons in other tissues. Thus,
methylation of endogenous PE has been demonstrated in micro—
somal preparatlons from the photosynthetlc bacterlum

Rhodopseudomonas spheroides (Gorchein et al.,F1968), rat liver

(Bremer, and Greenberg, 1961;, Gibson et al. 1961 Cooksey and

Greenberg, 1961) Neurospora crassa (Scarborough and Nyc, 196 7),.

Saccharomvces cervisiae (Steiner and Lester, 1969), Ochromonas

malhamensis (Lust and Daniel, 1965) and Tetrahvmena pyriformis Yo

(Smith and Law, 1970). On -the other hand methylation of exo- {

genous PE has been demonstrated only in cell free extracts

from Agrobacterium tumefaclans (Kaneshlro and Law, 1964) and

ﬂvphomicroblum vulgare (Goldfine and Hagen, PfO-} 1968) :
- The failure to observe PE:SAM methyltransferase

actrvity in the spinach microsomal fraction was due nelther to

unfavourable assay conditions noT 'Co the presence of this

enzyme in other cell fractions (see>Results IV. 5.b.1i). Con-

cerning assay conditions (see Tables 22—24), the pH used (8.5?

was found to be optimal for‘lac-incorporation into PC (Fig.-29B)

and was close to the o;timum (8.0) for methylation of PE;diMe

(Fig. 23@2 Though the [ ]SAH concentration used was rather

low (8-16 uM), raising the concentration to saturating levels



-tively large amounts of

. ) 14 '
only increased the C-incorporation into PC about 2-fold

(Fig.- 29C)s- also, it sho

be meoted that this 14C—incorpora-

tion was probably localized in tha fatty acid moieties (see

o+

Results,IV .

-

One of the products expected from any reaction in

14
which [ C]SAM acts as a methyl donor is S-adenosylhomo-

cysteine ¢(SAHC) which has
of the PE:SAM methyltrans

1961), T. pvriformis (Smi

(Kaneshiro and Law, 1964).
the splnach microsomal fr

methyltransferase activit

acid m01eties (Tables 22-

“been shown to be a potent inhibitor

ferase from rat liver (Gibson et al.,

th and Law, 1970). and A. rumefacians

Tt will be recalled that

action showed negligible PE:

although

SAM

¥, thls fraction incorporated rela-'

¢ into neutral 1ipid and_PC fatty

23) The question arises as to whether

the concentratio& of SAHC produced in these side reactions was

sufficient to iﬂhlbit any

However, it was found tha

'Mn2+ ii which formation ©

PE SAM methyltransferase present

t the lZ'C 1ncorporatlon from [ C]SAH

m—

into PC was not stimulated in an assay mixture coptaining 1 oM

—

¢ 8c-1abelled neutral 1ipid and -~

therefore SAHC was extremely low (Table 24). Also, it 1s

doubtful whether the conce

Side reactions would be high enough for effe

In an assay systen containing 8 uM [
14

the. total c incorporated

was 2940 dpm (Table 22) equivalent to a conce

of onlyVZS nM. The methyltransferase from A.tumefac

‘(Raneshiro and Lav, 196%)

ntration of SAHC produced im these
ctive inhibitiom.
C]SAH (9.5 x 10° dpm),
into PC fatty acid and neutral lipid

ntration of SAHC

jans

was completely jphibited b

SARC 15 an assay system containing 30 p¥ SAM, while

y 20 M

in

e

e
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eriformis (smith and Law, 1970) 40 uM SAHC caused a 60%
inhibition in an assay system containing 40 uM SAM. Therefore,
the failure to datect PE:SAM methyltransferase in s;inach
nicrosomes could not have been due to inhibitibn of this
enzyme by SAHC.

The two most 1ikely explanations for the failure to '
demonsérate methylation of PE by SAM in vitro are either 1)
.inactivation-of PE:SAM methyltransferase during cell breakage
in the leaf-homogeniaation procedure, oY ii) eiistence of an
alternative route for the formatioa of PE-Me. Evidence in

support of the first possibility was obtained in the . in vivo

experiments.. It will be recalled that the proportion of total
lipid lAC in PC labelled either from 14C:‘;labelled ethanolamine,
zethionine or sexrine was_considerably greater in whdle'leaves
than in leaf slices (Table 11). Furthermore, even though the
incorporation of 14 C from [ C]ethanolamine into PE by whole
leaf and leaf slices was about the same, the incorporation

from [laclethagolamine into PC was 6-fold greater by whole
leaves than by leaf slices (Ta%&f‘ll). It is. likely that.

