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SUMMARY .-

Escherichia coli ﬁerticulate fraction were
found to catalyze the conversion of lysophosphatidtl-
ethanolamine to 1ysophosphatidylglycerol. The product.

' -of the reaction was identifled by Thln layer chromato-
'graphy with dlfferent solvent systems and by mild
,alkallne hydrolysis followed by paper cH?omatography "
of the weter-soluble product., LyeophOSphatldylglycero;

efmetion ffom E?zf]-lyepphosphatidylefhaqolamine was
gtimilated by Ge+* a?ﬂley concentrations and inhibited |
by other divalent eations. The pH optimum for this »

‘Aconversion is 6.8-8,0, The conversion of a mixture of

sn-glycero- 3[32ﬁ]—phosphorylethanolamlne and 1- [ihc]

acyl-sn—g ycer = hosphorylethanolamlne occurred without
a change ‘ ) /32P ratio,ihqicating a direct transfer
of the.ly60pﬂosphatidyl group to a suitable acceptor.
Since this conversion wasg stimulated by DL-oA~-glycero-
phosphate and since en-glycero—j-phosphate (U)[1 C]readlly
incorporated into labeled 1yeggﬁggphatidylglycerol in the
'presence of added lysophosphatidylethanolamine the true
lysophosphatidyl acceptor is Wé%y likely,sn-glycero-j-
phosphate. Ehls conc;usion was further substantiated by the
fectthét-glycepol(140]incorporation into lysophosphatidyl-
/glycerel was s£imuleted-by ATP, o

/



- . . : :
"vulgaris and Pseudomonas aeruginosa and was absent in

- 1ii -
"

. { ’ '
gul;aécordanbe'with tﬁe evidence presented,we

postulate that %the mechanism for the formatlon of lyso-

phosphatldylglycerol involves an exchange reactlon between
the ethanolamlnenmdetyof 1ysophosphat1dy1ethanolam1ne and
glycerophosphate. Lysophosphatldylethanol?mlne ‘addition
stlmulated the 1ncorporat10n of ethanolam1ne4?4q] 5ut

not thqt of serlne[ C 1nto lysophosphatlde. Nq exchange
reaction was found when .diacylphosphoglycerides were

used as substrates. The exchange ?eaction involving'
lysbphospﬁgtidylethanolaminq'and glycgrbphosphaﬁe_was 

detected in other Gram-negative bacteria such as Proteus

_the~Gram—ﬁositiﬁe bacteria such as Bacillusg cereus,

Bacillus subtilis'and Staphvlococcus aureus. The

significance of 4hese results is discussed in terms of

other known phosphoglyceride pathways in Escherichia

- coli and of homeostatic mechahisms within the ‘membrane.
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: ' INTRODUC™TION

I. General_cﬁmgositioh of bgcterial membranes.
| - e |
Membranes serve “to separate aqueous compartmeq;s
with dlfferent solute composition and they are the stré;tural
base to whlch certaln enzymes,varlous receptors and transport

-

'systems are bound. ‘

~ * Bacteria -in general have at their surface,a cell

.membrane and a cell wall;in Gram-p051t1ve bacteria these two
1dent1t1es can be dlstlngulshed easlly by electron mlcroscopy

(1): the envelope of Gram-negative bacteria,like that of .

'Eécheriﬁhia coli,appears to be "moré_complex 1t it consists of
an outer.membrahe,an,inner membrahe and an interlayer of
peptidoglycan bridéing‘the two membranes as 1llustrated ‘in
Flgure 1 (2) h

In both Gram-p051t1ve and Gram-negative cells,the
‘structufe of the walls consists of parallel peptidoglycan
polymers qross—linked ﬁy peptide bond in%plvement..The muropeptide
is the basic recurring unit in the'peptidoglyc;n and consists of
a disaccharide of N-acetyl -D glucosamlne and N-acetyl muramic
acid 1n(3 (1-—4) likage (§be flgure 2a)..

The peptidoglycan layer imparts staﬁility and shape to
the cell and assists the molecular sieving processes of the

