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INTROBUCTION

A, Gégera] Characteristics of the Gram-Negative Cell Envelope

Electron microscopic studies heve shewn that the'cel] envelope
of Gram -negative bacteria is composed of two distinct membranes, the inner
cytop1asm1c membrane and the outer membrane both of wh1ch are known to
contain 1ipid bilayers (1,2). The 1nner membrane is the.site of severadl
vital functiens including respiration and IR production. It is the
primary permeability barrier of the cell and contains specific transport '
systems (3,4,5). If'is also the site where the peptidoglycan units are
assemh1ed and where most of the synthesis of phosphoglyeerides occurs
(3,6,7)." The outer membrane has.other characteristic but less vital
functions. _Its lipopolysaccharide and protein components which are exposed
to the exterior have-typipa] antigenic and binding properties (3,8,9). The
outer membrane also_serves as a passive barrier to substances of molecular
weight over several hundred and this explains in part why Gram-negative
becteria_are more resistant to antibiotics than Gram-positive bacteria
lacking this structure (10,11).

A rigid peptidog]ycen js located between the two membranes in
an area designated as the periplasmic space. This space also accommodates
hydrolytic enzymes and other so1ub1e binding proteins involved in transport
and chemotaxis (3,4,5).

The separation of cytoplaemic and outer membranes has made

possible the study of their distinct properties (12-15). Both membranes



consist of approx1mate1y equal amounts of proteins and 1ipids, but there

isan: asymmetr1c distribution of the prote1ns within each membrane (3 13,16).
The outer membrane contains four majnp\prote1ns which have been

désignated matrix proteins la + 1b, protein Z;fTo1G‘protein, and protein

b (17). Matrix proteins la and 1b are strongly associated with the peptido-

g1ycaﬁ. The TolG protein is characterized as heat-modifiablé and

trypsin-sensitive. Proteins 2 and -3b have not yet been well characterized

(17). In addition to these major proteins, there are 10-20 minor proteins

presént‘in the outer mgmbrané. The major proteins along with some minor

ones appggr to function as receptors for bacteriophages and colicins.

A few are involved in the processes of conjugation and cell division,

others are concerned with specific uptake systems for nutrients such as

iron, vitamins. and carbohydrates, and in specific facilitated diffusion of

low-moleculamweight solutes (17). :

Thelbuter membrane alsc contains a major lipoprotein which is
cova1e:1t1y 1idked“fo the peptidoglycan layer. This 1ipoprotein has a
idub attached to the N-terminal cysteine. Its fatty acid
combosition reflects that of the phosphoglycerides of the envelope and
‘must be derived from one of these lipids by a mechanism yet unknown (18).

Gram-negative bacteria_charécteristica11y contain 11p0p01ysagcharide
in the outer membrane which is not found in aﬁy Gram-positive organismﬁ.

The lipopolysaccharide occupies about 45% of the surface of the outer |

membrane. 1Its structure as illustrated in Figure 1 is composed of an

outermost region which is the 0 antigen containing the typical antigenic
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polysacpharide materia] giving rise to the serological classes of coliform
organisms, an outer aﬁd'innér core région, and an innermost region, lipid.A
(4,10,19).~ Pyrophosphoethanolamine moieties are covalently linked to
heptose and/or KDO units in the core portion (20). Lipid A cdntains

| glucosamine, the fattyééf%ds laurate, ‘myristate, and’?-hydroxymyristate,

. and ésterified'phosphafe (105. From the 1ipidlA portion buried in the outer
membrane,- the polysaccharide chains extend outward into the environment.
Since lipid A rngacés-phosphog1ycerides in the outer half of the bilayer,
the inner half'contains more phosphatides (21).

Approximately 40% of the total phospho1ipid of E. coli is located
in the inner membrane, the rest is in the outer membrane: No phospholipid
is normally found in the cell cytosol'nor in the culture medium (13). The
phosphoglyceride compositions of the inner membrane and the outer membranes
are similar although the phospholipid content per milligram of protein is,
in the inner membrane, almost twice that in the outer membrane (22).

Synthesis of all cqmponents'of the Gram-negatjve envelope takes
pléce in the cytoplasmic memﬁfane from precursor molecules derived from
the cytoplasm (13,23). These processes inciude most of the steps in. thg
formation of phosphoglycerides and many in the fdrmation of peptidogfycan
units. The products are then translocated across the inner membrane and
are depogited in the peptidoglycan and éhe outer membrané regions by
mechanisms not yet fully understopod (24,25,26).

Like all other membranes studied, the inner and outer membranes

of E. coli dispiay asymmetry in the distribution of 1ipid and protein in a

plane perpendicular to the surface of the cell (24,25,26).

-~

kr‘).



Fatty Acids of E. col?

(i) Occurrence

A1l but very small amounts of the fatty acids of E. coli
ére covalently linked to phosphog]ycérides. Only trace quantities
can be detected in the free form. Of the saturated‘species, palmitic
acid is the mast abundant, coﬁprising 25-40% of the total fatty acids
in E. coli. Minor saturated analogues include stearic acid
(aﬁproximate]y 1%), lauric acid (approximately 14), myristic acid
(1-5%) and the cyclopropane fatty acids; cis-9,10- methylene

hexadecancic acid (1-20%) and cis-11,12- methylene octadecanoic acid

(approkimately 1%). The, unsaturated speciés are all of the.cis\
configuration and contain only one doub1e bond (24,25). These
1nc1ude palmitoleic acid (approx1mate1y 25 40%) and cis-vaccenic ac'd
(appr0x1mate1y 25-37%) (26,27,28).

The proportions of the different fatty acids vary according
to the conditions of growth, the nutrisnts available, and the age of
the culture (24,25,29-32). Low temperatures favor a higher percentage
of unsaturated species whgreas aging causes an accumulation of

cycloproprane fatty acids (29,30}.

{ii) Metabolism

| The pathway for the formation of fatty acids is shown in
Scheme 1. .The5steps involved have been amply discussed in recent
reviews to which the reader is referred {33,34). The synthesis of
fatty acids in E. coli does not take place on an enzyme complex as

it does in eucaryotic ;ystems although similar steps are involved.
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It is interesting to note also that the formation of'unsatuwgted

fatty -acids in E. coli involves é de_noyo process éather than the
desaturation of preexisting saturated analogues as occurs in mammalian
systems (33,34). This process iﬁvolves the same array of enzymes as
that concerned with the synthesis of saturated anologues except at

one step involving the hydroxydecanoyl derivative which is the

branch point leading either to the fully saturated palmitic acid or

to unsaturated palmitoleic and cis-vaccenic acids. Aﬂx dehydrase
assures the formation of unsaturéted species whereas anc£49 dehydrase
mediates the formatfon of saturated species (3},34,35).

Fatty acids are elongated in E,_col% as thicester derivatives
of acyl carrier protein (33,34). Exoéenously supplied fatty acids can
be activated to form thioesters either wifh coenzyme A o? with acyl
carrier protein (56-39). Two separate activating enzymes seem to be
involved (38). ' N\

" The cyclopropane derivatives of palmitoleate and cis-vaccenate
are produced mostly during the stationary phase. The cyclopropane ring
is formed by a membrane-bound enzyme which adds thg methyl group of

‘S-adenosy1methionine to the double bond of the precursor fatty acid
esterified to the phospholipid (40,41,42),"

E. eoli has all the eucaryotic equipment to degrade fatty

acids but the' enzymes involved in the A-oxidation process are

inducible (43).



Phosphoglycerides of E. coli

(i) Occurrence and Function$

In E. coli, the function of the phosphoglycerides is maiﬁ1y
structural: all three main phosphatides, phosphétidy1ethano]amine,
phosphatidylglycerol, and cardiolipin are imp]iﬁated in the lipid
bilayer structure of the membrane. The structures of these phospholipids
are given in Figure 2. These 1ipids are also specifica]ly involved in
the biological function of certain membrane proteins.

Phogphatiqylethanolamine is the most abundant phospﬁo]ipid,
corresponding to épproximately 70-80% of the total lipid of the cell
(28,44,46i. In addition to ;ts structural role, this 1ip1d.is involved
in the synthesis of'1ipopo1y§aécharide ﬁate}ia]: the enzymes concerned
with the formation of the core polysaccharides are activated by
phosphatidy]ethanolamine (47);; This 1ipid is not of vital importance
to the cell since mutants iupiﬁhb]e of its synthesis grow normally (48).

Phosphat?hy]g1ycero1 comprises 5-15% of the total E. coli_
1ipid. It is implicated in the transport of monosaccharides (48;491,
the formation of lysophosphatidic acid (50), and the activation of
respiratory carriers (ST). It is the precursor of cardiolipin (52,53),
and likely the preéﬂrsor of several c1a§ses of glycerophosphate- -
containing oligosaccharides (54,55).

. Cardiolipin accounég for about 5-15% of the phospholipids of
E. eoli (35). The roie of this 1ipid is structural mainly but there is
"some evidence suggegting its actidﬁtion of electron carriers {53).
Levels of cardiolipin increase at the expense of phosphatidylglycerol

when cells are aged or starved (56).



- 9-

_ Figure 2
Structure of the Major Phospholipids of E. eolt
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Most oT;thé other'minof_phosphogl}berides of E. coli,

. ",-"’ . I
phosphatidic acid, COP-diglyceride, phosphatidylserine, and
phosphatidylglycerophosphate, are involved as intermediates in the

synthesis of the main species. | : ‘ R

v

(i1) Synthesis of Phosphoglycerides

(a) General Comments

The steps leading to the formation of phosphatidyl-
ethanolamine and the polyglycerophosphatides are summarizéd in
Scheme 2. The synthesis invo)ves the successive ac&lation of
positions 1 and 2 of sn-glycero-3-phosphate and the activation
of the phosphatidic acid formed to yield CDP-diglyceride. At
this point the pathWay branches to form phosphatidylsérine and
phosphatidylglycerophosphate which caﬁ:give rise to the main
phdsphatide classes discussed. In E. coli the evidence reported
thus far does not suggest the involvement of an interaction of
diglyceride with an activated hydroxy compound such as CDP-
choline or CDP-ethanolamine as is found in animal cells (cf,
Scheme 3).

There have beén three different experimental approaches
to elucidate the pathway of phospholipid biosynthesis shown in
Scheme 2. The first approach involving pulse radioactive Tlabelling
of whole cells followed by a chase demonstrated the exiskence and
rapid turnover of intermediates such as phosphatidic acid, CDP-
diglyceride, and phosphatidylserihe (57~59) and kinetics of

T
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Scheme 2

'Biosynthesis of Phospholipids in E. ecoli
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Scheme 2 (corftinued)
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Scheme 3
N A | /
Major Reactions in Mammalian Phospholipid Biosynthesis N
Phosphatidic Acid
1 2
1,2 diglyceride ' CDP-digiyceride
CDP-X*
v Vv ,.
TG PC PE €«—— PSS PGP Pl
/ A
CL<—PG.

hl !

;T
Abbreviations: TG, triglyceride; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; PGP, phospha-
tidylglycerophosphate; PI, phosphatidylinositol; PG, phosphatidyl-
glyceroly CL, cardiolipin.

* X, choline or ethanolamine.
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labelling of‘the different 1ipids which were compatible withlo
the given Scheme. ﬂl f

The second aﬁproach used by Kennedy and coworkers
(52,60-63) demonstrated that the enzyme in crude cell extracts
could catalyze thé reactions of the pathway when exogenous labelled
precursors were used as substrates. A number of thése enzymes were
subsequently ﬁurified'and well characterized.

The third approach has concerned the isolation of
mutants.lacking‘certain enzymes -of the é]]éged pathwéy. This
approach®is fairly recent and has offered some insights into the
importance of certain enzymes for the synthesis and turnover of
E. coli lipids and has begun probing thé possible control points
of phpspho]ipid biosynthesis which have not been very well under-
stood up to now. ‘

A11 of the biosynthetic steps occur in thg inner membrane
except for the formatidn of phosphatidy1serine by phosphatidy1sefine
synthetase, which after homogenization of the cell is found tightly

bound to the rjbosomes (58,64,65).

(b) Synthesis of Phosphatidic Acid

1. Acylation of sn-glycero-3-phosphate

The synthesis of phosphatidic acid resuits from the
two-step acylation of sn-glycero-3-phosphate. This water-
solubie precursor is formed in the cytosol from dihydroxyacetone

phosphate by a dehydrogenase using either NADH or NADPH {66).



b

- 14 -

. 1
-

It has now been shown with mutants lacking this enz&me

" {gps A mutants) that new membrane phospholipid synthesis

can be stopped if exogenous sn—g]ycero]-S—phosphate is not .
supp1ied.l The formation of sn-g]jherol-s-phosphate from
glycerol ‘and ATP is not an effective route in &, coii since
g]ycefol kinase is inhibited by' Tow concentrations df
fructose-1, 6-diphosphate (67-69).

The acylation of sn-glycero-3-phosphate to -
Qhosphatidic“hcid takes place by involving two different
enzymes. This was demonstrated with mutants of E. éoli
containing a thermolabile glycero-3-phosphate acyltransferase
and a thermoresistant monoacylglycerophosphate acyltransferase
(70). ;

In é. coli, the saturated fatty acids occupy mainly
position 1 and thé unsaturated fatty acids mainly pbsition 2
of the glycerophosphate backbone. Because of some heasure of
specificity of the acylating enzymes toward the fatty acid
substrate, aéy?ation of sn-glycerol-3-phosphate has been
suggested to be the step at which the positional fatty acid -
composition of the phogphoglycerides is determined. T1-Paimitoyl-
sn-glycero-3-phosphate was formed with palmitoyl CoA as acyl donor
while ?-acyi-sn-g1ycero-3-phosphate was synthesized with
pa1m%to1eoy1-, oleoyl-, or cis-vaccenoyl-CoA as ‘acyl donors

(70). The same ﬁFSU]t was obtained when acylation was achieved

with a mixture of saturated and unsaturated acyl-CoA derivatives

.«

(71). However apparently conflicting evidence (72-76) has shown
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that both saturated and unsaturated fatty acids can be

incorporated into I-acyl-sp-g1ycero-3—phosbhate depending on

the conditions. Thus it would seem that the positional specificity
of the acylitransferases is not rigid. Formation of position-
specific phosphoglycerides could then be explained on the basis
of different rates of acylation with saturated and unsaturated
CoA dé}ivatives and in accordance with this postu]aqidn,.there
are data which indicate that acylation of glycerophosphate
proceeds faster witﬂ-saturaied CoA derivatives (71,74,76,77)
whereas the incorporafion of the second acyl group on the

T-acyl giycerophosphate'known to be the intermediate in the
synthesis of phosphatidic acid (74) is faster wifﬁian unsaturated
acyl-CoA derivative (74).

With cell extracts, the acylation of sn-gliycero-3-

phosphate may be achieved with either acyl-CoA or acyl-ACP with

different specificities (76,78}. In vivo, it is not clear which
of the two activated fatty acids serve as substrates! Mutants
deprived of acyl-CoA synthetase can incorporate endogenous but
not exogenous fatty acids into phosphoglycerides (36).

There is an enzyme in E. coli which can convert
fatty acid to acyl-ACP (37}. The function of this enzyme is
unknown but it is possible th;t it serves to convert exogenously

derived fatty acids to acyl-ACP derivatives which in turn would

incorporate the acyl groups into phosphogiycerides {37).

L]
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2.. Diglyceride Phosphok1nase

A d1g]ycer1de kinase capab]e of forming phosphatidic
acid from diglyceride and ATP in cell extracts, first reported
by Pieringer and Kunnes (54), has been purified 600-fold. It
is specific for the‘sn-1,2 jsomers, but catalyzes the
phosphorylation of monoglycerides and cergﬁides»(?g,so).