in leaf slices tha PE:SAM methylg}ansferase may have been
partially inactivated as a result of the cell\breakage during
preparation of the leaf slices (see Experimental I. 1.b). The
same inactivation due to cell breakage may have occurred

during preparation of the leaf homogenates used in the in vitro

.experiments. *This inactivation could rnot have arisen from air

oxidation of active cysteine residues in the enzyme 'since the
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presence of 84m§rcaptoethanol in the homngenizing medium had
no effect on the enzyme activity (see Results IV.5.b.i).
Concerning the second'possibility of an altermnative
pathway for formation of PE-Me, clearly the precursor of PE-Me
’must be a derivative of ethanolamine since PE-Me was found to
be labelled from [ C]ethanolamine by whole leaves (Table 12, -
Fig. 174). One feasible pathway would be the ééthylat}on of |
CDE—ethanolaming by SAM to-form CDP—monomethy1ethannlamine,‘
followed by a phbsphorylmonomethylethanolaminetransferane
reaction with diglyceride to form PE-Me. However, sunh a
pathway 1s very unlikely in view of the lack of [ C]PC forma-

tion on incubation of ¢DP-[1, 2-1 CJ]ethanolamine with SAM and

a nicrosomal fraction under conditions of high phosphoxyl-
P ethanolaminetransferase activity (Table 18, Fig. 21). A
e .
second alternative pathway might be methylation of free

ethanolamine by SAM followed by conversion of monomethylethanol-

amine to CDP—monomethylethanolamine ‘and then into PE-Me. Bow-

.,

ever, this pathway was not tested.

A third alternative pathway might be methylation of
’ ' . 1
; PE by a methyl donor other than SAM. This possibility 1s com~ -

14
sistent with the finding that in whole leaves ¢ was incorpora-

ted into PE-Me from [ C]ethanolamine put not from [

methionine, whereas the incorporation'intO’the ¢PC moiety of

PC by these two substrates was about 'the sane (Tables 11-12).

[R——

‘Possible methyl donors might be the tetrahydrofolate

. (THF) derivatives, 5-methyl TEF, 5,10-methylene THF or 10-formyl
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THF, all of which are naturally occurring in leaves (Roos

I

¢ al., 1968; Roos and Cossins, 1971; Cossins and Shah, 1972;

1]

Clandinin and Cossins, 1972). Concerning S-methyl THF, this
coﬁﬁound.is unlikely to be a methyl donor to PE éince no 14C-
incorporation into lipid wés found on incubation of 5—[M;-14C]
THF with the microsomal fraction, nor was this compound capable
of methylating PE-diMe (see Results Iv.5.b.1i and ii). 5,10~
_Methylene THF could possibly methylate PE to produce PE-Me

and dihydrofolate in a simultaneous methylation—oxidaﬁion type
of reaction analogous to that catalyzed by thymidilate

synthetase in animals and bacteria (Brown, 1970), but such a °

reaction appears extremely unlikely.

10-Formyl THF could possibly N-formylate PE which
could then be converted to PE-Me in a series of reactions in-
volving reductions and dehydration. N-formylation of "amino
groups by lO-formyl'?HF ﬁoes indeed occur in Nature, in
bacteria in the synthesis of N-formylmethionyl-tRNA from
methionyl-tRNA during protein synthesis, and in animals, of
5—formyl—imidazole~4—carboxamide ribonucleotlde during purine
syntﬂesis (Brown, 1970). However, in view of the hizh meta-—
‘bolic energy that would be required to convert N-formyl PE

to PE-Me, it is extremely unlikely that the N-formylation

" pathway is feasible. o ————

-

In summe;y, PC in spinach leaves can be biosyn- - k
theSized by the/%tepwise methylation of PE-Me. No firm con- x
1

clusions can Qp made conceruning the biosynthesis of PE -Me
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‘methyltransferase during the homogenization procedurg.
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except that tﬁis inte:medidte is derived ultimately from
ethanolamine. However, in view of the unlikelihood of alter-
aative pathways, either because of evidence obtained'against
them.or because of their_ﬁon-feasibility, ifris likely that
PE- He is blosynchesized in wivo by the same pathway present
ia other tissues, namely the methylatlon of PE by SAM (eqn : -
20). It is concluded that this pathway was not observed in

spinach in vitro systems because of 1nact1vat10n of the PE:SAM

Nucleotide and Exchange Pathwavs

Spinach PC can als§ be biosynthésized from free
choline as shown by the high incorporation of ll’C from [1,2_1401
choline-into the GPC'ﬁoiety Ef PC by leaf slices (Tables 11-12}.
There are'two possible éathways ;hat would give rise toO this
incorporation, namely the CDP-cholire pathway (equns. 17-19)

and the exchange pathway (see Introduction I1I.1.j). The

evidence obtained for the operation of the former pathway was

' . 4 14 .
~the finding of incorporation of 1 ¢ from CDP-[1,2~- “CJcholine

into PC by cell fractions in the presence of gg—l,Z—diglyceride

(Table 21)}. This finding'étrongly suggests the presence in ) ’

spinach leaves of CDP-choline: 2371,2-diglyceride phosphoryl-

cholinetransferase catalyzing the reaction shown in “eqn. 19,

and confirms the previous demonstration of the presence of
this enzyme in spinmach leaves by Devor and Mudd (1971)-