membranés. There is a minute space between this muropeptide
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ey L layer and the inner membrane,the periplasmic space which
contains numerous hydrolytic.enzymes and transpor% biﬁding
proteins (3). ‘
The membranes con51st of about equal proportions of
o proteins‘and.lipids.the outer membrane containing about 60% of
thé/total lipid. The protein composition of each membrane is
quite different (4). The protein composition of the inner »
membrane is much more complex than that of the outerﬂmembrane.
It céhprises many of the biosynthetic enzymes including those
for lipid syn%hesigras well as thé,permeant and electron
transport carriers and the ATPase involved in oxidative ° '
phosphqrylatgph; It appears that all the components of the Gram-
neegative envelope are made on the inner membrane or “in the
cytoplasm. Appropriate cqmpqnefms aij S .equentiy translocated '
across the inner hembrane.to the muropeptide layer or to the
"outer membrane where they are finally assembled {5, 6)
" The outer membrane of Gram-negatlve bacteria typlcally
/contalns llpopolysaccharlde.llpoproteln protein and lipid (7,8).
The llpopolysaccharlde consists of three entltles covalently
1‘_’jﬁ_F1 re 2b) There is the O antigen region which is the .
‘outermost portion of the polymer and-is constituted by a repegting
series of oligésabcharides.quite variable in composition depending
on the strain examined. It-confers typical antigenic properties
foAthe gstrain. The core-portion has- an outer core region which,is

fairly variable 'in carbohydrate composition and an inner core

quite stable in its compiement of constituent carbohydrate units.
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This innér core region contains pyrophosphéryl. ethanolamine

and 2-keto-deoxy—octbnate as typical constituents. The inﬁermost

N

region consists of 1lipid A,a comblex structure containing

~ .

-glucosamine,fatty acids and esterified phosphate(9).. - L =

I.1. Structural models of the coliform membranes.

Cellularmembranes differ widely in “their morphology

and fhnctions,buf there are some general prihciples that can be

apptied to all membranes ,whether they are from prokaryotic or

eukaryotic cells. All membranes contain polar lipids arranged
as bilayer and this bilayer architecture accomodates various
amounts of protein (10).

Many models have been prdposed to explain how proteins
and lipids are arfanged in the biomembranes. These héﬁe pictured
the lipid bilayér.“sandwiched“ between two layers of protein as
proposed for~many yeérs by'DaQSQn and Danielli (11),Stein (12)

and Robertson (13) but the fluid mosaic model postulated by

_Singer (14) illustrated in Figure 3 is the most widely accepted,

The model simply proposes thgt‘the lipids are arranged as a bilayer,
the acyl chains being in a liquid crystalline state. Some proteins
are intercaléteq within the bilayer‘and occasioqaily may,even.

span the thickness of the membrane gnd‘exﬁdse groups on both

faces . These are the inﬁegral pfoteins. Each membrane has a
complemént of, peripheral proteins which lie on the surface of

the membrane,: and . interact with integral proteins or with =
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),Af/i\?l GURZ 3

Fluid mosaic model of meuwbrane

structure (from 3.J.3infer

“and S.L.Nicolson Science
1751720 (1972).
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lipld. The proteins are free to rotate and to diffuse in phe
plane of the membrane because of the gemi-fluid nature of the

bilayer. In the case of Escherlchla coli it is not unlikely -

that‘tpe model applies for both types df'membragps,the outer
aqﬂ inner membrane (see Figure 1). The outer membrane is very
asquetrical in structure.the'exterior face beiﬁg~much more
heavily laden with protein than the inner face (15)." |

\

II. The lipids of Escherichia coli..

r

The lipids pf Escherichia coli,comprising about
one-tenth of the dry weight of the cell,are found in the cell
envelope and consist mainly of phospholipids (16) that have |
amphipathicproperties allowing them to form bilayers-in agqueous
media (14). The chief classes. of phosphollplds found in
Escherichia coll are derlvatlves of sn—3 phosphatldlc acid and
consist of phosphatidylethanolamlne (PE),phosphatidylglycerol
(PG) and cardiolipin‘(CL[ the‘strﬁctures_of which are shown in
Fig.lk. Besidés these major lipids;trace amounts of free fatty
acids are found together with diglycerides,isoprenyl phosphates
and minor classes of phosphoglycerides such as phosphatldlc
acid.phosphatidylgerine.phosphatldylglycerophosphate and acyl
phosphatidﬁlglycefol which serve 'as transieﬂt anabolic intermedi-

ates for the most part.
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III., Fatty acid composition of Escherichia coli. Lipids.

The pool of free fatty acids in Escherlchla coll is ‘
very small. (17) most of the fatty acids being covalently Bound
to the phosphOglycerlde fraction. The saturated fatty acids 1n_

Escherichia coll consist mainly of palmitic ‘and myristic acids

and traces of stearic and laurlc a01ds. Palmltlc acid comprlses
about the half of the total fatty acld. of the cell and is found
esterified to acyl ester p0s1t10n 1 of the phosphoglycerldes. '

The unsaturated fatty acids found in Escherichia coll

have been identified as palmitoleic -and cis-vaccenic acids (18).