It is not possible to'aégign an important role to,;
this ehzymg in the'synthesis of phosphatidic aEid since in normal
strains, diglyceride is a very minor pool of 1ipid and does
not turn over rapidly (57,81) as compared to phosphatidic acid
and CDP-diglyceride (57,59).: Mutanfs which lack diglyceride
kinase have been isolgted and the membranes of these strains
were found to contain substantial amounts of 1,2 diglyceride,
representing approximately 8% of the total 1ipid (81). The
phospholipid contentﬁgf these mutants, however, is.not altered.
On the basis of these results it has been suggested that the
digiyceride pho§phokinase pathway functions as a minor route

for phosphatidic acid synthesis.

(c) Synthesis of CDP-diglyceride

<""’/"f
The formation of CDP-diglyceride involves fhe enzyme CTP:

phosphatidic acid cytidyltransferase, an enzyme originally discovered
"in animal tissues (82). In E. coli the enzyme is associated with

-

the inner membrane {6,7) and has been purified 100-fold by digitonin

extraction and séparation on DEAE ce]]uiose {83). The synthetase
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specifically requires sn—phosphatidié acid containing unsaturated
fatty acids and is inactive with dipalmitoyl phosphatidic acid. B
It is dependent on the presence of Mq4"+'and Kt for maximal
activity (60). |

Results obtained with partially purified enzymes indicate
th@t very 1iRely a single enzyme synthesizes 11pqnuc1eotide fpom
e{ther dCTP or CTP at comparable rates (83) but not from ATP, uTP,
" and GTP (60). In vivo the level of CDP-diglyceride accounts for
60—86% of the total liponucleotide, the rest occurs as dCDP-
diglyceride (59,85). -The ieve]s of liponucleotide in vivo are very
low partly because CDP-diglyceride is quickly converted to other
phosphoglycerides and also because there is in E. coli a ve}y active
CDP-dig1yceride hydrolase which‘converts Tiponucleotide to
phogphatidic écid and CMP (§3386). This enzyme, however, has no
affinity for dCDP-diglyceride and one could therefore suggest that
it is implicated in the regulation of fhe CDP—dig1yceride_to dCDP-
diglyceride‘ratio (84,86).

The formation of CDP-diglyceride leads to a branch point

in phosphoglyceride biosynthesis (cf Scheme 2). The phosphatidyl
moiety can be transferred to the hydroxyl group of L-serine or to-
that at the 1-position of sn-glycero-3-phosphate (61,62). Since fthe

levels of phosphoglyceride classes occur in definite proportioﬁ

some mode of regulation might well be exercised at the branch point
to account for this phencmenon. Such a regulation mechanismy if

indeed it exists, is clearly not understood at the moment.
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-{d}- Synthesis of Phosphatfdy]sering

CDP-diglyceride:L-serine 0 - phosphatidyltransferase
(phosphatidylserine synthetase) forms phosphatidy]seriné from
CDP-diglyceride and L-serine (62). ‘

The coliform enzyme is not bound to the inner membrane
in significant amounts but is récovered in association with
‘ribosome-fractions after homogenization (58). The physiological
significanée of this finding is not certain. Cronan has suggested
that it may be an artifact (47). The enzyme can be extracted -from
ribosomes with 5 M NaCl and has been purified from such extracts
some 5,000-fold to‘homogeqeity (87,88). In purified form, it
catalyzes. the transfer of the phospﬁatidyT group from CDP-diglycefide
to L-serine but also exchanges free CMP with the CMP moiety of CDP-
diglyceride and L-serine with phésphatidylserine (87,88). It
" catalyzes the reversal of phosphatidylserine synthesis and the slow
hydrolyses of CDP-diglyceride and phosphatidylserine to yie]d phos-
phatidic acid (87,88). This-eﬁZyme, which does not require added
cations for activity:'is greatly stimulated by Triton X-100 (62,87,88).
It has been proposed that the enzyme acts on mixed micelles of
Triton X-100 and CDP-diglyceride (87) but addirect effect of the
detergent on the enzyme has not been precluded. The Km er serine
has been determined to be 0.1 to 1 mM depending on thg/génhitions,

and added lipids do affect this kinetic parameter (62,87-89). CDP-

diglyceride and dCDP-diglyceride are both active as substrates and
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are well preferred to the other liponucleotides tried, ADP-diglyceride
and UDP-diglyceride (87,88).

Present evidence, based on genetic and biochémica] data,
indicates that the major pathway for phosphatidy]seriné synthesis
1nvo1ves the phosphat1dy1ser1ne synthetase enzyme (62,90- 92). In
eucaryot1c organisms phosphatidylserine is not synthesized by th1s
de-novo process but éepends on an exchange of the base of
phosphatidylethanolamine for serine (87).

Mutants deféttjve in phosphatidyliserine synthetase have
been iéo1ated. The defect in one mutant was an exaggerated

.thermosensitivity of the enzyme. At nonpermissive témperatures,

tﬁe synthesis of phﬁsphatidy1ethano1amine stops and there are Targe
increases in anionicllipids, especially cardiolipin (92,93).

However this genet1c ev1dence does not preclude the possibility of
alternative pathways for phosphatidy]ethano]amtne synthesis in vivo.
in fact there are mutants which have been isolated that can neither
synthesize phosphatidylethanolamine nor accumulate phosphatidylserine.
These mutants have a normal phosphatidylserine syﬁthetase and their
mutations are located on the genetic map at a position distinct

from those of phosphatidylserine synthetase mutants (92).

(e) Synthesis of Phosphatidylethanolamine

Phosphatidylserine is very rapidly converted to
phosphat1dylethan01am1ne by a membrane bouﬁﬁxphosphat1dy1ser1ne
decarboxylase (58,62). Hydroxylamine treatment of wild type cells

(58) or growth of phosphatidyiserine decarboxylase mutants at
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nonpeﬁmissive temperatures (95) results in the accumulation of large
amounts of phosphatidylserine.

‘ The enzyme has been extracted froh the membrane with
Triton X-100 and purified 3,600-fold to homogeneity by a cbmbination
of ion-exchange chrématography, gel filtration, and density gradient
centrifugation (96). The subunit molecular weight is 36,000 but the
native mojecular weight is not known (96). The structure of its
 membrane attachment is also not known.

Inhibition of the decarboxy]asé by hydroxyiamine suggests

that there is an aldehyde or ketone group at the active site (96,97).
Pyruvate has been shoyn to be the bound cofactor rather than
pyridoxal phosphate (87). The substrate specificity has not been
thoroughly examined but the enzyme does not act on free serine nor on
glycerophosphorylserine (62,96). It has a marked requirement for
Triton X-100 but does not depend on any divalent metal ions (96).
| In mu\ nts defective in phosphatidylethanolamine synthesis,
there is no'rapid“and severe effect on growth rate. This is in |
contrast to mutants blocked early in phospholipid synthesis, for example
gps A and-pls B mutants, which grow for about half a generation after
phospholipid synthesis is halted by the lack of added precursors in

the medium (98). l
‘ !

(f) Synthesis of Phosphatidyliglycerophosphate

CDP-diglyceride:sn-glycero-3-phosphate phosphatidyltransferase
{phosphatidylglycerophosphate synthetase) catalyzes the formation of
phosphatidylglycerophosphate from CDP- (or dCDP-) diglyceride and

an-glycero-3-phosphate (61,99). This synthetase has been extracted
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from E. coli and purified 6,000-fold to homogeneity by affinity
chromatography on COP-diglyceride-modified Sepharose (99,100). The
apparent subunit molecular weight is 24,000, as judged by polyacrylamide
gel electrophoresis (99). Triton X-100 and Mgt or mpt+ stimulate
the enzyme activity-(61,99)§

The mgchanism of phosphatidy]glycerbphosphate synthetase
may differ from that of phosphatidy]setine synthetase since exchange
reactions between CMP and CDP-dig]ycgride or between sn-glycero-3-
phosphate and phosphatidylglycerophosphate do not épcu} i61,88;99).
By incubating phosphatidylglycerophosphate with CMP, independent
investigators have been able to demonstrate a .reverse reaction
(61,99). Phosphatid}lg]ycerophosphate synthetase is very active only
with CDP-diglyceride or its deoxy analogue. The dCDP-diglyceride
is about twice as‘effective as CDP-diglyceride at high concentrations

(101).

(g} Synthesis of Phosphatidylglycerol . | _ \

Phosphatidylglycerophosphate is rapidly dephosphorylated
to phosphatidy]glyéero] (]pZ) by the action of a specific particulate
phosphatase which requires Mg++ and Tritoﬁ X-100 for activity (102).
%he enzyme has been purified only 10-fold but it does not act on
sn-glycero-3«phosphate or on phosphatidic acid (102). The very
marKed activity of this enzyme in vivo could expiain why phosphatidyl-
glycerophosphate does not accumulate in this organism.’

Some formation of phosphatidylglyceroi has’ been obtained

in crude extracts of E. coli which apparently cannot be "attributed

ey



to the combined phosphatidylglycerophosphate synthetase and
phosphatase activities (103).. This phosphatidylglycerol could 1
arise by the reversal of cardiolipin synthesis (104) or hydrolysis

of this polyglycerophosphatide (105-107).

(h) Synthesis of Cardiolipin

" Cardiolipin synthase is a membrane bound enzyme which
h;s been found in E. coli as well as other bacteria (104). It
'cata1yzes a transphosphatidyiation reaction betweeﬁ 2 molecules
of phosphati@y1g1ycero1;to yield cardiolipin and glycerol as
products. ~

Stanacev et al (108) had proposed that cardiolipin i%s

fonnedvby a reaction cata]yzing’bhosphatidy]glycero] and CDP-
diglyceride as is the case in mammalian mitochondria (109),'
However the transphosphatidy]atidn reaétion appears to be the only
pathway involved; aibeit, CDP-diglyceride does stiﬁulatg the
reaction 3-fold (104,108). hccording]y, the phosphatidyl moiety
0f[?4§L1abe11ed CDP-diglyceride does not incorporate into

cardiolipin in vitro in 8§, awreus or E. coli extracts (104,110).

D. The Turnover of Phosphog]yéerides in E. coli

While phosphdtidy]ethaho]amine pools in normally growing
E. eoli cells remain stable, those of other phospholipids undergo quite
noticeable turnover. Phosphatidic ggid, CDP-diglyceride, phosphatidy1-
glycerophosphate, and phosphat{dylserine are_mefabo1ized very rapidly
as intermediates in the biosynthesis of tﬁh\TEJpr phosphoglycerides
(44,60-62,102) . ) |
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The pdlyglycerophosphatides, phqsphatidylglycerol and
cardiolipin also undergo turnover but at moderate rates (106,121).
The turnover of phosphatidylglycerol could be hart]y e;blained an the
basis of its conversion to cardiblﬁpin or to acy] phosphatidy]glycero1'
(52,112,113). That of cardiolipin is accountable at 1east'in part by
.the action of a cardiolipin phosphodiesterase detected in E, colt
extracts and which has been shown to be active {n'intact cells (105-107).
Levels of cardiolipin and.phosphatidylglycerol can be changed, one at
the expense of the othe} by varying the energy supply in the culture
medium (35,106,114). Presumably, this interplqy calls upon the actigjty
of the polyglycerophosphatide cycle, comprising'thé cardiolipin sxﬁéhase
and phosphodiesterase eniymes, whiéh appears to be controlled by the
levels of energy supply to the cell (106,107). |

The turnover of pé]yglycerophosphatides has also been
%mp]icated in the formation of a family of oligosaccharides containing
giucose, sn-giycero-1-phosphate, succinic acid, and phosphorylethanolamine
and termed membrane-derived oligosaccharides (MDO) (55). The unusual
stereochemistry and the time course of lakelling of these oligosaccharides
suggest that the sn-glycefa—l-ﬁhosphate moiety %s dérived'from the polér
headgroups of the polyglycerophosphatides (55). ‘Mutants unable to
snythesize the membrane-derived oligosaccharides show an impor,
~reduction in the rate of polyglycerophosphatide turnover; therefore,
much of the turnover must be accountable by MDO synthesis. sn-1,2-
. Diacyliglycerol is generated-és a by-product of the glycerophosphate
transfer to MDO. This digiyceride could then be phosphorylated to
phosphatidic acid by the diglyceride kinase.
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Although phosphatidylethano]amane is stable under normal
cond1t1ons, unusual accumu]at1on or turnover. of this lipid has been
shown. Cells that are treated with phenylethanol showed an apparent
_convension of phosphat1dylglycer01 and card1o11p1n t0~phosphat1dy1-
ethanolamine (115). E. co?t By wh1ch shows' an abnormal envelope
metabolism by shedd1ng phosphoglycer1de, 1ipopolysacgharide, and
phosphatidylethanolamine turnover (116). A marked turhover of
phosphatidylethanolamine was noticed in a temperature-sensitive DNA
initiation mutant of E. coli at the restrictive temperature of 40°
(117). A marked zurnover of ;this 1ipid is aiso noticed in amino'acid

'st%rved E. coli cells which had a lesion in RNA control (118).
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E. Phospholipid Breakdown in E. colt ' //~E\\

Q

Several types of- phosph011pase A% have been reported to occur
in E. coli. Fung and Prou]x (119,120) first observed that E. coZt
possessed phospholipase A] actiyity and some phospholipase Az activity
whereas Okuyama and Nojima concurrently reported phospholipase A
lact1v1ty without specifying positional spec1f1c1ty (181) Scandella
and Kornberg_(l?Z) purified a phosph01ipase‘A] from the particu]atew
fraction to near homogeneity The purified enzyme requ1red Ca '+
displayed an optimum pH of 8 4 and hydrolyzed on1y the 1 acy] ester of

phosﬁhatidylg]ycero1, phosphatidylethanolamine, and qard1o]1p1n at
comparable rates uﬁder the condjtioﬁs tested. It also diép]ayed
considerablie 1ysbphospholipase activity. A_]ees active acid phosphd]ipase
A1 has been detected in whole cell homogenates (120} and in E. eoli
spheroplasts {123) but has not been purifiee. Doi et al (124) have
designated two kinds of phospholipase A in E. coli, detergent-resistant
and aldeeefgent—sensitiﬁe phospholipase A. Further work on the -
positiona]‘specificity of the detergent-resistant phospholipase A showed
that this enzyme had‘both A, and A, activities (125). Albright et al
{126) found both A, and A, activities in the cell wall but could neither
establish nor preclude that these involved two different enzymes. 'Tﬁe _
other detergent-sensitive phospholipase A is located in the cytop1aem

and acts mainly on phosphatidylglycerol (124). The enzyme has not been

purified and its positional specificity is unknown.

LR .
v



Three types of Jysophospholipase activity have been detected
in E. coli (126). There is a 1ysopﬁospﬁb1ipase A]-actiﬁity in the cell
wa]]kthgt seems to be assoc%atéd with phosphglipase A]. Tﬁere is also
a lyébphospholipase A1 in the membrane and cytosol and a lysophospholipése
A2 in the inner membrane. |

The cytosol lysophospholipase has been purified to near
homogeneity (127). This enzyme hydrolyzes the 1-acyl and 2-acyl
derivatives of glycerophosphorylethanolamine, 1-acylglycerophosphoryl-
glycerol, and 1-acylglycerol, but does not attack diacyl phospholipids.

Lipase activity has also been detected in E. coii (128). The
enzyme involved hydrolyzes triglycerides, diglycerides, monoglycerides,
and simple fatty acid esters at an alkaline pH and requires catt
together with detergents for activity. ‘In crude homogenates, the level
of lipase activity towards trioleoylgiycerol is similar to the level of
phospholipase Ay activity (122). Doi and Nojima (129)7have confirmed
these résuits and gave genetic evidence indicating that a single enzyme
is associated with.triglyceride and phospho]ip%d hydrolyses.