. The presence of cholinekinase an CTP:phosphoryl-

-
—

ChOIine cytidyltransferase was not invest gated here, but the
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former enzyme_has been identified previously in spinach leenes
(Tanaka et al., 1966), and the cytidyltransferase‘is most
likely present in view of its occurrence in other plant tissue
(Mor g et _l., 1971). The phosphory1cholinetransfehég
action is analogous to the phospherjieznanolaminetransferase h
reaction also 0perating 4in spinach leaveq, and the question

. " .
arises as to whether the two reactlons are catalyzed by the
same enzyme. The jdentical pH optimum (see Fig. 238 and
Results IV.4) and similar subcelluler localization (see below)

of the two reactions are counsistent with the idea of a2 single

enzyme, though this question can only be answered unambiguously

after purification and seperation of the two resgeetlve'
activities.

Concerning the exchange pathway, the Caz+—stimulated
incorporation of [1,2— C]choline into PC in the absence of
cytidine coenzymes by a particulate.fraction (Table 26) suggests
the in vitro operation of a choline exchange reaction. How-
ever, in view of the possible.presence of phosphoidpase D in
the'particulate fraction (see aBove, Section d), it cennot be
ruled out that the observed low activity of choline exchange
may have been catalyzed by phospholipase D and not by an
independent choline exchange enzyme. _ This question was mnot
further investigated. -

In summary, PC in spinach leaves can be biosynthe- )
szzed both by the methylation pathway and the nucieotide path-
way, but whether a choline exchange pathway also Joperates is

4 .
uncertain. Lo k

-\ 7 .

-2
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2. Evidence for Phospholipid Acylhvdrolases

: 4
In the present study, C-incorpeoration from CDP-

14 _ . . ,
[1,2- Clethanolamine by 2 microsomal fraction into lyso PE

as well as into PE was consistently observed (Table 18,
figs. 21-22). This most likely resulted from hydrolysis of
[l&C]PE by a phosphatide acyl hydrolase. The enzyme appears
to be "bound" to the microsomal fraction, and was clearly
absent from the 100,000xg supernatant since addition of this

fraction to the microsomal fraction had no effect on the

14 ) :
amount of [7 Cllyso PE formed (Table 18, Fig. 21). The enzyme

also acts on PC, as shown by the formation of [lacllyéo PC ‘-%é

by the microsomal:fraction when PC was labelled either from

CbP-[l,Z-lAC]choiinel(see Results IV.&4) or by reactiom of [1&01

SAM with PE-diMe (Fig. 24). Formation of.[laC]lyso PE and

[lAC]lyso PC was also observed im ieaf élices but not in whole

leaves (Tgble 11 and Results III:Q). These observations

suggest that the enzyme may be released d&ring cell bre;kage

both in the preparatioﬁ of leaf slices and cell free homogenates.
It is not possible to conclude from the pregent study

whether the acyl hydroiase is of the phosphblipase A type, oOT

the B type which hydrolyies both acyl ester gTOUPS- Neither

enzyme has y¢£ been reﬁorted in leaves, though the results of

Yagi and Benson (1962) suggest that phosﬁholipase A is present

in the green algae Scenedesmus obliquus, and Galliard (1970 and

1971) has partially purified om enzyme extract from potato

tubers with phospholipase B type activity. However, lyso
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phospholipids are never detected as intermediates IiIn phospho-

‘lipase B hydrolysis in either potato (Galliard, 1970), or

other organisms (McMurray and Magee, 1972), suggesting that

the phospholipase detected in spinach leaves is of the A fype.
‘ . : o

3. Eﬁidence for Acvltransferase

When spinach cell-free fractions were‘incubated with
{1AC]PS, not only was [lQC]PE formed, but also 2 14c_1abelled
fatty ester (compound Y) and a nen-liﬁid'COmponent soluble in {”i
methanol—water‘(see Results 1IV.2Z, Tables/l&—l7, Figs. 18,20).

Compound Y did not migrate on TLC in petroleumether-diethyl-.

ether—aceéic acid 690:10:1)_(see Results IV.Z;aL thus elimina-
ting the possibility that it was triglyceride (Rf, 0.35),
diglyceride (Rf, 0.08) or fatty ecid methyl ester (Rf, 0.65)
(Kates, 1972). A likely structure for compound Y is acyl-
monogalactosyldiglyceride (AMGD), which should have a high Rf
in the polar solvent (see Fig. 18) and zero mobility in the
non-polar solvent (see Results Iv.2.a). AMGD might be formed
either by release of 14C labelled fatty acxds from [ CLPE or
lZ‘C]PS by a phospholipase type A oxr B followed by acyl trans-— .
fer to the acceptor MGD, or alternatively, 2 direct transfer
of 14C-1abe11ed fatty acid to MGD. The former pathway can be
eiiminated since it would require activation of the released
fatty acid by ATP, CoA and Hg * which were absent in the assay
mixture used. The latteT pathway is essentially the same as

that demonstf@ted in Vicia faba -leaf extracts which involves

the transfer of acyl groups to MGD, not only from MGD and DGD,
J
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but also to 2 lesser extent from phosphéiipid (Heinz, 1967
and 1973).