' Palmitoleic and ¢is-vaccenic acids are found\%Fterified mainly

to position 2 of the phosphoglycerides,

-

The cyclopropane fatty acids of Escherichia coli are

formed by methyiation of‘phospholipid-bound unsaturated fatiy
a;ids and they consist of cis-9,10-methylene hexadecanéic acid
and cis-11 12—methylene octadecanoic acid, Because of their
peculiar mechanlsm of formation,these fatty acids are also found
in the 2 position of phosphoglycerldes(19).

" The faﬁty acid composition %s greatly influenced by
such féctors as the culture mediﬁm composition,the temperature
of growth and the age of the culture (19-24).'The;f1;idity of
the ﬁembrane wpich is known “to affect a number of enzymé and
transport activities in Escherichié coli can be maintained

relatively‘gonstantrpy varying the fatty acid composition.

R
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Growth at higher temperatures results in a ‘higher saturated fatty
acid cpntentﬂﬁhereag exposure to lower temperatures cduses an

increase in unsaturated phosph@glyperide-species'(20,21).

- The pathway for the.synthesis of fatty acids is

IIT.1. Biosynthesis of fatty acidg.
4 _ B

. summarized in scheme I, The steps involved have been extensively
revigwed‘(25)._Interestiné is the fact that a specific
iy550xy‘decanoyl ?éyl carriér protein'déhydrage catalyzes the
formation of the double band .in the C,, interpediate. This
dehydrasé is situated at a branch point leading either to the>'
fully saturated palmitic acid or to unsaturated palmi%oleich;nd

cis~vaccenic acids.

IV, Phosphéglycerides of Escherichia coli.

-
o

In Escherichia coli the phosphoglycerides serve a

structural role mainly. They are also associated specifically
with a number of proteins which they assist in their biological
functions.

IV.1. Phosphatidy}ethanolamine. : .

?hosphatidylethanolamine is the ma{?r phosphoglyceride

of Escherichia coli,corresponding to ‘70 - BO% of the total
S — ) 7
lipids of the cell (16,22,26), The main function of phosphatidyl-

ethanolamine is structural but it may serve a role in the
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\\\\\; can - survive and grow'nOrmaily (29).

SO N -13 -

synthesis of iipopolysaccharide of Escherichia'coli.acting in

the transfer of sugar residues from a nucleoside sugar precursor
to the nﬂn-redu01ng end of the polysaccharlde chain (27). The
enzymes involved in the blosynthe51s of the R-core of poly—

.saccharides (glucosyltransferaef I,galactosyltransferase I )

.require phosphatidylethanolamine. A Binaryséomplex is formed by
N Py ) ) e -
interaction of phosphatidylethanolamine with'lipopolysaccharide

in the presence of the transferase and Mg + This Binary complex
forms a ternary complex W1th the enzyme which transfers the
glycosyl re51due.Thls functlon of phosphatldylethanolamlne can

b

be summarized in the followmng reactions (28):

’
1"

galacfose—deficient (R,)LPS +,PE'L—--7-9 'LPSlPE. L

. | : |
LPS.PE + galactosyltransferase I (E) ~~----3 E.LPS.FE
E.LPS.PE + UDP-galactose ------) galactosyl LPS.PE + UDP + E

L]

~_

. Although phosphatidylethanolamine serves a ' structural

‘ ' n-‘ ’ * ’ . . L3 ' - ul - X - L3
* function and may assist in certain catalytic functions,it seems
. - N 1 N + .

-yhat-pqtants'lacking-the ability to form phosphatidylethanol-
amine’énd'substituting phoéphatidylglyeerol for this lipid,

A

£
.
A




Phosphatidylelycerol

‘ T
Av.2, .

-

_ Phosphatidylgljcerol comprises 5-15% of the total

~

phdspholipids in Escherichia coli (30). %mosphatidylglycerol

ig implicated in the transport of'sugars (31,32).being a .

compdnent of Enzyme II which is involved in the Phosphoenol4

pyruvate-phosphotransferase sfjfigy/

m .
: Enz.I,Mgt :
, Phosphoenolpyruvate + HPr ---l-l-g--) pyruvate + phospho-HPr
o ] y
: a -+t
Phospho-HPr .+ sugar ;EQ&;ZZ;ME__; sugar-phosphate + HPr
.(Factor III)
Phosphoenolpyruvate + sugar -opzsl.EnzIl _____ » sugar-phosphate +

Mg?+;(Factor III)  pyruvate
HPr is a low molecular weight,héat—stable protein and
like~Enzyme'I,is a soluble pr;tein (33,34%). Enzyme II appears to
fofm an.integral part of the membrane,and is responsiblp for
the specificity of the systém towards the sugar (32). Enzyme II .
has three components t two proteins (II-A and II-B)and phospha-
tidylglycerol (35,36). In gome species,not in Eschefichia coli,

a factor III is required and replaces protein II-A,

Phosphatidylglycerol is precursor in the synthesis of
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cardiolipin (37, 38)-ﬁhd of several classes of glycerophos-
phate- contalning oligosaccharides {39, 40) :

Recently (41) it has been- reported that phosphatldyl-
glycerol stimulates the activ1ty of the acyl—CoA:sn—glyceno-
3- phosphate 0- acyl transferase. This enzyme is responsible for
the acylatlon of the glycerophasphate, the flrst step in the
synthesis of phospholipids. Phosphatidylglycerol ig also '

(4 involved inathe activation of reépiratory carriers (42).