Proulx et ai (130) have purified an enzyme from E. coli some
500-fold which dispiayed predominant1y:phospho1ipase A] aétivftyfbut
which copurified with lipase, phosphofﬁpase AZ’ and 1ysophosph011pése.
A1l four activities showed similar susceptibility to heat treatment.
The phospholipase A and lipase activities were recovered in a single
band when subjected to SDS gel electrophoresis. They all required catt
for activity. ﬁhosphatidy]cho]ine, phosphatidylethanolamine, 5nd their

lyso analogues were all hydrolyzed at equivalent rates which were greater
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than the ratés of hethylpa]mitate or triglyceride hydrolyses. Recently,
the work of Nojima et al (131) has shown that a singlg enzyme accounts
for at 1east'ﬁhree.lipo1ytic activities, pho§pho]ipase A1, phospholipase
Az. and 1ysopﬁospho1ipase activifies. E. colt,therefore, appears to
possess a lipolytic enzyme of broad substrate specificity acting mainly
at po;ition 1 but also at position 2 of phosphogliycerides and perhaps
also on triglycerides and methyl fatty acid esters.

Mutants 1ackiﬁg this Shospho1ipase activity of broad specificity
have no obvious defects in growth and the turnover of their polyglycero-
phosphatides occurs-normally (132-134). Phosphatidylethanolamine is a
stable pool in normal and in mutant strains lacking this enzyme (111,121,
133,134). The function of this enzyme is probably.related to absorption
of lipids from the medium. It is not related to the overall or partial
turnover of endogenous phosphoglycerides in normal cells (111,116).

Phospholipase Q;Eiﬁrbeen reported to occur in a number of
bacterial strains (121,f55~13?); however, it was not detected in several
E. coli strains examined by Bright-Gaertner and Proulx (111) and its
involv®ment in the turnover of phosphoglycérides of norma?ly growing and
éold shocked E. coli_cel1s could not be demonstrated (111).

| Phosphatidic acid phosphatase activity has been detected in
crude E. coli extracts. The enzyme which requires no catijons for its
activity is most active against lysophosphatidic acid, although significant
activity is seen with the diacyl ana]ogéé (76). The importance of this

enzyme in the metabolism of phosphoglycerides of E. éoli is unknown since
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according to published evidence, diglyceride is not a precursor of'tpe
diacylglycerol moiety of phosphoglycerides. |

Akcardiolipin—specific phosphodiesterase has been found i | .
E. coli and other Gram-negative bacteria, catalyzing a reaction similar
to that of phospholipase D (105—107,138). The enzyme which hydrolyses
cardiolipin to yield ﬁhosphatidylglycerol and phosphatidic acid has a
ﬁequirement for Mg+"+, is stimulated by ATP and inhibited by detergents-
and EDTA {107,138).

Extracts of E. colz also contaiﬁfa phosphod{esterase which
¢leaves glycerophosphorylethéno]amine to‘yield‘sn—glyce}o-S-phosphate
and ethanolamine (126). Thus a complete breakdown of phosphatidyleth-
anolamine may be performed in E. coli (126}.- )

There is also an enzyme in E. coli which splits CU§4d191ycerihe
to CMP and phosphatigic acid (84,86). This enzyme.is cytosolic and
appears to be specific for liponucleotides as the dedxyriﬁoliponuc]eotide
analogue is.not cleaved (84). On this basis a regulatory function has
been proposed for this enzyme since the ratio of ribo- to deoxyribo]iponuc}eo-

tides may have some significance in the regulation of phospholipid composition.

F. The Regulation of the Synthesis of Phosphog]yqerides‘

Factors regulating phospholipﬁd synthes}s are not yet clearly
understood. Phospholipid and fatty acid formation are usually tightly
linked in E. eoli (35,139). Starving of glycerol a%;pxrophi causes
cessation of bofh‘phospho1ipid and fatty acid synthesis (140). The

synthesis of lipids is usually coupled to that of other molecules such
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tﬁat if cells are repressed for a required amino acid, not only profein
and RNA synthesis stops but that of phosphoglycerides also (118}.
Likewise, when temperature-sensitive glycerophosphatevacytransferase
mutants were subject to a restrictive temperqture. not only phoﬁpholipid
formation stopped,.but DNA, RNA, and protéin syntheses also (118).

Both glyceroﬁhosphate acyltransferase and phosphatidylglycerol~
phosphate synthetase are inhibited by high conceqtrations of guanosine
5'-diphosphate-3'-diphosphate (141). The first'enzyme is blocked only
when acyi-CoA is the acy1ating'agent (61,142). Since in vitro
inhibition by ppGpp is irreversible and in vivo inhibitors of
phaspholipid synthesis are reversible (121,143), it is not likely that
ppGpp is indeed a regulatory substance.

The control of normal headgroup ratios in membrane phospholipids
is stN1 unknown. The CDP-diglyceride branch point presumably p1ays'a
role. Kte sum of phosphatidyisérine plus phosphatidylethanolamine
divided |by the sum of phosphatidyliglycerol plus cardiolipin is always
the same in ﬁormaligrowing cells (95).

/ Several hypotheseslhave been proposed for the regulation of
heéé;roup ratio. Kito et al (144) have observed ﬁeparate poals of
phosphat1dic acid in some membrane preparations. This was based on
two facts: (1) phosphatidylethanolamine and phosphatidylgiyceral had
different fatty acid compositions (145),and {2) endogenous membrane
bound phosphatidic acid incubated with sufficient phosphatidylserine
synthetase and serine produced phosphatidylethanolamine ht a maximum rate.

At this point addition of phosphatidylglycerophosphate synthetase



in the presence of o«c-glycerophosphate caused phosphatidylglycerol to

be formed,(144). Their conclusions however are at variance with other
workers who indicate that only one pool of phosphatidic acid and CDP-
dig]yceriderexists (146-148). Both phosphatidyltransferases forming
phosphatidylserine and phosphatidy1glycérophosphate use CDP- and
dCDP-diglyceride™effectively (87,99) and thus the preferential use of
CDP-diglyceride for one branch and dCDP-diglyceride for the other is
unfike]y. Phosphatidy]seriné synthetase does not Timit the levels of
phosphatidy]ethano]aﬁine.formed gince a 10-fold overproduction of this
enzyme in certain mutants does not significantly a1£;r the polar headgroup
composition (148). The ratio of neutral to negati@e]y—charged |
phosphatides present in the membrane may regulate the activity of the
phoéphatidy]transferases since it was found that various 1ipids influence
the rate of phosphatidylserine synthetase in vitro (89). Because
phosphatidylserine synthetase is not apparently membrane-bound, changes

in membrane structure may 1imit the access of the membrane to its

memb;ane bouﬁd substrate, CDP-diglyceride (83). The exp]dration of the

requlation of phospholipid headgroup composition is stiil in the early

stages and remains largely unknown.
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AIMS OF RESEARCH

'Pre1iminary experiments with E. coli extracts indicated
that [3213:]~phosphat1'dic acid incorporated its label only in poly-
glycerophosphatides under conditions which according to pub]ished'.
data should have pérmitted formation of labelled phosphatidy1-
ethanolamine (106).\”The aim of the present research was to study
further  the factors governing incorporation of labelled
phosphatidic acid into moré comp]éx lipids of E. coli and to
detect énd elucidate with the use of isotope-labelled precursors
any pathways for the synthesis of phosphatidylethanolamine
hitherto unpublished. This led to the study oflthe mechanism
whereby diglyceride rather than phosphatidic acid is incor-

porated into phosphatidylethanolamine.
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MATERIALS AND METHODS

-

A, Materials

Escherichia coli B (ATCC 11303) and Escherichia coli Bp,, ‘ )

were obtained from the American Type Culture Collection and from ,

Dr: J. Cronan, Harvard School of Medicine, respectively.

E. eoli B cells grown commerciaily in a high peptone medium
to the late log stage were purchased as a frozen sediment of cells
either from General Biochemicals Inc. or from Grain Processing Corp.,
[owa. |

Tris {hydroxymethyl) am1nomethane (Tris), potassium phosphate,

sodium phosphate, and all, other common chemicals of the purest grade poss1b1e

* were purchased from Fisher Scientific Co. Nucleotides and the phospho-

glycerides, beef heart cardiolipin, phosphatidic acid_(sodium salt),
phosphat1dy1ethan01am1ne (egq), phosphat1dylser1ne and phosphat1dy1g1ycer01
were obtained from S]gma Chemical Co. and/or from Serdary Research
Laboratories Inc. Chloroform, methanol, petroleum ether, ethyl ether,
and toluene were purchased from Fisher SéCentific Co. or J.T. Baker Co.
Chloroform was redistilled prior to usg,/

. Cytidine 5'-d1phospho{?-14d]-ethanolamine and PSC solubilizer .
were purchased from Amersham/Searie Co. H332P04, L- U-14§]-serine, [U-]4d]-
glycerol, L- [U-14d]—glycerol 3-phosphate, [1,2-14d]-acetic acid (sodium salt),

and E1,2-14é]-ethano1am1ne were purchased from New England Nuclear Corp.
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Bactopeptone and yeast extract were purchased from Difco Co. Silica

gel G was obtained from Macherey, Nagel, and. Co.

B.

Methods

(i) Growth of E. coli B cells

‘Stock cultures of E. coli B and BFA were maintained on

D

. agar slants. 5 mL broth cultures prepared from the agar slants were

used as innocula for the litre cultures. Cells were grown to the
late exponential phase at 379C in 1 L of medium containing 15 g of

Bactopeptone, 1 g yeast extract, 5 g sodium chloride, and 20 g of

" glucose. The glucose was autoclaved separately. Aeration was

maintained by slow agitation of the medium. The purity of the
culture was checked by the Gram stain, and by plating .on MacConkey
and citrate agars. Stock cultures were checked by the IMVIC test.
Cells were harvested by centrifugation at 4,000 X g for 10 min in a

Sorvall automatic refrigerated centrifuge (model RC2-B) at 4°C.

(i) Preparation of ecell-free extracts of E. coli B cells

Fresh E. coli B cells prepared in this way were suspended

in 12 mL of 0.1 M potassium phosphate buffer pH 7.4. The cel]

. suspension was then subjected to ultrasound treatment during four

1 min periods in an ice bath with a Biosonik II Ultrasonicator
(Bronwill Scientific Co.) at a setting of 60 watts or a Rapidis

cell disruﬁtor (UTtrasonics Ltd.) at maximum power tuned at 6-7.

e
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Between periods the suspension was allowed to cool so that the |
temperature ne#er exceeded 10°C. The suspension was then Eentrifuged
at 3,000 X g for 10 min at 49¢ to remove unbroken cells.  Supernatant
and particulate fractions weré obtained from the cell-free homogenate
by centrifugation at 45,000 X g for 40 min in the Sorvall centrifuge.
The particulate fraction was suspended in 10 mlL of the same buffer.
A1l preparations of E. coli cells were dialyzed against 0.1°M
potassium phosphate, pH 7.4, unless otherwise stated. The dialysis
was carried out in cellulose dialysis tuhing for 22 hours, with
several changes of buffer. E. coli Brap preparations were made in
the same manner.

E. coli B cé]ls grown commercially were suspended in
potassium phosphate buffer and cell-free homogenates were obtained as °
described for freshly prepared cells. -
The protein concentrations of all enzyme preparations were

determined by the method of Lowry et al (149).

(iii) Extraction of Lipids

Lipids were extracted from various sources by the method
of Biigh and Dyer (150). A propdrtion of 2 volumes of methanal to
1 volume of chloroform to 0.8 volume of the aqueous suspension was
maintained. This monophasic mixture was then stirred at room temperature
and 1 volume‘eéch of chloroform and water were added. The resultant
biphésic mixture was again stirred. The mixture was then centrifuged

at 600 X g for 2 min and the bottom layer was transfefred to an
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ot
evaporating'f1a§k with a Pasteur pipette. The lipid extract was
evaporated to dryness in a rotary evaporator at 50°¢,
With large exfraction vo]pmes such as shbsfrafe preparations,
the monophasic system was mixed for 20 min and the biphasic system
for 5 min on a mechanical stirrer, while with small extraction
volumes such as enzyme assays, both systems were mixed 20 secoﬁds

on a vortex mixer.

(iv) Separation of Lipids

(a) Pﬁosphoglycerides

Silica gel G plates, 0.5 mm thick, were made from j;
a slurry containing 45 g of silica gel G in @ﬁ mL of distilled
H20. In initial studies the plates were activated for 60 min
at 110% prior to use but subsequenfly better separations of
1ipids were obtained when the activafioﬁ time was reduced to
20-30 min. The separation of phosphatidic acid from its lyso
analogue or other acidic phospholipids was accomplished with
silica gel H plates containing no gypsum binder. The p]aéés
were prepared from a slurry containing 25 g of silica gel H in
90 mL 6f 1% Na2C03.
Phosphoglycerides were separated on these plates .
with the following solvent systems (45): |
System 1 - Chloroform:methanol:water (65:25:4 by vol. )
System 2 -\Ch}oroform:methano1:glacia]acetic acid

(65:25:8 by vol.)

——

.
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System 3 - Chloroform:methano]:conc..ammonia: water"
- (70:30:4:2 by vol.) |
. System 4 —,ChIordform:methaﬁo]:? N ammonia .
| (60:35:5 by vol.)
“For }outiné analysis of the products oflenzymé assays,
Pphospholipids were sep;rated on si]icé ge]-G plates developed

with system 1. The RF values are given in Table IQ

(b) Neutral Lipids

Neutral lipids were separated on silica gel G plates
with solvent systems 5a [petrOIeum ether:ethyl ether:formic acid
(65:35:1.5 by vol.ﬂ and 5b [betroleum ether:ethyl ether:formic
cacid (75:25:1.5 by,vo].ﬂ . In sdmé assays the plates were run
in solvent system 5a or 5b, air dried for 20 min, and subsequently

"run in system 1. The Rf values are given in Table 2,

(v) Mild Alkaline Hydrolysis of the Phosphoglycerides and the
Separation of the Water-Soluble Products

In order to identify the products of enzyme assays
and to determine the identity aqd purity of prepared substrates,- the \\f“‘\\
phospholipids were dégraded to their water soluble produtts'by mild |
alkaline hydralysis (151). The lipid samele was dried under a
stream of N2 and disso1veq in 0.5 nmlL og‘methanol-ch10roform (3:2 by
vol.J. 0.5 mL of 0.2 N methanolic NaOH was added and after the

hydrolysis had proceeded at room temperature for 15 min, the water

soluble products were extracted by the addition of 1.0 mL of methanoi-
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Table 1

R Values of Phosphoglycerides in Various

e Solvent Systems
Phosphoglyceride Chromatographic System
) 1 2 3 4
PA 0 0.58 0.15 0.08
PG 0.32 | 0.56 0.50 0.52
. PE 0.40 0.35 0.55 | 0.38
cL 0.68 0.95 0.55 | 0.55
PS 0 0.17 - 0.15

—_—TTN
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Table 2

—t

R¢ Values of Neutral Lipids in Different
Chromatographic Systems

Lipid System 5 System ba
Fatty Acid 0.75 0.50
Triglyceride 0.91 0.75.
Monoglyceride 0.09 0.03
Diglyceride 0.55 0.19

trvy
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chloroform (1:4 by vol.) and 0.9 mL water, Aftef mixing briefly
the biphasic extract was centrifuged and the upper afjueous phase
containing the water-soluble pro;:lucts was 'removeg with a pasteur
pipette. This phase -was neutralized with 0.3 - 0.5 mL of washed
Dowex-50° resin in the presence of 1 drop of 1% phqno1bhthalein.
The resin was removed by cenfrifugation and tﬂgf;éutra1ized phase
was made slightly alkaline with 1-2 drops of 1.5 M methanolic
NH,0R and evaporated to dryness. The water soluble fraction was
then dissolved in methaﬁol:water (10:9 by vo]l) and spotted on -
Whatman No. 1 paper and developed with one of three solvent
systems:

System 6 - 90% liquefied phenol:water (140:35 w/w giving a -

. . final phenol:wdter ratio of 5:2 w/w)
System 7 - 1 M/;mmonium acetate pH 7.5:95% eihapo] (35:65 v/v)

System 8 - pdtanol:acetic acid:water (5:4:1 by vol.)