’Another possible structure for compound Y 1is
esterified stgrolglucosi&e, in which case the acyl acceptor
would be sterolglucoside. In this cpnqection, acyisterol—
glucosides ;n spinach leaves are biosynthésized from sterol-
glucoside (Ongun and Mudd, 1970) bﬁﬁ the reactions involved
are not knmown. No definite conclusions can be made concerning
whether the lac-acyl group of compound ¥ is derived from [14C]
PE or [14C]PS. The similar subcellular distribution of [IAC]

PE and [lAC]Y synthesis (Table 14 and Fig. 18), and the

simultaneous inhibi}ion of-[lAC]PE and [IQC]Y synthesié by
detgrgents (Table 19, exp. 1) might suggest _acyl transfer E
from [IAC]PE. On the other hand, this cqnclusion is in-
compatible with the inhibition of [IAC]PE synthesis but the
ﬁtimulgtion of [IAC]Y synthesis by hydroxylamine (Table 19,
exp. 2), a finding which tends to suggest that [IAC]PS was
the acyl donor. This Question'was not further investigated.
| Thé ;bserved 1&C-activity found in methanol-water

| ' 14
soluble non-1lipid (Table 17, Fig. 20) is probably due tO c-
labelled GPE or GPS, 9T both, but this Wwas not established
experimentally. Both acyl groups of either PE orT PSS would
thus appear to be transferable. The possibility that only
one acyl group was transferable {g unlikely since 00 [14C]

lyso PS, and omnly traces of [14C]1yso PE,weTe detected during

formation of compound Y.
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5

4. Miscellaneous Pathways Utilizing S-adenOSylmethionine 

Phospholipid faFty acid moieties =
An unexpected finding.was the incorporation of 14C
from [lAC]SAM into the fatty acid mbie%ies of PC and PE by a
microsomal fractiom (see Tables 22—53 and Fig. 28B). Some‘ ' . *
comments concerning the identity of the "PE" component are %
however necessary at thig point. Sinee ;he [lAC]PE isolated
by preparative TLC for the_deacylaticn study;(?ig. 28) may
have contained digalactosyl diglyceride (DGD) whicﬁ co-
chromatographs with PE (see Results IIT.2.b and legend to
Fig. 16) it cannot be ruled out that some of the fatty acid

145 4n the "PE" component was localized in DGD.

The observed incorporatiom of 14¢ into PC and PE
from [l&C]SAH most likely occurred by‘difect reacti;ﬁ ofl
[lAC]SAH with the fatty acid moieties of thése.lipids; rather
than by rgaction with-free fatty acids followed by incorpora-
tion of labelled fatty acid into PC and PE,.since the‘lagter
pathway would require CoA, M32+ and ATP which were probably
absent from the micrqsomal fraction assayed.

Since‘the fatty acids of PC were labelled in.the
absence of exog&nous phospholipid, the énzyme system can
cleérly utilize microsomai membrane bound PC, bur it is not
entirely clear whetﬁef microsomal PE can also serve as sub-
strate. Small amounts of ll‘C were incorporated into the "PE"

component in thé Abseno&ﬁof.any exogenous PE (Tables 22-23)},

and this activity was assumed to be localized in the fatty

[N
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Hagid moieties, indicating that m}crosomal PE can serve as
_substrate. This incorporation was increased in the presence ' l‘f
of dialyzed—dispereed ?E (Table 23),*bht this was probably due
to stimulation of the. reaction with microsomal PE by the de-
oxycholate present in the dialyzed PE preparatiom since the

'
- L]

presence of the latter also increased l&C-lncorporatlon into
PC fatty acid and neutral lipid; furthermore, the 150— .
incorporation into PE fatty acid was oot increased in the -
presence of sonicated PE (Table 22)

The enzyme system described above clearly functions

in vivo as shown by the laC—incorporation into PC and PE fatty

acid moieties from [Me—lhc]methionine by whole leave&«Qieerf
Tables 11-12 and Fig. 28A). 14, 4as also incorporated imto : E
these moiefies by whole leaves from [U—l&C]serine (see Results
1I1.3.a), presumably by prior 1pcorporation of carbon-3 of
[U-lﬁC]serine jnto the methyl gTroup of methionime via the
tet;ahydrofolate_one-carbon pathway (see above, Section e).
There are two posSible,paﬁhways by which 140 from
[lAC]SAH can /be incorpoéated directly into the fatty acid
noieties of PC and PE. The first javolves the addition of
CHZ éroupe.across double bonds of unsatu;ated fatty acids in
PC and PE £o form phospholipid bound cyclopropane fatty acids.

For PE, the reacticn would be

unsaturated fatty acyl-PE+SAM > cyclopropane fatty

acyl-PE + SAHC (32) \
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.\'.