The structufé of phosphétidylglycerbi is jllustrated

4

. in Figure 4
.- Iv.3. Cardiolipin.

Cardiolipin accounts for about 5-15% of the phosbho—

lipids of Escherichia coli (30). The role of cardiolipir seems

to be structural:bgt there is evidence indicating its activation
of respiratory carriers an? may thus play an important role in
respiration (42). . : -

The levels of cardiolipin increase substantially in
aging cells or in energy depressed cells (43). The significance

-~

of this .phenomenon is not yef understood. ' -

r

IV.4. QOther phosphoglgcerides.

The ocurrence of minor phospholipids such as phospha-
tidylserine,lysophospha%idyiethanolamine.phosphatidicﬁacid.
phosphatjdylglycerophosphate (44),CDP-diglyceride (30,45) and .
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phosphoisoprenoids (46}, have been reported. The main functlonr
of these minor phosphollpids seems to be that they gerve as '
intermediates in the biosynthesis of the major phospholipids.
Phosphoisoprenoids serve as lipid carriers in the

biosynthesis of peptidoglycansg and polysaccharide matenial in
bacterla and animals (47). /,_\\\\ ' |

‘ Acyl phosphatidylglycerol has been reported +o be a
minor lipid of Escherichia coli and accumulates when particulate

fractions of Escherichia coli are ‘incubated with phosphatidyl-

glycerol catTand ether (48). The function of. this lipid as well

\‘,/ES the precise mechanlsm for its formation are still. under

1nvest1gat10n.

V.. Biosynthesis ,of phospholipids in bacteria.

—

\ V.1, General principles. ' _ . f

The lipid composition of Esbherichia coli is the same

if glucose.glycerol or acetate are used as carbon source in the
growth medium,but some“f’otors can affect*ff"'Durlng the transition

of Escherichia coli from exponentyalngrowth ‘to the stationary

growth phase an increase in cardlollpln level and a correspondlng
decrease -in phosphatldylglycerol content occur (23 30 45)

similar result is found when Escherichia coli cells are exposed

to an energy-free medlum: the level of cardlollpln increases

at tne expense of phosphatidylglycerol (49). The conversion of

™~
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" that when glycerol-3-phosphate was acylated with palmitoyl CoA,

N

i

)

‘ phosphatidylglycercl to cardiolipin is also foungd wheh cells

are grown in the presence of factors affecting oxidative phospho-
rylatlon or energy metabollsm (30,50).

The.bios¥nthesis of phosphollplds in Escherichia coli

‘has been studied specially by Kennedy arﬁ coworkers (51-55). The

}u.reactlons 1nvolved in this biogynthesis are described 1n Scheme

II.
kV.Z: Synthesis of phosphatidic acid.

V.2, 1. Acvlation of snaglycerol—B-pﬁoéphate.

Phosphatidic acid is formed by acylatiqpiof

gg-glycerol-j—phésphate. The ehzyme involved in this process

is the glycerophoéphate acyl tranferase which, was partially

“purified by Ishinaga, et al.(56)7and by Snider ard Kennedy

),
(57). These irvestigators found that the enzyme required

phosphatidyiélycerol (56) or a mixture of phosphatidylethanol-
. - R

amine and phosphatidylglycerol (57» for activity.

Achlation of _s_n-glyceroi‘ phosphate is thought. to be
the step at which the fatty acid composition of the phospho-
lipids is determlned. In Escherichia colil the saturated fatty
acids are found mainly 1r1p051tlon 1 and the unsaturated fatty
acids mainly in position 2 of the glycerophosphate moiety and
thls specific dlstrlbutlon has been attrituted to the spe01f1c1ty

of the glycerophosphate acyltransferase. It was reported (19, 58)

) -
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the product was l-aecyl glycero - 3-phosphate,and when an
unﬁaturated fatty acyl CoA was used for the-acylafion.z—acyl
glycero - 3-phosphate was obtainéd:the same result was found when
the acylation was carried out with a mixture of saturated and
unsaturated.acyl‘CoA (59). However,other workers (56.57;60}61)
found that uhsaturatgd and saturated CoA are incorporated és 1-
acyl glycerophosphate, ' o |