The chyomatograms were run for approximately 17 hours by

ue. The Rfﬁva]ues of these water-sojuble

hydrolysis products are givén in Table 3.

the ascending techn

(vi} Detection and Identification of the Phosphoglycerides

The Tipid components separated on silica gel.plates were
routinely revealed by exposure to iodine vapour. The jodine was

. then allowed to sublimate off the plates in air at room temperature.
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Table 3. o

Rf Yalues of the Deaéylatidn Products of Phosphoglycerides

Libid Deacylation Product Chromatographic System
6 7 8

PA ; o&GP . 0.29 -0.29 0.23

PG GPG 0.46 0.63 0.15

PE o oeE - 0.63 .| 002 | 0.24

- CL GPGPG 0.15 0.58 0.05
PS ‘ GPS 0.17 - -
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To detect specific phospholipids, a variety of stains
was used. Nitrogen-containing phospholipids such as phosphatidyl-
ethanolamine, phosphatwdy]chol1ne and phosphat1dylser1ne weére
detected by spraying the plates with a so]ut1on of Ponceau red,
made by difsolvipg 2 g uranyl nitrate and 0.05 g Ponceau red in
1 L .01 N HC1. Elution of the stained lipid by Bligh and Dyer
extraction removed the dye which partitions entirely into the
water-methanol phase.

Phospholipids containing free amino groups such as phospha-
tidylethanolamine and phosphatidylserine were also detected by
spraying the plates with 0.5% ninhydrin jp acgtone:butanol (1:1).
The colour was developed by brief heating at 110°¢.

Compounds containing vicinyl hydroxyl groups such as
various mild alkaline hydrolysis. products.and phosphatidylgiycerol
were identified by the periodate-Schi(f reaction {152). Each plate
was sprayed with 2% aqueous sodium metaperiodaté. After 10 min the

+plate was p]aqed in a sulphur dioxide atmosphere and then sprayed
with Schiff's reagent (1% pararosaniiine hydrochloride bleached by
saturation with SOZ). The sprayed plate was re-exposed to the
sulphur dioxide and the appearance of a dark mauve colour indicated
a positive test.

-Rddioigotope 1abei1ed compounds were detected by scanning
with an Actigraph III gas flow detector (Nuclear Chicago). Labelled
compodﬁds were also identified by autoradiography with Kodak Blue
B;and (ne screen) X-ray film. Films were developed with Kodak

developer and fixer.
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(vii) Preparation ofl-azgl-Labe11ed Phospholipids

| (a) E. coli B cells were cultured to the stationary phase
{10-17 hours} at 37°C in 1 L of basic glucose-peptone broth

containing 5 mCi of H332P04. Cells were harvested by centrifugation

at 4,000 X g for 10 min and the lipids were extracted from the ¢
harvested cells by the method of Bljgh and Dyer (150)-with two
chloroform washings of the aqueouéshhgée. The med%um‘was
neutralized * 1N Na-OH, reautoc'l'é'iréd, and fresh sterile glucose
‘Was adSEd. The medium was then re-innoculated with a 5 mL culture
broth of E. coli anﬁ grown as before. Cells were harvested in the
same manner and a second 1ipid extract was prepared and added to
the first.
The total 1ipid extract was separated by preparative )
TLC with system 2. Individual phospholipids were eluted from the
silica gel by Bligh and Dyer extraction (150)~and purified by TLC
with system 1. An aliquot of each [BZP]-phospho1ipid was subjecté&
to ﬁi]d alkaline hydrolysis and the water-soluble product was
analysed by paper chrom;}ography with system 6. Lipid phosphorous
was determined by the method of Bartlett (153).
For the preparation of [BZP]-phosphatidic‘acid, the
purified [BZé]-phosphatidy]ethanolamine was reacted with phospholipase
ﬁ from cabbage {Sigma Chemical Co.) according to the procedure of
Yang et al (154) with slight modifications. A chloroform solution

of phosphatidylethanolamine was transferred to a 15 mlL

stoppered test tube and evaporated 'to
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dryness with a N, stream. 0.2 mL of 0.4 M acetate buffer pH 5.6
and 0.2 mL of 0.2 M CaC]2 were added along with 20-30 mg of |
enzyme. The total volume was made up to 1 ml and the reacfion
was started by add1ng 0.5 mL of watenrwashed ethy] ether. The
tube was stoppered tightly ang'the reactton mixture was incubated
at room temperature in a shaker for 3-4 hours. At the end of the
incubation period, the ether layer was evaporated off and an
’///jﬂédic Bligh and Dyer lipid extraction (150) was performed to
recover all of the phosphatidic acid. 1.25 mL chloroform and 2.5

mL methanol-were added. After mixing, 1.25 mL 0.2 N HC1 and 1.25

oroform were added to form the biphasic system. This was
mixed, then centrifuged, and the bottom phase was removed and
brgught to pH 7.5 with 0.2 N methanolic NH40H before evaporating

to dryness in a rotary evaporator.

(tﬂ;j[32% -Tabelled phosphq1ipids'were also preparéd fram
rat liver according to the proéedure of Fung and Proulx {119).
3 g of rat Tiver from a 3 week o}d rat were rinsed in Krebs-Ringer
bicarbonate buffer. The liver was sliced into small pieces and
put into a 40 mL centrifuge tube with 2 mL of ice-cold Krebs-Ringer
buffer. 1 mCi of [32P:|was added and the migture was incubated
for*4 hours at 37°C 1n_a shaking waterbath. Throughout the
incubation, a gentle stream of water-saturated 5% CO, - 95% 0,
was bubbled through the mixture. After the incubation, the mixture

was diluted to 8 mL with H20 and homogenized with a hand glass
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homogénizer. A Bligh and Dyer (150) lipid extraction was
performed on the mixture and the phospholipids were separated
by TLC as stated above. [32a-1abe] ed phosphatidic acfd was
prepared from the[?zé}labe1fed phdsphatidylcholine and

phosphatidylethanolamine in the same manner as the E. 6017

[32a -labelled phosphatidic acid.

(viii) PFeparation of [14& —fattj acid‘Yahgljgd_ﬁhpsphblip'
. i e —

E. coli B cells were grown to the stationary phase

(17 hours) in 1 L of basic medium containing_250

acetate (sp. act. = 53.5 mCi/mmole). The cells were arveéped as

- .

previously described and the lipids were extracted by the method

‘of Bligh and Dyer (150). The total 1ipid extract was s otted on

silica gel G plates and the chromatograms were developed first

—f\hTfﬁ solvent system 5A. The plates were é%r-dried and further

developed with system 1. The individual phospholipids: phospha-
tidylglycerol, phosphatidylethanolamine, gnd cardiolipin were
eluted from the plates as usual and each was furthgr purified by
chromatography with systeﬁ 1 or 3. About 1% of the radioactivity
was incorporated into the phospholipids. [14é]-phosphatidic acid
was g:epared from [laé]-phosphatidy]ethanolamine as described
previously. [14é]-1,2 diglyceride was prepared by the action of
phospho]fpase C from Bacillus cereus oOn 5ppropriate1y labelled -
phosphatidylethanolamine (155). Crude phospholipase C ehzyme was
prepared as described by Chu (156).

A

&z
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14

(1-'"C-palmitate)}-labelled phospholipids were also prepared

~ from rat liver and ]-[14§]_pa1mitate (sp. acty= 55.26 mCi/mmé!e).

2-3 g of rat@ggyer wgre.s1iced into 10 mL of 0.02 M Tris-HC1 buffer pH 7.2
o 14

containing 0.125 M KC1 and 0.002 M MgCl,. 10 uCi of [ C:]~pa1m1't1'c acid

2
was dried in a test tube to which 75 mg'ATP and 2.5 mg CoA dissolved in
3L of the Tris buffer neutralized with 0.1 N NaOH was added. After
sonication, 3 mL of liver hemogenate was ;dded and,incubaﬁed for 90 min
at 37°Q in a shaking waterbath. Lipidé Were extracted as previously

stated and separated by TLC‘first with system 5B followed by system 1.
(ix) Preparation of []4e]—g1yhero1-1abe11ed/?ﬁ3;ph01ipjds

-

Method (a):

50 uCi of []4C-(Ui]-gjycerQ] (sp. act. =175 mCi/mmoIe)
were added to a 1 L flask of basic medium along with:a'5 mL broth.
of E. coli cells and after 8 hours of growth at 37°C the cells were
harvested as prévious1y stated.. The lipids were extracted ahd.
separated with system 1. -[]4é]-g1ycero1-]abel1ed phosphatidyl- -

ethanolamine was treated with phospholipase D and the [ -labelled

phosphatidic-acid was extracted and purified by TLC with system 1.
[14€]-dig1yceride was prepared by treatmeﬁt.of.[]4é]-phosphatidy1_
ethanolamine with phospholipase C. The []4é]-d191yceride was
purified with the use of system 5.

Method {b):

ki

Rat Tiver homogenate was used as the enzyme source for
the incorporation of L—[U—]4é]-g1ycero1-3-phosphate into phospho-
1ipids. 2-3 g'of rat liver liver were homogenized in 10 mL of

the following sobgtion: 0.2MTris, 0.002 M MgC]z, and

¢ -
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0.125 M KC1 brought to pH 7.4 with 1 N HCl. 75 mg ATP and

2.5 mg CoA were dissolved in 5 mL of this byffer and to this
solution adjusted to pH 7.4 with 1 N HC1 was added 20-50 uCi

of L—[U—]46] glycerol-3- phosphate and 3-mL of the rat liver
homogenafe. The m1xture was incubated for 1 hour at 37°¢.

The 1ipids were extracted by the method of 8ligh and Dyer (150)
;nd separatéd by preparative TLC as described previously.

: []4C] phosphatidylcholine and [14

] phosphatidylethanolamine
were then used as substrates for.the preparation of []4C—}
glycerol -labelled diglyceride as described previously except
that 250 units of commercial phospholipase C from Bacillus.
cereus {Sigma Chemical Co.) were used. This method gave

diglyceride of very high specific activity.

(x) Preparation of Phosphatidy]ethano1amine from [14Q]-Serine

In order to make phpsphatidylethanolamine in which
mainly the ethano]amine‘éréup was labelled, E. coli B cells we}e
grown with 50 uCi L-[]4C—(U)]—serine (sp. act. = 153 mCi/mmole)
in the glycerol medfum described by Raetz and Kennedy (105.

The procedure for the growth of the cells and extraction of
1ipids were the same as that described on pages 33 and 34,

(xi) Preparation of {14 1 Lysophosphat1dylethano]am1ne and []461
LysophosphatidyTglycerol

TJo prepare [ (J-Iysophospheg1ycerides, the diacyl

analogues labelled with'14c in the acyl groups were degraded with
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Phospholipase A2 from. snake venom of Crotalus adamanteus as

described by Hi]ﬁebrand and Law (157) with slight modificationsﬂ‘
by yhite and Tucker (158). The phospholipid was dried with a
N2 stream in a tube fitted $ith a stopper a‘nd then dissolved
in 20 wL of petroleum ether. 30 ul of 1.5 M NHQOH, 15‘u1
of SDS and 30 ul of 0.1 M Tris buffer pH 7.2 containing 0.01 M
CaC12 were added along with 3-5 md.of 1yophi]ized'venom from
eCrota]us adamanteus. T@e additidn of SDS stopped any lysophos-
pholipase activjty in the venom preparation. The tube was
stoppered and shaken at R.T. for 3;&khours; then the ether, was
evaporated off with a stream of N, and a small amoupt (2-3 mL)
of CHC13:MeOH (2:1) was added. The solution was spotted on
preparative TLC plates and run in system 1. The 1yso. compounds
were detected with jodine vapours and extratted from the silica
gel by Bligh and Dyer extraction. If any unhydrolyzed
phospholipid remained, it was eluted and sﬁbjected to another

incubation with snake venom.

+

(xii) Preparation of Labelled E. coli cell-free Homogenate,
Supernatant, and Particulate Fractions_

E. ecoli cell-free homogenate, supernatant, and-’
particulate fractions were used as both substrate and enzyme

sources. These fractions were labelled in vivo by growth in

media containing[?4a-acetate, ﬁ4ELserine; and ﬁ332P04.
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-(a) E. coli cells were jnnoculated into 300 mL bf the
usual glucose-peptone broth medium containing 100 uCi of [}4§]
acetate. The mixture was shaken on a rotary shaker for 7 hours
at 37°c. The 1abg11ed‘ce11s were harvested by centrifugation
at 4,000 X g for, 10 min and suspended in 10 ml of 0.1 M
potass1um phosphate buffer pH 7.4. The cells were sonicated
for four 1 min periods and then centrifuged at 3,000 X g for'
10 min .to remove unbroken cells. The homogenate was dialyzed -
against the same buffer for 22 hours with three changes of

buffer.

(b) ﬁQELser1ne 1abe11ed cell-free homogenate was prepared
in the same manner &s the{j4éLacetate Tabelled homogenate with
50 uCi of L-[}4C(Ui]-serine (sp. act. =150 mC1/mm01e) added to
the pu1ture medium. Cells were harvested as given in (d).

To prepare the[ﬁ4a-serine-1abe11ed supernatant and
particulate fractions, the£}4ELserine'1abe11ed homogenate was'
centrifuged at 200,000 X g for 2 hours in a Beckman L2-658
ultracentrifuge. The supernatant was removed and the pe11et was
suspended in the phosphate buffer. A11 fractions were frozen

and stored at -209¢ if not used immediately. ’

(c) [32F;J and[mtzl—ser'me _double-labelled supernatant and
particulate fractions were prepared in the same manner as the
[:da—serine labelled fractions with 5 mCi of H3 2P04 and 100 uCi

of L—[1?C(Uﬂ -serine (sp.-act. = 150 mCi/mmole} added to the
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300 mL culture medium. Cells were cultured and harvested

according to the procedure in (a).

(xiii) Gel Filtration of Labelled cell-free Supernatants

the [14d-serine and [32p/‘4c}serine labelled 200,000 X g
supernatants prepared in section (xii} (b) and (c) were analyzed
in coluhns of Sephadex G-50 (fine) and G-150. The columns were
2.5 cm in diameter andm28 cm in height. 0.1 M ammonium bicarbonate
buffer pH 7.0 Qas used as a vo1ati1; buffer to suspend the Sephadex
and as eluant. 5 mL fractions (flow rate = 0.5 mL per min)‘were
collected and an aliquot was counted in PCS:toluene (2:1) for
assessment of radioactivity and also read at 280 nm in a Hitachi

Perkin-Elmer double beam spectrophotometer to assess protein.

The peaks which contained both radiocactivity and protein were

nh1yophilized in a freeze dryer (New Brunswick Scientific Co. Ltd.)

and resuspended in 0.1 M potassium phosphate buffer pH 7.4. These

- protein fractions were stored in a frozen state if not used

immediately. .

{xiv} Trypsin Treatment of[LQC/ 32F;]Protein Fractions

The effect of trypsin on the activity of the [MC/BZP]-
Tabelled protein fractions prepared as described in the preceding

section was tested. The fractions were treated with bovine

-

pancreas trypsin Type VIIT (Sigma Chemical Co.) according to the

procedure of Doi and Nojima (125). "1 mL of the|?4C/326}1abe]]ed



protein fraction in buffer ﬁas reacted with 0:15 mL of trypsin
solution (1 mg/mL in 20 mM acetate buffer 3.7) and 0.35 mbL of
0.2 M Tris-HC) buffer pH 7.9 for one hour at 37°C in a shaking
incubator. To stop the trypsin digestion, 0.02 mL of a solution
of soybean trypsin inhibitor (Worthington Biochem. Co.) (5 nlg/mL
in 20 mM acetate buffer pH 3.7) was added. ~This trypsin-treated

fraction was then used as substrate in the invitro assays.