This pathway has been demonstrated previously by

Law and co-workers in cell free extracts from Clostridium

butvricum'and Serratia marcescens (Zalkin et al.

— It

1963; Chung - y
and Lcw, 1964; Thomas and Lcﬁ, 1966. B
The second pathway involves alkylenation of un- 7
saturated fatty acids in PC cnd Pﬁ by [lac]SAM to form lACf . ‘ '
mcthylene branched acids, fcllowed by :eduction to the cor-
responding phospholipid bound lac-methyl branched acids.
This pathcay has been demonstrated in cell free extracts of

Mvcobacterium phlei (Akamatsu and Law,- 1970).

‘Since the structure of the 14, _1abelled fatty acids

synthesized by the spinach enzyme system was not investigated,

no firm conclusions can be made as to which pathway functidns
in spinach leaves. Howcver, the first pathway involving syn-
thesis of phospholipid bound cyclopropane cids appears more.
likely. The only methyl branched ccids éb r.reported in

plants, apart from phytanic and pristanic acids, are the iso-

and anteiso acids of Aptirrhinum majus (Radunz, 1965), and

these are most likely formed during the de novo synthesis of

the -fatty acid chain, as are the corresponding acids in

| %

. : o

bacteria'(see Kates, 1964). On the other hand, cyclopropané’

acids together with their cyclopropene analogues are mere
common, especially among the seed and leaf glycerolipids of
several families of the order Malvales (Hitchcock and Nichols,

1971; Yano et al., 1972a). Though cyclopropane acids have not

been ﬁfeviousiy reported present in spinach PC and PE (Sastry
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“and Kates, 1964; Allen et al., 1966; Devor and Me d, 1971),

such acids may be present in trace amounts.an& may theaefore

have escaped detection in these studies. However, in the

\
families Malvaceae and Sterculiaceae, the methylene bridge

carbon of the cyclopropane and cyclopropene fatty acids has

been shown to be derived from the methyl group of methionine_ -
(Hooper and Law, 1965; Johnson et al., 1967; Yano gt ;l ; léle),
thougﬁ‘whether the cyclopropane‘synthesis takes place at the
phospholipid level is not known. The present results‘therefore

constitute the first report in plants of cyclopropane fatry

acid synthesis localized at the phosphollpid level S /

Neutral lipids

Evidence from both in vitzo and in vivo experiments

. established the existence of enzymes in spirach Jeaves which
can utilize the methyl group of” SAH in the synthesis of a
number of neubral.lipidsn Thus, four neutral lipid COmponents,

(spots, P,Q,R and S, Fig. 30) were shown to be labelled both

14
from IIAC]SAH by subcellular fractions, and from [Me-""¢€C]

' 14 . Lé
methionine by whole leaves and leaf slices. ¢ from [U-""C]

serine was also jncorporated in vivo into these components,
presuﬁebly by prior incorporation of carbon~3 into the methyl

group of methionine via the tetrahydreofolate one-carbon path-

way (see above).
Three of these pneutral 1ipids (spots, ?,Q and‘R)‘

L)

were insufficiently characterized and their jabelling will not

be discussed fyrther. - With regard to the fourth component,

-
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spot S, this was idenoified as fatty acid methyl esters with

all.of the 14C localized in thé‘methyl group (see Rosulto V.i).

A p0551ble pathway for the biosynthesis of this compound would - "
be the direct methylation of free fatty aj}ds by [ C]SAM, as |

follows: . . : " - . .

4

14 - . '
RCOOH + [ 'C]SAM ——> RC0.0[l&C]Me + SAHC (33)

Akamatsu and Law (1970) have also postulateo,such a
‘reactlon Lo explaln their finding of an enzyma{io synthesis of

—

fatty acid methyl ester from exogenous fatty acid and SAM by a

partially purified soluble enzyme extract irom Mvcobacterium

ghlei.

Other possible pathways might be the release of

[ C]HeOH from [ C]SAH by the action of an SAM hydrolase,

followed by esterification with fatty acyl QoA or methanolysis

vof glyceroplipids. SAM hydro%ﬂ%e has been reported in certain
A ‘
animal tissues (Axelrod and/ﬁ;ly, 1965) but so far not in

plants. Though no firm conclusions can be made as to ‘which of

——

-
\\\ these p%ghways operates, the pathway shown in eqn. 33 perhaps
\\ . - - .
T-~sppedrs moTe likely. -

Fatty acid methyl esters have not as yet been de-

tected in .spinach leaves, but have been.detected in other

.

plant -tissues including corn pollen (Fathipour et al., 1967)

al.
ot and chlamydospores of Ustilago mavdis (Laseter et al., 1968).