Formation of position-specific phpsphol{eids in the
ébsence of a rigidly specific acylation process can be explained
on the basis of ﬂiffefeﬁt rates of acylation with saturated and
unsaturated acyl CoA, It has;been postulated that the acylatibn
with saturated acyl CoA proceeds fastef than the acylation‘ﬁitﬁ
unsaturated acyl CoA (59,60,62,63) and the incorporation of a
second acyl group to the l-acyl glycgrophésphate is .faster with
an uﬁsaturated acyl CoA than with a saturated acyl CoA, ' - -

The acylation of glyperof-j—phosphate,in vitro,may be
carried out'by either acyl-CoA’ or acyl—ACP}with different
specificities (58,62). In vivo it is not .clear whefher CoA or

ACP is the acyl d§nor-invphbspholipid synthesis. Mutants of

Escheriéh@a coli lacking acyl-CoA synthetase could incorporéte\
‘endogenous fatty acids into phospholipids but were unable to .
incorpofafe expgenous fatty acids (64). On this basis it was
thought that exogenous fatty acids are incorporétéd‘by way of
CoA and endogenous fatty Acids Sy ACP,but it was' later found (65)

that acyl-CoA synthetase mutants were uhable to incorporate‘

~
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exogenous Fatty acids. Réy and Cronan (66) demonstrated,in
Escherichia_cgii4the presence of an enzyme responsible of the
conversion of fatty acid to acyl-ACP. The role of this- enzyme

is unknown but it seems to be involved in the incorporatuion of

" ,free fatty acid into phosgpholipids. No intracellular acyl-CoA

has been detected in Escherichia coli cells (65},probably due

to the presence,in these~c%gls,of fwolthioesterases very actives

on achTCoﬁ substrates (67,68). On the other hand indirect evidence
has been reported (69) for the presence of intracellular acyl-%CP
in Escherichia coli,suggesting that in vivo,the acylation is

carried out by acyl-ACP rather than with acyl-CoA,

Ve2.2. Phosphorvlation of diglyceride.

Inner membfénQ,of Escherichia coli also contains

a kinase which converts sn-1,2-diglyceride to phosphatidic acid. '
Diglyceride kinase has been exfracted from membranes and purified
. 600 fold (70). It cgfalyzgé the phosphorylation of &iglyceridé,
monoglyceride,ceramide and other such anaiogues (70,71). .
The role of this enzyme is uncertain since it appears
that acylation of sn-glycero-3-phosphate is the major de novo

pathway for phosphatidic acid synthesis in vivo (72). Diglyceride

is a very minor pool of lipid in Escherichia coli and does not

turn over rapidly (52,73) as compared to phosphatidic acid and”
CDP-diglyceride generally accepted as being a more importént

bhosphoglyceride precursor (52,74). .



-22 -

Mutants lacking diglyceride kinase accumulate sizeable
émgunts of diglyceride (up té 10 % Sf the total lipids) which.mﬁst
mean that the enzyme does play some role in the channeling of
neutral lipid to phosphoglycerides. The diglyceride accumulating
inthese mutants may arise from phosphatidylglycerol or from
cérdidlipin as ‘suggested by Raetz (73). '

Kennedy and coworkers.reported that most of the
turnover of polyglycerophospha%ides could be accounted for by
the donation of an gn-glycero 1'-phosphate malnly from
phosphatldylglycerol or cardiolipin to a family of oligo-
saccharides contalnlng glucose,succinate,sn-glycero 1'-
phosphate and pyrophosphorylethanolamlne. ‘The by—product of this
reaction would be dlglycerlde (75,76).

V.3. Synthesis of CDP-diglyceride.

The accepted pathway for the synthesis. of CDP-

diglyceride %n Escherichia coli is the activation of phosphatidic

acid by cTp (77-79)+ The -enzyme involved 'in this reaction,
phosphatidic acid cytidyltransferase,was found to be located =

in the inner membrane of Escherichia coli (80,81).

) CDP—diglycefide and deoxy CDP (dCDP) diglyceride have
been implicated as donors of the phosphatidyl units in the
synthesis of phosphatidylglycerol ang phospﬁatidylseriﬁe (51,54).
Raetz and Kennedy (74) showed that the liponucleotide fraction of

e
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Escherichia coli is a mixture of CDP-diglycerlde and dCDP-
dlglycerlde but their levels in vivo are very low, This can
be explained on the basis of an active,speclfic hydrolase in‘
Escherichia coli which catalyzez the hydrolysis of CDP- L
diglyceride. Alsc the conversiqn of these 1iponuqleotides to
phosphoglycerides is.extremely rapid.'ThiB probably_means that
the enzymatic step for-CDP-diglyceri&e‘formation is rate-
limiting. - . - . - .