{xv) Preparation of R Lipopolysaccharides from E. coli B

R Lipopolysaccharides were obtained from commercial
E. cqfi B cells, obtained from the Grain Proces;ing Corp.,
according to the procedure of C. Galanos et al (159). The
commercial cells were lyophilized in a freeze-dryer for apﬁroximate]y
5 hours. 12.8 g of dry cells were transisrred to a cent;ifuge tube
and 50 mL of the extraction mixture - 1iauid.hhen01 (90%):chloroform:
petro]eu% ether (2:5:8 bj vdl.)were added. The mixture was then
stirred until a fine suspension was obtained. Because the
suspension was too viscous, 20 mL more extraction mixture was
added. The mixture was centrifuged at 3,000 rpm on an IEC
International Céhtrifuge size 2 model V for 5 min. The supernatant;
containing the lipopolysaccharide was fi]tereé through filter paper
into a round bottom.flask., The bacterial residue was washed twice
more with the same volume of extraction mixture and the supernatants

added to the first extract. Petroleum ether band CHC]3 were removed

by rotary evaporation at 40°C. The solution was then transferred
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1to a glass centrifuge Bott1e and watér was added dropwise until
the 1ipopolysaccharide precipitated. Addition of water was
stopged when the lipopolysaccharide started settijng down after
the mixture was allowed to stand for 1-2 min and no more
precipitate formed. The precipitated 1ipopolysaccharide was then
centrifuged at 3,000 rpm for 10 min. The supernatant was decanted
and the tube was allowed to stand for 2-3 min. upside down. It
was thenbwiped inside .with filter paper. The precipitate was
washed three times with small portions of 80% phenol ( 5 mL each)
and the inside of the tube waﬁ wiped with filter paper after
decantation of the supernatant. Finally the preéipitate was
washed three times with ether to remove any remaining phenol and
* dried in vacuo. The lipopolysaccharide was taken up in 14 ml. of
HZO’ warmed to 45%C and vacuum was carefully applied to remove '
_the air. The lipopolysaccharide was then shaken for a few‘minutes
whereby a viscous solution was obtained. The lipopolysaccharide °
was centrifuged once at 100,000 X g for 4 hours. The resulting
sediment was redissolved in 5 mL of H20 and transferred to a
40 mL glass centrifuge tube and 1yophiiized in a larger vacuum
bottle. The resulting powder was very hygroscopic. 'The yield of

11popof}saccharide was 0.38 q.

(xvi) Liquid Scintillation Counting

Liquid scintillation counting was performed in disposable

palyethylene vials with a Beckman LS 133 coﬁnter. Radioactive areas

~
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on TLC plates which corresponded to knowﬁ lipids to be ahélysed'
were counted without prior elution in the following scintillation
fluid: 5 g of 2,5-diphenyloxazole in 1 L toluene mixed with

100 mL methanol and 3.5 mL glacial acetic acid (160). Material
from paper chromatograms wa§ COupted by cutting appropriate areas
into sufficiently large sectfonS'and standing these sections
upward in'the vial. Quench corrections for [l4é]couﬁting were
estimated by a channels ratio method, those for [32€] counting by
an external standard method and when both isotopes were counted
together the'contribution of [32{] counts in the [1461 channel

as well as fhf/quenching were estimated by internal standards.

The quenching being relatively constant in our samples, the

contribution of [?ZP] counts in the []461 channel varied between
20-25% only.

(xvii) Dialysis

Al1 E. coli celi-free homogenage, supernatant, and
membrane fractions wefe dialysed unless otherwise stated. Seamless
cellulose dialysis tybing (avefage diameter of 23 mm) was prebared
for use by the method described by McPhie (161). 10-15 ﬁL aliquots
of E. coli homogenate, supérnatant, or particulate fractions were'}
dialysed against three changég'of 2L of C.1M pofassium phosphaté/

buffer pH 7.4 at 49 for 22 hours.
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RESULTS

The Metabo]1sm of Exogenous Phosphatidic Acid in E, ecoli cell-free
Extracts

(1) Hydro]ys1s of Phosphatidic Acid

This sEct1on deals primarily with factors influencing
the conversion of phosphatidic acid to other phospholipids.
* Preliminary experiments indicated, howevér, that some hydrolgéis of
[?26]-phosphat{dic acid occurred under the conditions chosen for such
conversions depending on the usual factors of time of incubation and
enzyme concentration. This was assessed by an increase of water-
soluble counts foliowing incubation wifh enzyme although attempts
fﬁ identify the water-soluble products formed were not made. The
pathway for phosphatidic acid breakdown was 1nvest1gated briefly.
Resu]ts summarized in Table 4 1nd1cate that [146 acyﬂ
phosphatidic acid is degraded to 1hbe11ed diglyceride and labelled
. fatty acid under.these conditions. When certain cofactors such as
CTP, serine, and £-glycerophosphate were omitted, thg hydro]ysfs to
fatty Séﬁd proceeded unaffected but that to dig]ycéfide increased.
The increase in diglyceride can be explained on- the basis that with
nucleotides absent, the diglyceride formed cannot be reconverted to
phosphatidic acid. Fatty acid accumulation was ‘optimum at bH 9.0
(Figure 3) and was not dependent on cation activation since it was
greatest in‘fhe absence of added cations or in the presence of EDTA

(Table 5).
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\\\'Table 4 -
- ~

The Hydrolysis ofl;Mcl-Phosphatidic Acid
To Labelled DiglyteridQe and Fatty Acid

r

Conditions ' Counts Recovered in Products
N DG * ., FA *
standard cdnditions 1062 - 2105

without nucleotides, serine
andeC-glycerophosphate 4098 - 2262

o

The standard reaction mixture containgd in 2 pL 0.1 M
potassium phosphate buffer pH 7.4, 32,000 dpm Tf4c-acy1 -phosphatidic
acid (sp. act. = 267 dpm/nmole), 0.1% Triton—X-100, 2.67 mg E. coli
cell-free homogenate protein, 2.8 mM ATP, 0.4 mM CTP, 20 mM serine,

10 mMeX-glycerophosphate, and 10 mM MgC12. The reaction was incubated
for 30 min at 37°C. .

* DG = diglyceride -
FA = fatty acid

* . A v
The remainder of the counts was accounted for by unhydrolyzed
product as well as matdrial in the water phase.

«
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/ Figure 3

The Effect of pH on the Hydrolysis of
[‘%]-Phosphatidic Acid to Labelled Fatty Acid
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T standard reaction mixture contained in 2 mL buffer,
45,000 dpm W? 4c. ~acyl1] -phosphatidic acid (sonicated in buffer, sp.
act = 267 dpm/nmole), 5 mg E. coli cell-free hemogenate protein.
Acetate buffer was used for buffers of pH 4,5, and 6; potassium
phosphate buffer for pH 6,7, and 8; and borate buffer for pH 9 and
10. The react1on was 1ncubated for 10 min at 37°C.
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' ~Jable 5

The Effect of Cations on the Hydrolysis
of P%]-Phosphatidic Acid to Labelled Fatty Acid

Conditions H Counts Recgvered in Products
DG FA
standard conditions 204 3328
+ 5 mM CaC12 175 | 303
+ 5 mM MnCl2 173 . 458
+ 5 mM MgCl,, 191 s
+ 5 mM EDTA .. 298 3464

Tris-HC1 buffer pH 9.0, 25,000 dpm 4C—acy1 -phosphatidic acid
(sonicated in buffer, sp. act. = 267 dpm/nmole}, 5 mg E. coli
cell-free homogenate protein, and additives as listed. The
reaction was incubated for 10 min at 370C.

The standard reaction mixtﬁlre _contjined in 2 mL 0.1 M
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) Both labelled dig]yceride'and fatty acid increased more
or less  Tlinearly with amount of enzyme up to a concentration of
0.88 mg protein and 1.76 mg protein respéctive]y‘under‘the conditions
used (Figure 4). At higher concentrations of enfyme the formation of
these labelled products decreased. Labellgd 1ysophosphatfdic acid
formed from [32% ~-phosphatidic acid up to a concentratﬁpnlof about
‘1 mg protein of enzyme and fell at conceTtrations higher than this
(F1gure 5). . Since crude enzyme prepérations were used, binding of
phosphat1d1c acid to non-catalytic proteins could account for the loss
of act1v1ty at high enzyme concentrations. Alternately, increased
conversion of phosphatidic acid to other phosphat1des at higher
enzyme coqcentrations would effective}y compete with the hydroiytic
activity. ‘ '

On the basis of the results just cribed, one can ekplain
the hydrolysis of phosphatidic acid by the activity of phosphat1date
phosphohydro1ase descr1bed prev10ust by Van den Bosch and Vagelos
(76) and by an acyl esterase aFt1ng on phosphatidate. The enzyme
should bg characterized furfher before conclusions can be made regarding
its mode of action. ™It is unlikely, however, that the fatty acid
Jiberated is the result of the combined action of phosphatidate
hydrolase‘activity and lipase activity since the latter enzyme
;equires catt for its activation and would be inhibited by EDTA (128).
Moreover the formation of [?24 -lysophosphatidic acid~from the diacyl
analogue necessarily 1mplies'én acyl esterase activity. Phospholipase

A is probably not implicated here since it alse has a strict requirement
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' Figure 4 ‘
. ’ . -

The Effect of Protein Concentration on the
Hydrolysis of 1?40 -Phosphatidic Acid to Labelled

Diglyceride and Fatty Acid -

DPM X 10"31Rec0yered in Products

Amount of Particulate Fraction (mg) //

buffer pH 7.3, 32,000 dpm ° 4C-acy]- -phosphatidic acid (sp. act. = 2.67
dpm/nmole), 0.1% Triton X~100, .10 m MgClo, and E. eoli cell-free

particulate protein in varying amounts. The reaction was incubated
for 30 min at 370C, : :

The reaction mixi:ré contained in 2 mL 0.1 M potassium phosphate
1



Figure 5

" The Effect of Prqtein Concentration on
the Hydrolysis of [32P|-Phosphatidic Acid -
to Labelled Lysophosphatidic Acid-

1

20004

1500

1000 {

DPM Recovered in LPA *

500 1

i

1 3 5 7 9
Amount ‘of Homogenate Protein (mg)

The standard reaction m1xig contained in 2 mL 0.1 M
Tr1s HC1 buffer pH 9.0, 14,309 dpm ?l -phosphatidic acid
(sonicated in buffer sp. act. = 3872 dpm/nmoie), and E. coli
cell-free homogenate protein in the amounts indicated. The
reaction was incubated for 10 min at 370C

*.|PA = lysophosphatidic acid /
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for Ca There is-]ikely‘therefore phosphatidate acyl esterase

activity distinct from .the other 1ip01ytic activities in E. coli.

(i1) The Conversion of[ ;| Labelled Ph05phaLLd1c Acid to, Other
-Phosphoglycerides ~/

Preliminary work by Audet et al (106) indicated that
exogenohs labelled phosphatidic acid, in the presence of detergent,
CTP, and Mg+'+, was incorporated by cell-free homogenate of E. coli

into phosphatidylglycerol and cardiolipin but apparently not into
- phosphatidylethanolamine.

Results shown in Figure 6 indicate the extent of [32&-
| phosphatidic acid incorporation into phosphétjdy]g]ycero] under
conditions which would be exbected to be suitable for ﬁé?mation
of both phosphatwdylethanolamzne and the polyglycerophosphatide.

These conditions included serine,ec-glycerophosphate, Mg+"* CTP, and
Triton X-100 as additives. The results indicate that with increased
protein concentration, the formation of phosphatidy1g1§cero1 increased
proportionately, but no incorporation occurred in the phosphatidyl-
ethano]amine fraction even at higher concentrétions of enzyme.
0ccas1ona11y a small amount of card1o11p1n was alsc formed.

Results summarized in Table 6 show that the formation of
[32& -phosphatidylglycerol is stimulated by CTP, Mg, and =<¢-glycero-
phosphate.  In no case, however, was there formation of ph?sphatidy1—

ethanolamine.

Ciw
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Figure 6

The Effect of Protejn Concentration on the
Incorporation of ?P -Phosphatidic Acid
into Labelled Phosphatidylglycerol

A

104

DPM X 10-3 Recovered ‘

Amount of Homogenate Protein (mg)

The reaction mixture contained in 2 mL 0.] M potassium
phosphate buffer pH 7.3, 11,500 dpm t? %]—phosphatidic acid (sp.
act. = 6071 dpm/nmole), 10 mM MgClp, 0.4 mM CTP, 20 mM serine,

20 mM<-glycerophosphate, 0.1% Triton X-100, and E. coli homogenate

protegn in varying amounts. The reaction was incubated for 30 min
at 379C.
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sy o Tab]é 6

The Effect of Co actors on the .
Incorporation of [32P]-Phosphatidic Acid
into Labelled Phosphoglycerides

d“

Cond{tioﬁs k Counts Recovered In
PG PE .
standard conditions 1489 0
- CTP | 302 0
_ Mg++ 199 Q
- o< -glycerophosphate _ 953 0

The standard reaction mixture contained
in 2 mL 0.1 Mpotassium phosphate buffer pH 7.3,
8.25 mg E. coli homogenate protein, 11,500 dpm [328] -
phosphatidic acid (sp. act. = 6071 dpm/nmole), 10 mM
MgClz, 0.4 mM CTP, 20 mM serine, 20 mM-glycerophosphate,
and 0.1% Triton X-100. The reaction was incubated for
30 min at 379C, )
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- (iii) The Conversion of [BZE]-Phosphatidic Acid and'[l4é]-5erine

to Labelled Phosphoglycerides

Results summarized in Table 7 indicate that when exogenous

[32@ -phosphatidic acid was incubated together with []4

C]—serine in
the presence of E. coli homogenate or particulﬁte preparations, only
the []46]-isotope was recovered in the phosphatidylethanolamine
fraction undér'varﬁous conditions tested. CDP-diglyceride was
added in some éases to show that the phosphatidylserine synthetase
and decarboxylase were indeed active in our preparations and
especially good incorporation of []4¢]-serine into phosphatidyl-
ethano]amiQSqwas obtained under these conditions. However one h;d
to expect a boorer_incorporation of [32é]-phosphatidic acid into
phosphatidylethanolamine in the pfesence of the liponucleotide
because of the isotopg dilution effects. )

In the absence of CDP-diglyceride, incubations with CTP
and Mg++ resulted in a lesser but significant incorporation.of
[]4é]—serine inﬁo phosphatidy]ethano]amine.' There was in this case
as well no noteworthy inqorporation‘of [32P] label from phosphatidic
acid into ﬁhosphatidylethano]amine. The only conversion of labelled
phﬁshhatidic acid that occurred involved the formation of polyglycero-
phosphatides. It is interesting to note that in the present
experiments phosphatidylethanolamine synthesis did oﬁcur in thg
particulate fraction. The phosphatidylserine synthetase enzyme was

reported to be located mainly in the ribosomal fraction which is

sedimented at a much greater gravitational force than the one used
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Table 7

The Effect of CDP-Diglyceride on '
the ‘Incorporation of [32P]-Phosphatidic
Acid and [l4C]-Seriné Tnto Labelled
Phosphatidylethanolamine

Conditions Phosphatidy thanolanine
32P 14C
with 5.6 mg homogenate protein: %
standard conditions 347 1,291 )
+ 0.4 mM CDP-diglyceride 255 [ 390,285
with 3.6 mg particulate protein:
standard conditions 306 17,265-
+.0'4 mM CDP-diglyceride 210 _ 54,261

The standard reaction mixture- contai 9 in 1.5mL 0.T M
potassium phosphate buffer pH 7.3, 78,960 dpm 1? -phosphatidic
acid (sp. act. = 65000 dpm/nmole), 1,710,000 dpm df-serine (sp.
act. = 153 mCi/mmole), 10 mM MgCl2, 0.4 mM CTP, 0.1% Triton X-100,
and E. coli cell-free homogenate or particulate protein as. indicated.
The reaction was incubated for 30 min at 370C.
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to prepare our own particulate fraction (88). However as Cronan has
discussed (47), overly vigorous disruption of the cells can result
in a redigtribution of the enzyme such that the membrane particulate
fraction becomes almost completely deprived of it. Considerable levels
of activity are recovered in the lysed envelope fraction if milder
disruption procedures are used (87). |

| One can conclude from the study that exogenous [32% -
phosphatidate is not incorporated into phqsphatidylethanolamine
under conditions which allow formation of polyg]ycerophpphosphatides '
frém this 1ipid and incorporation of []4€]-serine iﬁto phosphatidyl-
ethanolamine. ’

(iv) The Effect of CDP-diglyceride on the Conversion of [32P]-
Phosphatidic Acid to Labelled Phosphoglycerides

Results summarized in Table 8 indicate that exogenous
CDP-diglyceride inhibits incorporation of [32& -phosphatidic acid
into phosphatidylglycerol. One can suggest from this that the mode
~of [BZP]-phosphafidic acid incorporation into polyglycerophosphatides
involves its prior conversion to [BZP]—CDP—diglyceride in éCcordgnce
with known biosynthesis pathways for phosphatidylglycerol. Addition
of unlabelled CDP-diglyceride inhibits labelled polyglycérophosphatide

formation because of an isotope dilution effect.