They have also been detected as natural products from various .
\

animal tissues (Fischer et al., 1966; DhOPESChwarker and Mead,

1962; Kaufmann 2nd Viswanathan, 1963; Lough and Garton, 1963)
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Furthermore, in ox pancreas (Skorepa et al., 1968) and

Rhlzopus arrhizus (Laseter and Weete,

1971) they co-exist with

the corresponding ethyl esters.

o

fatty acid methyl. esters in the above tissues “is not known

The physiological role of the

thouthStowe (1958) has presented evldence suggesting that in

plants they may be involvedﬁrn the control of cell grow{h

~
together with plant growth hormones. . -

5. Subcellularx localization of spinach phospholipid bio-

svnthesizing anzymes . -

’ -

The PG synth251zing'system, and the eﬁzyme systems §§§
"for the biosynthesis of PC by'the-nocleotide and methylatigﬁff . ' IE
pathways, namely CDP-choline: diglyceride phosphorylcholine-
transferase and PE diMe: SAM methyltransferase were foond to be
localized primarily in the microsomal cell fraction (Tables 7,

21 and 25). It is oiﬁinterest that the anzyme systems for the
synthasis of PA (Cheniae, 1965) the common pPrecursor of both

2 and PC, amd of CDP-diglyceride (Bahl et al., 1970) the sub—
stface for-PG.synthesis, are also appafently jocalized primarily
in the microsomal fraction- PA phosphatase, which would be
required-for the formatio@ﬁ%f che-diglyceride substrate in'FC
synthesis is m°SF ‘1ikely present in leaves (Kates, 1956), but

its subcellular localization is'not known . Comparing\th;
subcellular localization of the spinach enzymes with :haazoa

{

|

{

the corresponding ‘enzymes in animal tissue, it Is of interq\;that }

in the lattar the phosphorylcho1inetrans£erase and the PE-diMe:
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gAM methyltransferase are also localized in the microsomal

fraction, but in contrast, the PG synthesizing system is-...

localized in the mitochondria (see Table 2).

With regard to the PE synt

hesizing enzymes, the

subcellular local;iaticn of CDP-ethanolamine:diglyceride.

phosphorylethauolaminetransferase is
mately equal amounts of enzyme were

"mitochondrial™ and 100,000xg micros
However, since the latter fracticen h
actiuity uf ;his enzyme but the luwe
chudme c oxidase‘aujjvity (see Table

it is clear that the transferase act

not clear since approxi-
found in the 15, OOOxg :
omal fractions (Table 19).
ad the highest_auecific .
st percentage of cyto-

19 and Results Iv.3.a),

jvity in the 100,000xg<3

fraction was of microsomal origin and not due to contamluation.

by‘a poasible independent mitochondr

jal enzyme systém. In

animal tissue the correspondihg enzyme 1is jndeed localized iIn

the microsomal fraction (see Table 2

)

Most (74%) of the FS decarboxylase activity for PE

synthesis was fSund in a 100,000xg supernatant fraction

.(Table 14 and Fig. 18)." This was un
in animals and bacteria has been found to

(see Table 2 and White et al., 1871;

expected since this enzyme

e membrane bound

Bell g; 1., 1971 and

Raetz and Kennedy, 1972). It is 1ikely that the PS decarboxy-

lase in the supernatant fraction aro

of this enzyme from a particulate fr

se by partial solubilization

action during cell fractiona-

tion. Since the mitochondrial fraction contained the highest

amount of the remaining PS decarboxylase activity, it is
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therefore possible that in wvivo PS decarboxylase was localized

in mitochondria. It is of interest that in animal tissue this

enzyme *is iedeed localized an,mitochondria {see Table 2).

-The phosphatidyltransferases catalyzing the‘bio-
synthesis of PS and PI were deteeted in a total particulate . '
fraction (Tables 9, 16 and 13), but further studies on their . ' l

localization were not carried out.

It should be pointed out that the term "microsomal
¥
: /
fraction” is oaly an opefative one, and describes that cell
fraction centrifuged down over a particular range of centri-

fugal forces, in the present|study 50 000 250, OOOxg- This

fraction would be composed of a wide range of membrane types,

including endoplasmic reticulum (rough and smooth), plasma

and Golgi apparatus membranes (Steck, 1972; Morré et al.

—_— e

1970).

It is also possible that fragments of chloroplast and mito-

chondrial outer membrane stripped from the intact organelles

during cell homogenization and fraCC1onat10n would also be

present, but contamination from this source may assumed to be

small. One might expect the priﬁary site of phospholipid bio- ' -
'sfnthesis to be on the endoplasmic reticuluﬁ co that it could

be co-ordinated with the bilosynthesis ofxproteins intended for -
ﬁembraae synthesis. Hdwever, phospholipid biosynthesis may

also take place on the plasma and Golgi apparatus membrane, as
suggested by the fipndings of a2 PG synthetase system in rat

liver plasma membrane'(Victoria-gi'gi., 1971), and of the
Cytidylgfansferase and possibly other enzymes of the, PC

- _ , |
/. -

.
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Y

nuclgotide pathway in the Golgi apparatus from onion stem"

(Morré, 1970 and Morré et al., 1970).