CDP-diglyceride hydrolase,partially purlfied by
Raetz et al. (82,83) is present in the membrane jfaction and
catalyzes the hydrolysis of CDP-diglyceride to phosphatidic_
acid and CMP. This enzyme is not very active with dCDP-
diglyceride and one could tﬁerefore suggest thﬁf it functions
in the regulafion of the CDP-diglyceride to dCDP~diglyceride
ratio in wivo, -

CDP-diglyceride synthetase requires phosphatidic acid
with unsaturated fatty aeids,being inactive with dipalmitoyl
phésphatidic acid. In Escherichia coli 60-80% of the lipo-
nucleotide fraction 1s CDP~diglyceride whereas the remainder

is accounted for by the deoxy analogue.,

V.4, Synthesis of phosphatidylglycerol.,

Phosphatidylglycerol is formed according to the
following reaction (51)

-l
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CDP-diglyceride + gn-glycerol-3-phosphate —------- 3
3 sn-phosphatidyl 1'-sn-glycerol 3'-phosphate (PGF)
. .

"cytidine-monophosphate ( CMP)

3_§g-phosphatidyl—1'-§g_glycero} 3'-phosphate + Hzo —————————
3.-sn-phosphatidyl-1'-gn glycerol (PG) + Pi
Both enzymes of the two reactions have Been extracted -
from th; particulate fraction and partially purified (54.55).‘
The gn-glycerol 3-phosphate CMP phosphatidyltransferase is
stimulated by the detergent Triton X-100,and it-is inactive with
§§;glycero;»1-p§psphate.§§rglycero; 2-ph9sphat¢ and glycerol., It
requires Mn'" or Mg™ for activity. ‘ ‘
Phosphatidylglycerophosphate synthetase of Escherichis
coli has been extracted from membranes and purified to homogeneity
(54,84)‘with affinity chromﬁtography as the major purification
step (84). . |
The mechanism of phosphatidylglycerophasphate
synthetase may be different from that of phosphatidylserine
synthetase since it does not catalyze +the exchange of CMP with
CDP-diglyceride or the exchange of sn-glycerol-3-phosphate with
phoSphatidylglycerophpé%hgte; Reversal of the reaction mciars-'l

however in the presence of CMP, This enzyme does not catalyze

the slow hydrolysis of CDP-diglyceride as does phosphatidylgerine
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syntheﬁase. The phosphgtidylglycerophosphate synthetase is very
active only with CDP-diglycéride or its deoxy analogue as
substrates; other liponucleotides being ineffective as substrates.,
The dCDP—dlglycerlde is almost twice as effective as CDP- -
dlglycerlde at high concentratlons (67),

The phosphatidylglycerophosphate phosphafase ig algo a
particulate enzyme stimulated by Triton X-100, It requires Mg ++
and is specmflc for phosphat1dylglycerophosphate. Its very marked
activity in vivo would explain why phosphatidylglycerophosphate

does not accumulate in this organism.

V.5. Synthesis of cardiolipin,

&

]

Cardiolipin is synthesized according to the following

reaction (37,38,49,85,86),

2.pﬁosphatidylglycepol ---------- > cardiolipin + glycerol
7
. Standcev et al. (53) had proposed that cardiolipin is

synthesized in Eschefichia coli by a reaction similar to that

involved in the synth951s of cardiolipin in mammalian mltochondrla

utlllzlnq phosphatldylglycerol and CDP-diglyceride,but evidence

for this reaction in Escherlchla coli has not yet been prov1ded.

The transphosphatldylatlon reactlon appears to be the only

mechanism 1nvolved:although CDP—dlglycerlde does stlmulate the
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conversion of phosphatidylglycerol to cardiolipin some thfee-

. fold (37).

V.6. Synthesis of phosphatidylserine.