(v) The Conversion of []4£]-Phosphatidic Acid to Labelled
Phosphoglycerides ' -

-

Results summarized in Table 9 indicate that [14a-aqy1 -phospha-

tidic acid was incorporated into phosphatidylglycerol and also
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Table 8

The Effect of CQP-Riglyceride on the
Incorporation of [32P]-Phosphatidic Acid
into Labelled Phosphoglycerides

Conditions Counts‘Recovered in Products

PG PE CL *.
standard conditijons 1024 0 594
+ 20 uM CDP-diglyceride 642 0 286
+ 306 uM CDP-diglyceride 284 0 - 2@9

The standard reaction mixture contained in 2 mlL of
0.1 M potassium phosphate buffer pH 7.3, 8.5 mg E. coli cell-
free homogenate protein, 10 mM MgCl12, 0.4 mM CTP, 20 mM serine,
EO o(~glycerophosphate, 0.1% Triton X-100, and 19,700 dpm of
P] -phosphatidic acid (sp. act. = 6775 dpm/nmole). The reaction
was incubated for 30 min at 370C.

* CL = cardiolipin



L . The standdrd-reaction mixture contained in 1.6 mL 0.1 M
¥ potassium phosphate buffer pH 7.4, 15,280 dpm [J4C-acy1] -phosphatidic
v acid (sp. act. = 227 dpm/nmole), 0.1% Triton X-100, 6.7 mg E. coii
* , homogenate protein (sonicated/min), and additives as listed. The .
reaction was incubated for 30 min at 379C. v ‘ﬁ \
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Table- 9

ed Lipids

The Incorporation of [148]—Phosphatidic Acid |
o into. Labe

[~

¥

Conditions Net Counts Recovered'in Products
PG | PE FA DG
-stand;rd conditions 0 | 2005 1684 2151
+10 mM Mgt t 643 | 129 983 | 986
+10 mM Mgt 4+ 0.4 M CTP g 1212 | 0 693 | 1630
|+ 20 mMt serine 36 | 1506 | 1456 | 1325




into phosphaﬁidy1ethano1amine However, upon Mg+"+ + CTP addifion':
the formation of phosphatidylethanolamine decreases SUEEEP"t‘a1]y
and on Bhe_occas1on was tota]ly absent. Added serine does not
stimulate the 1ncorporat1on into phosphat1dy1ethano1am1ne even when
dialysed enzyme preparat1ons were used as enzyme Perhaps
endogenous serine is generated during the course of incubation.
There was formation of d1g1yce§1de and fatty ac1d 'under all
conditions (approximate1y 60% d1g1ycer1de:40% fatty acid} wn1ch also
decreased upoR addition of Mg+‘f + CTP. - A expected the addition
of Mg++ + CTP Sstimulates phosphatidylglycerol fokmation and this
makes less phosphatidic acid available forﬁphosphatidy]ethano1amine
synthesis. _ |

Since [32é]-phosphatidic acid is‘not incorﬁbneted into
phosphatidylethanolamine whereas 14C -phosphatidic acid is, one can
suggest that\it isthe digTyceride moiet} of phosphetidic-acid that
serves. to form phoenhatidy1ethano]amine. Exogenous phesphatidic
acid is broken down to 1abej1ed'dig1yceride. Addition of nnc1e0tide,
which stimulates the reconversion of any dingperide produced to

_phosphetidic acid, favours phosphatidylglycerol formation but #ot.

that of phosphatidylethanolamine.

B. The Effect of CDP-diﬁ]yeeride on the Incorporation of [14A-Serine
14 ‘

C -sn—G]yceroJ3-phosphate into Phosphoglycerides of E. ecoli

~and

The lack of phosphafidylethano]amine synthesis-from [ézé]-

1abe11ed-phosphat1dic acid could have been due in part to a much
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greater rate of utilization of CDP-diglyceride by the~pﬁospﬁatidy1-'
g1ycerophosphdte_synthetase than by the phosphatidylserine -
Lsynthetase. In such a case the very limiped‘subp]y of the
1ip0nuc1eatide‘as‘is‘known to exist endogenoss1y (59) coﬁld‘
result in the almost exclusive synthesis .of phosphatidylglycerol.
Results illustrated-in Figure 7 indicate, however, that
for any concentration of CDP-diglyceride added, the synthesis of ‘
Tabelled ethanolafine phosphatide from [14é]-serine far exceeded
that of labelled phosphatidylglycerol from [”q -sn-glycero-3-
phosphate when the same amount of labelled precursor was used.
This marked'differgnce may not necessarily reflect the relative
.affinities of thé‘synthetases‘for the 1iboﬁuc1éotide substratgs.
Differences in the endogenous 1éve1s of sering and sn—§1ycerﬁ-3—
phosphate w6u1d result in'ﬁiffereht fsotope dilutions which would
in turn reflect on the synthesis of each labelled phosphatide.
However, the endogenous glycerophosphate levels have been reported
to be)very 1ow (76).and homogenate fraction used in fﬁis experiment
was e;tensively dialysed. It is therefore unlikely that a mofe

14

marked diTution of the [ C] - -glycerophosphate occurred unless

/

it was ggnerated in gréater amourfts than. serine during the

r
F

incubation.

e
”

C. The Incorporation of di{lFC]-dEy1-Glycero1 into Phosphoglycerides

The lack of exogenous [324 -phosphétidic acid incorporation
into phosphatidyiethano]amine unde?‘cqnditions which allowed [14é]-

-

o 4
- i vy
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Figure 7
The Effect of C[[fP Tg]ycemde on, t
4c

Incorporation of Serine and 4C ~gn-
G]ycero -3-phosphate into Phosphoglycerides
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[]4C]-PE + []4C]-PS from [14é]-8erine
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[”c] -PG + [”] PL from
A P4C -sn-Glycero-3-phosphate
----- -.-—-—-——-o-.-—.___._

0.1 0.2 0.3 0.4 0.5 0.6 *
[CDP—digTyceride] mM

The reaction mixture contained in 2 mL 0.1 M potassium
. phosphate buffer pH 7.3, 10 mM MgCl2, 0.1% Triton X-100, 4. '
E. coli cell-free homogenate prote1n 0.51 nmole of ei ir 1]4C - sn-glyc-
ero-3-phosphate = (sp. act. = 392,940 dpm/nmole} or -serine
(sp. act. = 335,220 dpm/nmo]e), and CBP- d1g1ycer1de in the amounts
~indicated. The reaction was incubated for 30 min at 370C.

.
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phosphatidic acid incorporation into this lipid prompted an
1nvest1gat1on of alternative pathways for the synthes1s of this
lipjd. Since diglyceride readily 1ncorporates into phosphog]ycerldes
of mammalian tissues and since labelled diglyceride did form from
E4é]—phosphatidic acid under our conditions (Table 9), this neutral
Tipid was tested as a direct precursor of phosphatidy]ethanolamiﬁe
under different conditions. | -

Results summarized in Table 10 indicate that di—[14é];acy1-
glycerol -readily incorporates 1ﬁto phosphatidylethanolamine but not
as‘read11y ihtd phosphatidylg]}cerol. A small number of counts
was also recovered in a tentatively idéntified phosphatidyliserine
fraction. Various cofactor additives were tested to indicate the
possible pathway(s) involved in the incorporation into phosphatidyl-
ethano1amihe.but none-had a stimulatory effect even when, extensively
" dialysed preparations were used. In fact, addition of cofactors
containing serine or ethanblamine base inhibited the incorporation
slightly. The enzyme preparatiaqn used thus contained or generated
some endogenous cofactor which jndirectly or directly suppiied the
phosphorylethanolamine moiety to phosphatidylethanolamine.

Results in Table 11 indicate a direct inco%poration of
labelled diglyceride into phosphatidyiethanolamine sihqe addition
of unlabelled fatty acid to t;; incubation medium had éb inhibitory '
effect on the incorporation. Instead a slight unexplained stimulation’
was observed. Had the incorporation involved the re]easg of fatty
acid from diglyceride prior to inzgrporation, isotope dilution wou]d

have decreased the Tabe]liﬁg of phosphatidy]efhano?amine.

/
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" Table 10

The Incorporatién of di;[;4C]»acy1—Gﬂycefo1 ' °
into Labelled Phosphogiycerides

Conditions = Count$ Recovered in Products
' PS PG PE
standard conditions _ 0 124 3205
+ 20 WM serine 257 | 124 | 2401
+ 20 mM ethanolamine - 263 : 92 | 259%A
+ 20 mM phosphoserine o 198 sl | 97 |-
4+ 20.mM phosphoethanolamine . 258 9% . 1928
+ 20 mM CDP-ethanolamine 123 98 2610

The standard reaction mixture contained in 2 mL 0.1 M
potassium phosphate buffer pH 7.4, 2.2 mg E. coli particulate
protein (dialysed 4 hours), 10 mM MgClz, 0.4 mM CTP, 0.1% Triton
X-100, and 25,000 dpm di- 14¢i-acy1—g1ycero1 (sp. act. = 2453
dpm/nmole). The reaction was™ incubated for 30 min at 370C.



'}_ N Table 11

-

The Effect of Unlabelled fatty Acid on
the Incorporation of di- {14C]~acyl-Glycerol
' into_Phosphatidy]ethano]amine

[}
.

-

Conditions Counts Recovered in
Phosphatidylethanolamine
standard conditions 5312
+ 0.2 mM palmitic acid * : 6783
-+ 0.5 mM palmitic acid 9192
+ 1.0 mM palmitic agid 8671

The standard reaction mixture contained in 2 mL 0.1 M
potassium phosphate buffer pH 7.4, 4.8 mg E. coli homogenate
protein, 0.1% Triton X-100, 10 mM MgClo, 0.4 mM CTP, 20
phosphoserine, 20 mM phosphoserine, and 24, 845 dpm di-[14¢)|-
acyl-glycerpl (sp. act. = 2453 dpm/nmole). The reaction was
incubated for 30 min at 370C.

* sonicated in buffer
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o

| Furthermore, results summarized in Table 12 obtained
with_diéby]-[]4c]-g1ycero1 substantiate the -conclusion that a
direct incorporat{on of diglyceride into ethanolamine phbsphatide
ocecurs. Mj]d a]ka\ine‘hydrolysﬁs of the labelled phosphatidyl- |
ethanolamine fraction-yielded g]ycerophosphory]ethah61amiﬁe as
‘the sole 1abelleg product,(Rf = (.63 with chromatography System 6).
Again‘labelling ﬁhoéphatidy]ethano1amine from diacyl—[1qc]-g1ycero1
required no added cofactors and proceeded in the presence of
éthy]enediaminetetraacetic acid.‘ There was no increase in
phosphatidylethanolamine formation when serine wasfadded along
wi£h Mgt * and CTP. When nucleotide and Mgt were added, a new
component appeared which&@ﬁn ciose to the origin (the slow-moving
component) when lipid extracts were.chromatographed in chloroform:
methanol :water (65:25:4 by vol., System 1). After elution of
this component by Bligh and Dyer extraction (1§p) of the silica
gel G, it was subjected to mild alkaline hydrolysis. Identificétion
of the hydrolysis products, g1yceropﬁosphory1serine and oC~-glycero~
phosphate with chromatography system 6 indicated that, with Mg+'l~
and CTP as additives in the incubation mixture, both phosphatidylserine
and phosphatidic acid had formed and together accounted for fhe
slow-moving compaonent (cf. Table 13)}. When Mg+°F and ATP were added
in the absence of CTP, only 1abelled phosphatidic acid appeared {
in the slow-moving component (cf. Table-13). Nucleotide and M§+*-
addition caused the appearance of []4€]-phosphatidylg1ycer01- ’
probably via labelled phosphatidic acid formation.ﬁhich accumﬁ]ates
under thege conditions fcf. Table 12 and 13). The accumulation qf
phosphatidic acid dié not, however, favour labelling of phosphatidyl-

ethanolamine.
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Table 12,

The Incorporation of diacyl- L14C]-
Glycerol into Labelled Phosphoglycerides

Conditions Counts Recovered in Products-
slow-moving : ‘
component PG PE CL
+ 5 mM EDTA ' - "0 0 2,440 0
+ 2.8 oM ATP ' 1,617 0 2,508 | 252
+2.8mMATP + 10 mM MgT T ' 11,145 3,039 | 2,156 | 574
++ ]
+ 0.4 mM CTP + 10 mM Mg . 7,957 1,820 | 1,826 | 617
+ 0.4 mM CTP + 10 mM MgT+ + 20 mM Serinegl 5,359 1,223 | 2,457 | 482

{

The reaction mixture contained in 2 mL 0.1 M potassium phosphate
buffer pH 7.4, 1.78 ﬂ . eoli particulate protein, 0.1% Triton X-100,
30,000 dpm diacyl- l? Qf—glycero] (sp. act. ="1,220 dpm/nmole) and
additives as indicated.” The reaction was incubated for 30 min at 370C.
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Table 13

Analysis of the Slow-M j¥4ﬁi Componeht
C

Labelled from diacyl- -Glycerol
Rf Values *
Conditions
Peak 1 Peak 2
++ ’

2.8 mM ATP + 10 mM Mg". . - 0.28
0.4 mM GTP + 10 mM Mgt . 0.14 0.24
2.8 mM ATP + 0.4 mM CTP+10 mM Mg™+ 0.13 0.26
nycerophosphbry1ser1ne standard 0.13
o< -Glycerophosphate standard 0.26

the slow-moving component labelled from diacyl- [14C|-glycerol
" {cf.Table 12) and analysed by paper chromatograp y with
phenol:water (5:2 v/v) as solvent.

~ * The products were obtained from mild alkaline hﬁiro ysis of
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It_is very 1ikely that phosphatidic acid, derived by the:
action of diglyceride kinase, would become bound to the membrane
. fragments where it is synthesized and would différ somewhat frém
exogenous phosphatidic acid. It is quite apparent from the
results df ?hbie 12 that even this form of phosphatidic acid,
1ike exogenous [32P]—phosphatidic acid is unsuitable For incorpora-
tion into phqggpatidylgthanolamine. Increasing diglyceride kinase
' activity by addition of ATP or CTP caused a greater incorporation
of [14€]~1abe]~1nto phosphatidylgiycerol but did not affect
labelled phosphatidylethano]amine.synthesis even when serine was
included.