The question arises as to whether there afé Btﬁer
subcellular sites in spinacﬁ leaves which contain thé PG, éC
and PE syntﬂet;ses and PE-diMe:SAM methyltransferase. -Activity:
frdm these enzymes wWas detected in the 15,000kg'mit6chondrial
fraction, but since this fraction was neither assayed for
microsomal marker enzymes ToOT further'pu;ified by sucrose
density centrifugatiosn, it is not clear whether tﬁese activi-
ties were dﬁe to microsomal contamination or to a séparate'

mitochondrial enzyme systenl. Concerning a possible spinach

migaéhondrial PG synthetase system, Douce (1968) apd’Douce and
Qxéont (1969) ha;e presénted evidence sugges;ing_thac PG syﬂ—
thetase i# present in partially purified mitochondria from the
non-photosynthetic tissue cauliflower infleorescence. However,
siﬁcg these workers did not report whether the enzyme was also
present in the microsomal ffaétion,nor_did they rigorously
purilfy ihe mitsghondria, it cannot be ruled out that their
observed‘mitochonﬁrial activity was due.to microsomal con-
tamination. ©On the other hand; it is reasonab}e to expect a
PG synthetase in the mitochondria of photosynthetic and non-

) photosynthetic cells since the CDP—diglyc;;ide gﬁbstrate for
this énzymé can be synthesized by mitochondria (Bahl et al.,
1970; Douce et al., 1972), and mitochondrial cardiolipin bio-
Syntheéis would likely utilize PG synthesized in situ, as is .

the case in animal tissue (Davidson and Stanacev, 1671;
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Hostetler et al., 1971). With regard to a possible spinach

iumitochondrial cardiolipin syntheslzing system, no lhc-labelled

| lidiolipin was observed with the 15,000xg mitochondrial

fraciion and [IACTGP (Table 7), even though the operatien ef

eicher of the two possible pathways (eqns. 10 and 11) would -:
predict formation of cardiolipin labelled with 14C from phos-

phatidyl [ C]glycerol._ However, this Ades not entirely rule

" out the presence of a mitochondrial cardiolipin synthesiziné

system since the amount and specific activity of the [ C]PG

formed was so low that any conversion to [ C]cardiolipin

would have been below the limits of detection.

ConEerniqg a possible mitochondrial‘PC syntheﬁﬁie,

-

jt is of interest TO compare the subcellilar distribution of

PC synthetase obtained in the present study with that obtained
by'Devor and Mudd (1971) for the same ‘enzyme in spinach leaves.

In the'present study, the amount of total cell free homogenate
activity associated with the 15,000xg (30 zin) and lO0,000xg‘

(60 min) fractions was 25% and 4772 respectively (Table 21), .

while the cor;esponding amounts in the 20, OOOxg (30 min) and _ -
100,000xg (§O min) fractions jsolated by Devor and Mudd from

an homogenate of identical density were 47 and 537 respectively.
Thus,‘while the two microsomal activities agree quite closely,

the "mitochondrial” activity observed by Devor andeudd is
considerably 1less than that observed in the preseaz study-

However, this differencée is explainable in terms of the dif-

ferent washing procedures employed. In the present study, the

™
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nitochondFilé pellet was lightly rinsed by, but not suspendad

in, tne homogenizing medium,and the washing was combinad with

the nitoc ondrial’anpernatant-(sge Exporimantal IT.1). 1In
contrast/, the mitochondriaﬁ pellet in Deveor and Mu@d‘s study
was washed by resuspending the pellet in medium and recentri-
ﬁuging'at 20,000xg to yield a mitochondrial pellet which was
assayed for ?C synthe;ase, and a supernatant which was dis=
carded. The washing-proceéure used by Devor and Hudd<was Ehus 

more efficient and likely resulted in a purer ‘mitochondrial

fraction than that used here. Thus, the PC synthetase actlvity

in the inefficiently washed "mitochondrial” fraction of the

present study was probably due to microsomal contamination.

This conclusion is supporte by ‘the difference in recoverles

of total PC'synthetase aEcivity following cell fractiomation.

— :

In the present study the recovery was quantltative (997, see

Table 21), whereas the low recovery obtained by Devor and Mudd

(74%) was clearly due to loss of mitrosomal fragments in the

discarded "mitochondrial" wash supernatant. A similar ex-—

planation 1ikely applies also for the_phosphorylethanolamine—

transferase and PE- -diMe: SAM methyltransferase activities

observed ia the 15,000xg fracticn.

\_/\
It will be recalled that PC and PE are the major

\"mitochondrial phospholipids of non-photosynthatic, and perhaps

-lalso of phouosyntheCLC ‘tissue (see Introduction 11.2;

/ )
Schwertner and Biale, 19733 o::E‘*et al., 1968). The results

of the present study therefore suggest that mitochondrial PC
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is not synthesized in situ by mitochondria but is derived from
PC synthesized at the microsomal membrane by either the nuc-

leotide or methylation pathways. Mitochoundrial PE could also

be derived from PE synthesized at the microsomal membrame by

the nucleotide pathway. However, spinach mitochondria may
have some capacity to synthesize PE in situ via tﬁe PS de-
carboxylase possibly presént in tﬁis organelle. The process
'by which spinach'mitochondrial PC, and possibly PE, are
derived from "microsomal” synthesiéed lipid may, involve the
direct transport §r exchange of Ehese lipids from "microéomalJ
) pembrane to pre-existing mitochondria or- pro-mitochondria.