-~

Phosphatidylsérine,;L synthesized according to the

following equation:
CDP~diglyceride + IL-serine -—-~———- > phosphatidylserine'+~zg24é?“

»

This reaction is catalyzed by CDP-diglycerid% L-serine
phosphatidyltransferase ( PS synthetase ),the optimal activity of
which depends on a surface active agent (octandl or Triton X-100)
and a hfgh ioniq strgngth. The purification of this ‘enzyme bound

to the ribosomes in extracts of Escherichia coli has been

| reported (87). |
Homogenous phosphatidylsegine synthetase not only

transfers the phosphatidyl group from CDP-diglyceride to L-serine
but also exchanges free CMP with the CMP moiety of CDP-diglyceride
and L-serine with phosphatidylsering‘(8?,88).The reversal of )
phosphatidylserihe synthesis occurs in tﬁe presence of
phdsphatidyls rine and CMP but the equilibrium is in févor of
the phosphod&eéter lipid, The enzyme also hydrolyzes CbP-
diglyceride and phosphatidylserine at a slow rate to fof@
phosphatidic écid (87,88), CDP-diglyceride and dCDP-diglyceride’
are the beét substé;tes for phosphatidyléerine synthetase although
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UDP-diglyceride and’ ADP—dlglycerlde are also actlve as substrates--_
'~ (87,88). _ _ -

The enzyme aLso catalyzes the formatlon of: phosphatldyl-
glycerophosphate when serine 1s replaced by glycerophosphate but
at a slow rate., Glycerol es ‘a poor phosphatidyl acceptor ii uged
in molar quantities-(S?):

1Phosphatidylseri.j;xe is found only in;trace amounts in

Escherichia soli'likely beceuse it is rapidly converted to

phosphatldylethanolamlne. Evidence that phosphatldylserlne
'synthetase is the main enzyme 1nvolved 1n phosphatzdylethanolamlne
synth951s in vivo comes from genetic stidies., Mutants defective
in thrs enzyme-have,a decreased phosphetidylethanolamipe-content
and a highef proportion of polyglycerophosphatides. However tﬁie
genetlc ev;dence does not preclude the p0551b111ty of alternatlve
pathWays of phosphatldylethanolamlne synthe51s 1n v1vo. In fact
some mutants.have been isolated whlch nelther syntheslze_

phosphatldylethanolamlne nor accumulate phosphatldylserlne; These

mutants_seem to have a normal phosphatldylserlne‘synthetase
and their mutations are on the genetic map at a position distingt -
" from phesphatidjiserine syntﬁetase mutations (89-~91). :"r

V.7. Synthesis of‘phosphatidyiethanolamine{-'

- s . ‘- ' o " R
. 3 . ' ]
) “ . .
Al ‘e . -

The synthe51s of phosphatldylethanolamlne 1nvolves the

decarboxyiatlon of phosphatldylserlne as illustrated 1n the -

——
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fgllowing-reacfionu
Phosphatidylserine —ee---- » Phosphatidylethanolamine + CO,

The reaction is tatalyzed by phosphatidylserine

decarboxylase which has been isolated from Escherichia coli

Hand‘purified (92). o : o . . o
The reaction illustrated abqve.hés béen demonstrated

to occﬁq.byxanfer'and'Kénnedy (51) who found that in the presence

of hydroxylamlne,an 1nh1b1tor ‘of the, phosphatldylserlne

decarboxylase,Escherichia coli cells accumulated[luclfrom[1463

serine into phosphatldylserlne. In.the absence. of hydroxil-

amine, [140] phosphatldylethanolamlne was found.

V.8, Lysophosphoglycerides.

1

' Lysopﬁésphoglycerides have been reported to occur in

'_'trace amounts in Escherichia coli (23;93.94).Tﬁe lysophbépho;

glycerides aré obtained as intermediates in phospholipid metabolism.
Lysophosphatidic acid is obtained as intermediate in'phosphatidic

acid synthesis (95, 96)' Lysophosphoglyéeridesvcan also be obtained

by hydrolysis of diadylphosphollpids with" phosphollpase A,present &‘///

“in dlfferent strains of Escherichia coli (97,98).

[N
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V.9. Regulation of phospholipid sxnthesis. . o

It is notdefinitely known which mechanisms regulate
. phospholipid synthesis. Glaser et al, (99 ) indicated that
the synthqsis of lipids is coupled to the-synthesis of othér
molecuies;‘When temperature—sensifive glycerophosphate—
«‘{?EY - acyltransferase mutants were subjeted to the restrictive
temberafhre not onlj phospholipid formation stoppéd but DNA,
RNA and protein synthesis also stopped. dn the other pand,

oY
when cells were starved for a required amino acid not only

did protein and RNA synthesis cease\but that of phospholipids

.also (100). - .
» There is normally a tight coupling of phospholipid
v and fatty acid synthesis in bacteria (17,30). Starving of

. glycergl auxotrophs resultg in an inhibition 6f both fatty
e —~D //aatﬁ/Zi;\Bhospholipid synthesis (101).~The mechanism of ’
| inhibition is not clearly known,although the blocking of an

eariy step in.fatty acid synthesis has been suggested (101)."
There could well occur a mechanism for regulating phosphatidic
acid and CDP-diélyceride formation.'However mutants which are
overproducers of acyltransferases do not synthésize gneatgr
amounts of phospholipids. It seems that the synthesis is not
directly controlled b& enzyme levels.