Results summarized in Table 14 indicate that the
incorporation of diacy]-[?qc]—g1ycero1 into phosphatidylethanolamine
was not affected b§ the addition of unlabelled CBP-diglyceride
provided Mg+"f and CTP were also present to prevent accumulation
of unlabelled diglyceride which would arise by sequential breakdown
of CDP-digiyceride via CDP-diglyceride hyﬁro]ase and phosphatidic
acid phosphatase. Presumably the effect of adding Mg++ and CTP
would be to reconvert phosphatidic acid to CDP-diglyceride as it
is formed. This result strongly suggests that diacy]-[14§]-glycerol
incorporation into phosphatidylethanolamine does not proceed via 8

prior phosphatidic acid and CDP-diglyceride Formation.
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Table 14

Incorporation of diacyl-|!4C]-Glycerol

The Effect of CDP-dig]yijride on the
into Labelled Phosphoglycerides

Conditions Counts Recovered in
Phosphatidylethanolamine
standard conditions . . 4682
+ 0.4 mM CDP-diglyceride , 3764

+ 0.4 mM CDP-dg + 10 mM Mg™ ¥ + 0.4 mM CTP 5052

: W
" The standard reaction mixture contained in 2 mL 0.1 M XEL;
potassium phosphate buffer pH 7.4, 5.0 mg E. go . homogenate protein
0.1% Triton X-100, and 24,845 dpm of diacy]-[ﬁ4éj—g1ycero1 (sp. act.
= 1,220 dpm/nmole). The reaction was incubated for 30 min at 370C.



b» The Effect of Exogenous Phosphog]ycerides on the Incorporation
of [13¢] -Serine into Phosphoglycerides

Results in the present thesis have indicated that dig]yceride
incorporates quite readily into phosphatidylethanolamine and that
one source of this neutral 1ipid is phosphatidic acid. Accordingly
there is an enzyme in E. coli capable of removing the phosphate‘group
from phosphétidic acid, albeit, its more predominant activity is
against the lyso analogue under the conditions assayed (76); further-
more, labelled diglyceride a;s;;alﬁtes as one product when [?46]-
phosphatidic acid is incubated with E. eoli preparations ﬁnder
conditions which allow phqsphatid&]ethano]amine 1abe11ing as well.

Ragtz has suggésted that po1yglyéerophosphétides, known to
donate their sn-glycero—l-phosphatg group to a c]gss of periplasmic
oligosaccharides of E. coli discussed previcusly (83), can Ieéd to
diglygeride formation as a by-product of th{s reaction. The oligo-
saccharide formation is stimulated by UDP;qucosé and one would expect
that this nucleotide sugar would also stimulate diglyceride formation
from polyglycerophosphatides if the pathway suggested by Raetz is
correct. Since diglyceride readily incorporates into phosphatidyl-
ethanolamine, this 1ipid should acquire the label from [?4§}phosphatidy]-
glycerol and/or []4C]—card1'oh'p1'n under the right conditions.

ResuTtS illustrated in Figure 8 indicate that exogenous
phasphatidic ;cid gnd phosphatidylglycerol significantly stimulate
the incorporation of []4C]-serine into phosphatidylethan91amine. The
result with pho;phatidiq acid was expected on the basis of the hydrolysis
of this Tipid to diglyceride. Exogenous ﬁhosphatidylethanp]amine ang

phosphatidylcholine were completely ineffective whereas cardiolipin
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Figure 8

The Effect of Exogenous Phosphatidic Acig and
Phosphatidylglycerol on the Incorporation of 4C]—Serine
in Labelled Phosphatidylethanolamineé .

PA added : .

fo0T ===~ PG added

¥

[”‘c] DPM X 1072 Recovered in PE

1 N .

0.5 1.0 1.5 7. 2.0

Phospholipid Added (qg)

"'.

The reaction mixture contained in 2 mL 0.1 M potassium phosphate
buffer pH 7.4, 10 mM MgCl2, 0.4 WEQ iP 0.1% Triton X-100, 4.66 mg E. coli
C

homogenate prote1n, 199,121 dpm -serine (sp. act. = 151 mCi/mmole)},
and phosphatidic acid or phosphatidylgiycerol in the amounts indicated.
The reaction was incubated for 30-min at 37°C
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just as-phosphatidylglyceré] stimu]ated this incorporation fo a
s1gn1f1cant degree (Tab]e 15). |

_ The results just described indicate that polyglycerophosphat1des
* could stimulate the incorporation of D4C]-ser1ne into phésphatidyl-
ethaqp]amine. This stimulation could be exp1aiﬁed by some_aétivation
effect of the polyglycerophosphatides on the enzyme(s) responsible for
phosphatidylethanolamine synthesis or by s.precursor role of these
lipids for the ethanolamine phosphatide. To test the latter possibi1ity,
[?ZP]— énd E%]—acy] po1yg]ycerophosphatides were incubatéd with
E. cozi homogenate fraction under different conditions. Preliminary
results obtaingdnin this Taboratory have indicated a conversion of
EAC]—phosphatidy1gi}cero1 but not [326]-phosphatidy1glycero] to 1aBe1]ed
phosphatidy]ethanolamine. []4C]-cardiolipin was also incorporated to

a lesser extent but [3

zé]-cardiolipin was not. UDP-glucose did not
stimulate this conversion. '

On the basis of these results one can suggest that digiyceride
moieties for phbsphatidy1ethan01amine formation m%y arise not only via
phosphatidic acid but from po1yg]ycerophosphatideé also. However, no
definite conclusions can be made at this point regarding the possibie

pathways involved in the conversion of polyglycerophosphatides to

phosphatidylethanolamine.

“E. The Formation of [ﬁ4é]-Phosphatidylethanolamine from an Endogenous
Labelled Cytosol Factor

Since the incorporation of labelled diglyceride into phosphatidyl-

ethanolamine did not seem to involve its prior conversion to phosphatidic
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Table 15 | L.

The Effect of Exqgenous Phospholipids on the
Incorporation of . 4ET-Serine into Phosphoglycerides

1

: Counts Reéovered in Products
Conditions PS | S
standard conditions o 0 -] 1605
+ 1 mg cardiolipin 1592 ' 4777 -
+ 1 mg phosphatidylglycerol | 1850 © | 5889
+ 1 mg phosphatidylethanolamine | 0 ' 0
+ 1 mg phosphétidy]cho]ine 0 0

The standard reaction mixture contained in 2 mL 0.1 M
potassium phosphate buffer pH 7.4, 1.52 mg E. coli particulate protein,
10 mM MgCl2, 0.4 mM CTP, 0.1% Triton X-100, 216,200 dpm 4éi-serine
(sp. act. = 153 mCi/mmole) and additives as listed. The reaction was
incubated for 30 min at 370C. .

The exogenous phospholipids were added to each appropriate
tube as a chloroform solution. Triton X-100 was then added and mixed
with the chloroform. The chloroformed was evaporated off by a gentle
flow of hitrogen and to this micellized 1ipid residue, buffer, cofactors,
and enzyme were added.
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acid or to'CDR~dig1yceride and since none of the qofactor.éﬁditives
tried, such as CTP, Mg4"+, serine, ethano1aminé; phosphoseriné,
phosphoethanolamine, and' CDP-ethanolamine stihu]ated this incorporation,
some endogenous cofactor(s) donating a phosphoserine or phosphoethanq]a—
mine group must have been present in the E. coli extracts used which
promoted the formation of the ethaﬁo]amine and serine phosphatides.

A1thoﬁgh incorporation of []4C]¥ glyceride proceeded with
particulate fractions, the endogenous cofactor might well be formed in the
" cytosol fraction and be most abundant as a soluble component of the
cell. Evidence supportiné this was sought. ’

E. coli cells were grown to the exponential phase in a medium
containing []4é]~serine. The cells were disrupted by u1trasonication-
and a Tabelled cytosol fraction was prepared by centrifugation for
2 hours at 200,000 X g. The cytosol fraction, after extensive dﬁa]ysis,
was then incubated with particu]etg fraction prepared from cells grdﬁn
in a medium without isotope. Resuiﬁg summarized in Table 16 indicate
that the label from cytosol can be éransferred'to phosphatidylserine
and to phosphatidylethanolamine by particulate fractions but not to
phosphatidylglycerol and fhat this conversion is stimulated by added
diglyceride.. The evidence did strongly support the presence of a
labelled non-diaiysable cytosolic cofactof po;si!31y' supplying
' phosphoserine or phosphoethanolamine groups to the ethanolamine

phosphatide and serine phosphatide fraction.
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Table 16

The Formatiop of [?4é{vPhosphatidy1ethanolamine
from [14C]-Serine-Labelled Cytosol and
E."eoli Particulate Fraction

- -

Product Formed (DPM)

Conditions PS PE
standard conditions 191 | 1451
+ 0.1 mM dipalmitin 1416 6711

The ‘standard reaction mixture contained
in 2 mL 0.1 M potassium phosphate buffer pH 7.4,
1.27 mg E. ecoli partjculate protein 0.1% Triton
X-100, 119,050 dpm {'4C|-serine-1abelled 200,000
X g supernatant. The reaction was incubated for
30 min at 370C. ‘

E}
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F. Studies on the Presence and Character1zétion of a Cytosolic
Cofactor for the Synthesis of Phosphat1dy1ser1ne and
Phosphatidylethanolamine |

Cytosol fraction was prepared from []4ﬁ]—serine labelled

.cells as previously described. After dialysis it was analysed with —~

a Sephadex G-50 (fine} co]ﬁmn; The procedures involved have been.described
in the"Material and Methods section. A graph of the elution patterﬁ is
given in Figﬁré 8. Three mgjor\protein peaks were eluted but only one
designated A contained radioisotope in significant amounts. This peak was
contained in the void volume. On one occasion the “void volume" peak
was followed by a second peak just‘bare1y retained by the column but this
result could not be reproduced. .

When peak A material was 1yoph;1ized and extracted by Bligh
and Dyer extraction {150), it was found to contain the usual E. coli
1ipids accounting for over 6-7% df the total label. The remainder of
the label was prdbablx associated with the protein but this point was
not checked. When tested with particulate fractibn for éofactor
activity, material from peaf< A donated only a very small number of
counts to the phosphatidy]ethanoiamine fraction (Table 17). However,
this result was reproducible with three different labelled A fractions
analysed. Addition of diglyceride stimulated the formation ef
1abe11éﬁ phosphatidyTethanolanﬁne. Following Bligh and Dyer extraction
(150) to remove 1ipids, fraction A (recovered in the aqueous phase),

was subjected to mild alkaline hydrolysis and the hydrolysis products

v



v

;

Elution Profile of the. [1%C|-Serine-Labellel

: Cytoso]ic Protein Fraction on Sephadex G-Q\ Cos

. - The material added to . the, column was -
a 200,000 X g supernatant from" 4(:] ~serine-
endogenously labelled E. coli cells. The
Absorbance was read at.280 nm e—e ; the 14C
“DPM are represented by e—--e .
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Table 17

The Formgtipn of F_at:,] -Phosphatidylethanolamine
from 1?4Ef-5erine-Labe11ed Protein Peak A -
and E. coli Particulate Fraction

. Product Formed (DPM)
Conditions : [MC]-PE
standard conditions ' 241
+1 nM 1,2 dipalmitin 475
+2mM 1,2 dipalmitin ;11
™

The standard reaction mixture contained
in 1.6 mL 0.1 M potassium phosphate buffer pH 7.4,
1.6 mg E. coli particulgte protein o 0.1% Triton
X-100, and 50,000 dpm 4@]-serin§§?abe11ed protein
peak A*. 1,2-Dipalmitin dissolve&*in chioroform
was added to the tubes and evaporated off by a stream
of Np before other components were added. The
reaction was incubated for 30 min at 37°C.

‘e

* peak A contains lipoprotein material and in the
 amount of protein fraction used 3259 DPM of
phosphatidylethanolamine were recovered. The
DPM reported in the table represent a net increase
in phosphatidylethanolamine labelling in the
presence of active enzyme. ;

\

~



wére analysed by papeﬁ chromatography with systéﬁ 6 (cﬁ}Tab]e 18).
~ Two major products were obtained, phosphoser1ne (R . 0.10) and
un1dent1f1ed mater1a] which ran at the so]vent front. Two minor
"peaks were also seen corresponding to g]ycerophosphate (Rf = 0.23)
and phosphoethano]ém%ne (Rf = 0.33).

To further ident}fy the substance which eluted in the
void volume on Sephadex G-50 columns, another cytosol fraction‘was
prepared from cells that had been grown for 7 hours in 300 mL media
containing 100 uCi [MC]-serine and 5 mCi [32P]~orthophospha1.:e.

The cytosol fraction was then separated on a Sephadex.
G-50 column and Peak A material was isolated as usual (cf Figure 10).
It contained both [14c] and [32é} label. After lyophilization and
~ dissolution in 10 mL water, this material was passed through another
column prepared with Sephadex G-150 and eluted at a rate of 0.5 mL
per min. The elution pattern is illustrated in Figure T1. Two Jnajor-_
prote%n peaks were obtained which were [3261-1abe11ed and [146]-
labelled. However, the isotope elution pattern was monitored only
. for the [BZé] Tabel. Peak A, contained the material eluted with .
95-90 mL buffer. Peak A, contained the material eluted w1th 160-200
mL of buffer. Results summarized in Table 19 indicate that both [14C]
and [BZP] label from peak A1 could be transferred to phosphatidyl-
ethanolamine in the presence of diglyceride and that the process was

inhibited slightly by Mg’
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Table 18

the -Serine-Labelled Protein Peak A

Ana]l‘-(_4 of the Hydrolysis Products of
C
from Sephadex: G-50

Component * Rf Values

1 0.10

2 0.23¢

3 ©0.33
phosphoserine standard 0.11
phospﬁoethanolamine standard 0.34
glycerophosphorylethanol- :
amine standard 0.63
glycerophosphorylserine

standard g.08

* These components were obtained by mild
alkaline hydrolysis of the [l4C|-serine-
labelled aqueous phase following Biigh
and Qyer extraction (150} of lipids from
the {l4C]-serine Peak A from Sephadex
G-50. The solvent used was
phenol/water (5:2 w/w).
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Figdre 10

Elution Profile of the E4é]—5erine- and
[3Zé]-Labe11ed Cytosolic Fraction on Sephadex. G-50

200,000 X g supernatant from [/4C{-Serine- and P|-
endogenously-l1abelled E. coli cells._ The Absorbance
was read at 280 nm «——a; only the [32P| DPM are drawn

for the sake of clarity e---e ..

The material added ii tie c&fﬁmﬁ was
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Figure 11-.

Elution- Profile of the E%]-S’erine- and L32Pl-
Labelled Material from Pfak A on Sephadex G-15

The material added to the column was
Peak A obtained from Sephadex G-50 (Figure 10
The ‘Absorbance was read at 280 nm e—e; the FTJ
DPM on]y are drawn e--e
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Table 19

The Formatign of Labelled E sphatidylethanolamine . .
from T?4C?-Serine— and g]—Labe11ed Peak Ay -

from Sephadex G-150

Product Formed DPM «
Conditions . 5
| [MC]-PE [32P] -PE
standard conditions 2375 828

The standard reaction mixture contained in 1.6 mL
0.1 M potassium phosphate buffer pH 7.4, 1.6 mg E. c%z'
particulate protein, 100,000 dpm []4C -serine and P{ - -
labelled protein peak Ay from Sephadex G-150, 2 mM dipalmitin,
and 061% Triton X300. }he reaction was incubated for 30 min
at 37YC.
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It may be recalled, however, (cf Table 9) that Higlyceride incorporatiﬁn
does not-require Mg+*' and proceeds in the presence of EDTA.