Such a process has indeed been demonstrated to occur in non-

photosynthetic plant tissue (Abdelkadar and Mazliak, 1970).

and also in rat liver and brain (Wirtz and Zilversmit, 1968;.
McMurray and Dawson, 1969; Jungalwala and Dawson, 1970; Miller
and Dawsonl 1972).

C;ncerning possibie cytoplasmic and chloroplast sites
for PG, fE'and PC synthesis, low activity of all the enzymes
involved in these syntheses was detected in the 100,000xg
supernatant and 1200xg "chloropiast"rfractions (fableg 7, 19,
21 and 25). The supernatant activifies we;e likely due to
enzyme localized in light microsomal fragments shown in
Table 23 to be present in this fraction, and to enzyme
"solubilized" from the heavy microsomal fraction during cell
fractionation. The activities in the IZOOxg “"chloroplast”

fraction were very likely derived from microsomal contamination,

.
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though of course the possibility that they represent minor

but independent chloroplast enzyme systems oannot_be ruled out
entirely. Concerning the possibility of a chloxroplast PG
synthetase-system, low PG synthetase activity was observed in
the‘1200xg "chloroplast” fraction and this was unlikely due -
to inability of substrate to cross the chloroplast outer
membrane, since a high proportion of tne_chloroplasts in the
1200xg fraction were likely shorn of tneir outer membrane
(Leech, 1966). Also, when the chloroplast fraction.wns
sonicated prioer to assay, s treatment which likely disrupted
the outer membrane of any lntact cnloroplasts present, no,

change in the distribution of PG synthetase.was observed -

(see Results 1.2). There was also the possioility that alPG
synthetase existed in'chlotoplasts but was specific for CDP-
diglyceride containing the unique chloroplast PG component
acid, trans-3- hexadecenoic acid (Haverkate and Van Deenen,
1965a) which was not present #n the cDP-diglyceride used in
the present stndy (see Methods I.2.2)-- This.is however ua-
likely, since the trans:3¥acid is now known to be biosynthesized
by in situ desaturation of palmit;te bound to PG (Bartels et al.,
1967). Thus the PG synthetase system probably does not exist

in spinach chloroplasts, and this is consistent wlth the,
reported failure by Douce "(1970) to detect this enzyme in

other plant chloroplasts. Furthermore, .the CDP- dlglyceride
synthesizing system has alsb been found absent in thls

organelle (Bahl.g£'gl., 1970). Thus, the present study strongly

r

4



- 218 -

jndicates that spinach PG is.synthesized by the microsomal
eniyﬁe system and then incofporatgd into chlorgplast.membranes,
possibly by. a mechanism involving transport from the "micro-
somes” similar to thét discussed fo¥ the origin of mito-

chondrial PC and PE. _ : ‘ _ R
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F. CLAIMS TO ORIGINAL RESEARCH

1. The pathways operating in the biosynthesis of phospho-

lipids in spinach leaves have been elucidated by the

, : - . S
demonstration of the following enzymes:

//ﬁ a) in PG synthesis:

N i) CDP-diglyceride: sn-glycerol-3-phosphate
phosphatidyltransferase, aﬁd

ii) Phosphafidyl glycerolphospﬁate phosppatasé

b) in Pi svnthesis:

CDP-diglyceride: mvo-inositol phosphatidyl-
!
transferase y

¢) in PS synthesis:

CDP-diglyceride: L-serine phosphatidyltrans~—
ferase

d) in PE synthesis:

i) PS decérboxylase

ii) ethanolaminekinase and

iii) CDP-ethanolamine: §3—1,2-diglyceride
phosphorylethanolaminetransferase

é) ip PC synthesis:

i) CDP-choline: gg—l,z-diglyceride phosphbryl—
cholinetransferase : | kY
14) PE-Me (or PE-diMe): SAM met%yltransferase \\
2l_ The subcellular jocalization of some of the above phoéphO“ }

1ipid biosynthesizing enzymes has been elucidated. - -Enzyme
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syst;;é a-i and ii, d—iifi, e-i and e-ii are ﬁrimarily
-localized in the microsomal fractiép. |
3.) Evidence has been obtained for thg presence of phospﬁq—
lipase A and an écyltransferése in spinach leaves.
4. Eyidence has been obtained for the presence of microsomal-
bound énzymes catalyzing thelbiosyntheéi% of cycleopropane
fatty acids ;sing S-adenosylmetﬁionine and PC or PE as sub;

" strates.

5. The presence of enzymes utilizing S-adenosylmethionine
for the biosynthesis of fatty acid methyl esters and other

neutral lipids has been demonstrated.

!

\_‘:/

¢
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