Peak A, material did traﬁsfér a small amount of label to
phosphatidyiethanolamine when tested just after isoJation but appeared
to be 1abi]g_§nq reproducible results could not be obtained.

Reéu]tg summarfzed in Table 20 indicate that material from
peak A1 was susceptible to trypsin treatment and lost about half of
its cofactor acthity after 30 min treatment with the proteolytic

- ]
enzyme.
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Table 20 '

ect of Trypsi the Incorpﬁrat1on
1I -Serine- and 32%] Labelled Peak Aj

into Labelled Phosphat1dy1ethanolam1ne

U Product Formed DPM
Conditions 14 32
'[ C]—PE [ P]—PE
standard conditions 1983 1845
*
with trypsin-treated peak Af 1241 1004

The standard reaction mixture contained in
1.6 mL 0.1 M potassium phosphate buffer pH 7.4, 1.6 mg
E. coli particulate profein, 0.1% Trij 8 X-100, and
500,000 dpm of the [?4C -Serine and lg -labelled Peak
A1. The reaction was incubated for 30 min at 370C.

*
description of E{ypsin treatment on page 49.

t
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DISCUSSION d -

The published pathway (58,61,62) for synthesis ofnpﬁosphatidy1-
ethano]amine involves the conversion of phosphatidic acid to CDP-
diglyceride which is in turn the common precuréor\of phosphatidylserine
and phosphatidylg]ycerdphate. The phosphg;idy]éerine is decarboxylated
fina]]y' to form phosphatiljylethanolamine. The evidence for this path.
way is not all unamfiguous. Pulse Iabelling and chase studies -
of cells don't always indicate without doubt the pathway ghat is used
for the formation of a product under study. Al1 that these studies
have showﬁ in fact is that phosphatidic acid, CDP-diglyceride, and
phosphatidylserine precede formation of other phosphatides in E. coli.
Furthermore, the identification of the;e transient intermediates was
tentative in some cases at least (82).

Genetic information has supported the fact that mutants

'def9ctivein their phosphatidylserine synthetase have a eased
phosphatidylethanolamine content. On the ofher han;j\;:zzghupants
unable to form phosphatidylethanolamine have a norma® phosphatidyl-
serine synthefase and decarboxylase activities (92}. Perhaps the
most definite proof that the published pathway for synthesis of
phosphatidylethanolamine really exists is the fézx\fﬁffhp sphatidyl-
serine synthetase, an enzyme which forms phosphatidylserine from
CDP-diglyceride and serine has been isolated and well characterized
(87,88). This finding in itself howeQer does not prove that the

pathway is oberationa] or that it is the



only pathway. | It only indicates that E. cols has the
enzymatic equipment for the synthesis of phosphatidylethanolamine to
proceed in this particular manner. Not all enzymes fouﬁd‘in nature,
however, Have a prescribed role. - Phospholipase A of E. coli is a
case in point of a well characterized-enzyme with no known function.
' Results in this thesis point to the existence of an alterna-
tive pathway for phosphatidy]ethano1amine synthesis in E. coli. First,
eX0genous [3261-1abe11ed phosphatidic acid was found to donate its label
not for phosphatidylethanolamine synthesis but for polyglycerophosphatide
formation exclusively. In the process, CDP-diglyceride must have been
formed since unlabelled CDP-diglyceride addition blocked this conversion
of [3zé]-phosphatidic acid to labelled phosphatidylglycerol. This
result could be explained in several ways. CDP-diglyceride formation
is believed to be a rate 1imiting step (83) and therefore only very
minute amounts would be available for the phosphatidylserine and
phosphatidylglycerolphosphate synthetases. If the 1qtter enzyme had
a much 1arger affinity for the liponucleotide substrate than the former
enzyme, little or no phosphatidylserine and ﬁhosphatidy1ethano]amine
synthesis would.occur unless CDP-diglyceride were added exogenously.
1t was found with.dialysed-homogenates, however, that Qith CoP-
dig]ycer{de added to the medium, Tabelled phosphatidylserine synthesis
from []4C]-serine proceeded much more readily than did 1&5e11ed

. : [14 ]_ _ . r”\*‘/\_‘
phosphatidylglycerol formation from C |- ec-glycerophosphate (Figure
7). This means that the affinity of the phosphatidylserine synthetasexﬁ\“

for the liponucleotide may actually be better than that for the
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phosphatidylglycerophosphate synthetase. It is unlikely that the
poorer incorporation of []4C]—o€-glycerophosphate is due to a greater

dilution by endogenous precursor since dialysed preparations were
4

dsed and the endogenous glycerophosphate content is negligible
in-any case .(76). : ' | ‘

Unfortunately, no detailed kinetic parametérs for the
purified synthetases have been published (61,87,88,99) which would
allow a more complete comparison of the enzymes with respect to their
1iponuc]eotidetrequirement.

Another explanation for the lack of [32§]-phosphatidic acid
incorporation into phosphatidylethanolamine would be that exogenous
phosphatidic acid 1ead§ to a pool of CDP-diglyceride which is
accessible only to the polyglycerophosphatide synthesis enzymes.
Phosphatidylethanolamine formation would proceed 6n1y from endogenous
rphosphatidic acid or CDP-diglyceride. This explanation could be
partly true but not entirely satisfactory since exogenous CDP-
diglyceride greatly stimulated []4€]-serine incorporation into
phosphatidylethanolamine. Very 1ikely then, egbgenous CDP-diglyceride
is a suitable form of Tiponucleotide for the phosphatidylserine
synthetase. Also [14é]-phosphatidfc acid readily incorporated into
" phosphatidylethanolamine in a process which also involves labelled
diglyceride production as a concurrent by-product. It seems that
[32ﬁ]—phosﬁhatid1c acid did not incorporate into phosphatidylethanolamine
because 1t:is only the diglyceride moiety of exogencus phosphatidic

acid that is used for phosphatidylethanolamine synthesis. Accordingly,

»

ﬁ\\;




,, - 101 -

[]4C]-diglyceride was found to readily incorporate into phosphatidy]-
ethanolamine. Nifh homogenate dialysed 18-20 hoﬁrs. factors Such as

cip, Mg+'*, serine, phosphoserine, phosphoethanolamine, and CDP-
ethanolamine did.not stimulate the incorporation which procéeded

even in‘the presence pf.EDfA. The addition of ATP or CTP together

with Mg++ stimulated the formation of phosphatidy]g]ycerol.without
affecting the écrmationof phosphatidylethano]ﬁmine. The[14é] entry
probably occurred via diglyceride kinase aé%ivity, the product
of this reaction being then converted to CDP-diglyceride,

It seems that even this form of .phosphatidic acid and CDP-
diglyceride derived from exogenous diglyceride is unsuitab]e-for
phosphatidylethanolamine synthggisi wThe incorpordation of [I4C]-
diglyceride into phosphatid&]etﬁano]amine was only slightly diminished,
by unlgbel]gd CDP-diglyceride addition. If CTP and Mg+*' were added
togethér with CDP—diglyceride, the liponucleotide had no diminishing
effect. The results indicate that diglyceride incorporation into
phosphatidyléthano1amine does not proceed via phosphatidic acid and
COP-diglyceride. The small inhibition by the liponucleotide is
~ probably due to its hydrolysis to phosphatidic acid and CMP. Phosphatidic
acid is in turn hydrolyzed to diglyceride and isotope dilution ensues.

CTP and Mg‘*'+ addition must reconvert phosphatidic acid product into
CDP-dig]yceride as it is formed.
The results discussed thus far indicate that if CDP-diglyceride

is used for phosphatidylethanolamine synthesis it must be exogenous,
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,or d9r1ved from an endogenous pool of phosphat1d1c acid quite differenp.
than the one usdd for phosphat1dy1g]ycer01 and cardiolipin synthei1s
Since the incorporation of diglyceride did not seem to depend

on cofactor additives. an endogenous factor supplying the phosphoryl-
serine'and/or.phosphovy]ethano1aming moieties for phosphatidy\ethano]amine
formation must have been present in our extracts. Accordingly, cytosol
fractions labelled with [14¢1-seqipé were found to incorporate their —_
label into phosphatidylethano]amine, this incorporation being stimulated
by added dig]yﬁeride. The endogenous cofactor detected was non—dia]ysable
but some dialysable labelled cofactor may have been lost. This point
was not investigated. Further character1zatlon of the non- d1a1ysab1e
cofactor was attempted by labelling =. coli cells with [14¢]-sen1ne,
by preparing a cytoso1 fract1on from such cells and after dialysis,
by subjetting this fraction to Sephadex G-50 chromatooraphy

Material eluted with the void valume conta1ned protein and
1ipid and was []46]—1abe11ed. Incubation of this "Jipoprotein"
fraction with fresh particulate preparation resulted in a very limited
but reproducible transfer of label to phosphat1dy1ethano1am1ne which
. was stimulated by diglyceride addition. The material did yield [ C]
phosphoserine hpon mild alkaline hxdrolysis and on this basis one can
suggest that a protein bound phosphoserine donar is present in the
soluble fraction of the cell. It may be assoc1ated with membranes
as well but this point has not yet been investigated. The material

eluting with the void yolume on Sephadex G-50 could be doubiy-iabelled

L

\
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if prepared from cytosol fractions isolated from cells grown in media.
containing [BZA]-orthophosphate and []46]-serine. When this doubly-
labelled material was further analysed on Sephadex G-150 two peaks of
radioactive components were iso]étgd, one corresponding -to material
}ecovered wiph the void volume (component A]), and the other being
retained somewhat (component Aé). Both peaks were proteinacéous, and
the void volume peak contained 1ipids whith were labelled. Both peaks
gave some label to phosphatidylethano]amThefbut only mateéia1 from peak
Al_seemed sufficiently stable to give consistent results. The other
matefia]hfrommpeak A2 appeated to be labile and lost its donor ability
within a week affér isolation even if stored at -2{°C. Peak A1
material gave both labels to phosphatidylethanolamine, and this transfer
was stimulated by diglyceride. Again results pbinted 0 the presence
. of a bound form of phospﬁoserine and/or phosphoethanolamine which
serfyd to fo ﬁhosphatidy]ethanolami%é in the presence of diglyceride.
The precise napure of thiﬁacompTex is unknown, however, trypsin did
inactivate the complex to some extent which may indicate a ghosphorylserine-
(or phosphofy]ethanolamine-) protein complex of some sort, the protein
moiety being of some importancd for activity.

On the basis oféghe results obtained, Scheme 4 can be proposed
for the synthesis of phosphoglycerides. Results presented in Fig. 5
indicate that reaction 1 does occur in E. coli. Both the lyso product and
the fattj acid product have been characterizéd. Reaction 2 is also
known to occur (162) and combined with rééction 1 would offer a means

of changing phosphoglyceride fatty acid camposition at the phosphatidic

-



' : --104 -
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‘acid'jeve1. Fdi'examp1e such a mechanism might be importan£ for retailoring
of phosphatidic acid derived from dig]yceriﬁe kinase activity‘(81) or from
cardiolipin phosphohydro]ase'activity (105,138). Reaction 3 occurs quite
readily in coliform extracts. In fact, it has been reported that the
phosphatidic acid phosphatase qf E. coli acfs more readily on lysophos-
phatidic acid than on phosﬁhatidic aci@ (76). Reaction 5 also ocgurs

in E. eoli (54) and together with reactions 1.4 may assist ih,Ihé
retailoring of diglyceride moieties of phésphog?ycerides. Reactions

4 and 7-9 of the sequence have been well characterized (61;96,97,105,138).

The evidence for reaction 6 has been presented in this thesis. Thé
phosphoser1ne (and perhaps -phosphoethanolamine) are proposed to be

partly bound to protein in a form allowing them to serve as substrates

for phosphatidylethanolamine synthesis. The binding need not be covalent.
Thjs does not mean that other forms of these substrates do not serve.

Our results, however, have not been able to show this definitely.

Recently, results in our laboratory have indicated that if homogenates

are permitted to autolyse for 30-40 min at room temperature prior to
extensive dialysis (25-30 hours at 4°C), 1n$orporation of []4é]-

diglyceride can be stimu]afed by the addition of 15 mM - 60 mM phosphoserine

and phosphoethanolamine with CTP and Mg+"+.

These cofactors have no

effect if homogenates .are used which weré not aljowed ;o autb1yse.

Autolysis may cause release .of the bound cofactors and these tﬁgn become
dialysable or aﬁterﬁate]y may cause their hydrolysis at least partiy ‘/(‘3

such that a cofactor effect becomes noticeable. Present investigations

"
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_1n our laboratory are aimed at‘fhe further elucidation of the phos-
phoser1ne -phosphoethanolamine donors. Autolysed and fresh homogenates
are being tested for their ability to incorporate th€\$ahgls from
[3251 and [146] phosphoser1ne phosphoethan01am1ne and their
nucleot1de ana]ogues CDP-serine and CDP- ethano1am1ne into phosphatidyl-
ethanolamine and into the mater1a]s\of the peaks designated A1 and A2
‘These 1nvest1gat10ns shou]d shed more Tight on the mech;§1sm of react1on‘
.6 and the bound form of the phosphoryl base donor(s).

In our present study, another possible phosphoethanolamine
donor was investiéated., This was the lipopolysaccharide fraction

~, of E. coli which is known to contain ethanolamine pyrophosphate as’

a constituent molecule, However, when incubated with E. coli

»

extracts, this fract1on d1d not enhance the incorporation of
lj4C]-dig1yceride into phosphatﬂdy1ethano1am1ne.

)
The use of mutants defective in their phosphatidylethanolamine

-
synthesizing'ability but containing norma’l phosphatidylserine synthetase
and4decarboxylase activities (92) should also help clarify the possible
role of reaction 6 in the synthesis of phosphatidylethanolamine in
intact E. coli cells and in E. coli cell extracts. |

[

./""t
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CLAIM T0 ORIGINALITY

A new mechanism for phosphatidylethanolamine synthesis '

in E. coli has been detected. This mechanjsm involves the direct

incorpoqgﬁfbn of diglyceride into phosphatidylethanolamine involving an

endogenous phosphoserine and/or phosphoethagp]amine donor which

is protein-associated. This newly discovered route is not involved

7

in the formation of polyglycerophosphatides. The latter requires
CDOP-diglyceride as phospngtidyl donor and does not use diglyceride

directly. -
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ABSTRACT

Dialysed F. colf homogenate incorporated []4@]_ or [SEP]-
phosphatidic acid exclusively into phosphatidylgliycerol and cardiolipin
under conditions which permitted incovporation of [h%ﬂ—serine into
phosphatidylethanolamine. Dialysed particulate fractions incorporated
[]4€]-diglyceride'exclusiveiy into phosphatidylethanolamine in the
absence of added cofactors. This incorporation was not affected by'
various combinations of additives such as CTP, Mg+"*, phosphoserine,
and phosphoethanolamine as well as by CDP-diglyceride, ATP, and EDTA.
It appeared that phosphatidylethanolamine formation from dié]yceride
depended on an uncharacterized, endogenous, non-dialysable precursor:
Cytosol fractions prepared from cells grown in [U-]4Q]-serine medium
were found to contain a labelled non-dialysable factor which in the
presence of partfcu]ate fractions incorporated its label into
phosphatidy]ethano]amjne. This incorporation was stimuiafed by
diglyceride addition. The factor separated with 1}poprotein material
on Sephadex G-50 and G-150 columns and upon mild alkaline hydrolysis
yielded a labelled camponent which cochromatographed with phosphoserine.
The results are discussed in‘terms of an alternative route for the

synthesis of phosphatidylethanolamine in B. coli.