Nunn and Cronan (102) found that high concentrationé

of guanosine 5'-diphosphate-3'-diphosphate (ppGpp) inhibited
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the phospholipids synthesis dand it was found that one of hé.
inhib%ted enzymes was thg glycerophosphate acyliran
(102':k104) . The other was the'ﬁhosphatidylglycerophosph te
synthetase, In vitro studles showed that 1nh1b1tlon was fou
only when acyl CoA is the\Acylatlng substrate and no inhibition
‘was foundwhen the acylatlng substrate is acyl-ACP (58 103 )
Slnce'the inhibition by ppGpp is irreversible and reversible
inhibition has been observed in vivo (102,104) it is.not - ’
certain whether ppGpp is a, true regulator‘éqbétance. Cronan has
suggested that it probably is not (29).

The ratio of pelar headgroups 1n'Escher1ch1acol;N\*

membranes is rlgldly controlled The phosphat1dylethanolam1ne—

polyglycerophosphatlde ratio ‘is, always approxlmately 3v1.

Even when the decarbokylation of phosphatldylserlne ig blocked,
.b - > . '

the sum” of phospﬁatidylserine plus phosphafidylethanolaﬁine

content divided by the amount of polyglycerophospha%ide is the

ray
- same as for normally functioning cells (105). There is -2

definite knowledge.concerning.the régulatory meghahism_iﬁvolved

in keeping the polar headgroups ratio felati@ely constant.

The involvement of simple molecules such as TpGpD is'ét'the

moment very‘uncertaiq. _ | ;
Separate pools of phosphatidic acid have been

reported to exist in membrane preparat}ons but other studieé

ﬁhavé indicated that thererishg single pool of phosphatidic .

acid and 1ipoﬁuc1eotide that can be used by both branches of

~ \
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the pathway‘(106). It éppearé/gggt both phosphatidyl~ -
transferases involveq’utilize CDP-diglyceride and its deoxy
amlogue equally well so that thé;préferred use of one lipo-
nucleotide by a pafficular bra&ch‘is nét a factor in tﬁe
regulation, ‘

- »

., The relative levels of the phosphatidyltranéferaSes

-appears” not to be a factor simce otezsfoducers of phosphatidyl-
= ,

serine synthetase do ngg‘synthesize a %siﬁer proportion of
phosphatidylethanolamine, The availability of serine and
-L-glycérophoéﬁhate could be a factor which could be tested by
growing. auxotrophs on limiting concenfrations of L-serine-and
sn-glycerol-3-phosphate.This point needs clarification.

The-lipid comﬁositio in the membrane and the net
charge thatiresults could be a factor influencing thedactivity
of the phosphatidyltransferases. This possibility.has not

yet been tested with the: purified enzymes and liposomes

of different compositions.

Another facfor that could poséibly‘intervene is the
exchange of baseés that would occur between lipid classes. The
conversion of oéne class to another could be infiuepded by the
availability of water-soluble substrates such as serine{ethanol-

amﬁne.and/or_gg—glycerol—j—phgsphate. The possible existence

~of base exchange reactions in Egcherichia coli has not.been

investigated systematically (79,87) and such will be the object

of the present study,
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VI. The catabolism of glycerophosphatides.,

N [

Phospholipids can be hydrolyzed by more or less

specific phospholipases present in Eschériohia coli,

VI.1. Phospholipase A and lysophospholipase. ~

Phosphqlipase‘A hydrolyzes an acyl ester bond in
phosphoglycerldes. Two types of phosphollpases A have been
descrlbed;phosphollpase A, and phosphollpase A, which remove
‘acyl groups from the 1- and from the 2-position respectively.
Phospholipas; A2 is the more specific and best characterized
of ppospﬂolipases A found'ih nature and is present in snake
venom ‘of Crotalus adamanteus (107,108), of Naja naqa {109,110},
‘in bee venom (111) and in mamﬁalian tisSués (112).

-

IniEscherichia.coli'several types of phospholipase

A have been reportedia détergent- resxstantvgggéphollpase A (97)
which is bound to the outer membrane (81).a detergent sensitive
| .phospholipase A (97) specific for phosphatidylglycerol and
present ip the cytosol,an alkaliné phospholipase Ai purifigd

, by'Scahdella and Kornberg (113) firéz reported by Fung and
Proulx (98),an acid.phospholipas; Ay and an alkaline phospho-

' lipase Az » It seems that éeveral of these enzyme activities

is accountable by a single lipol&tic enzyme which purified,

displéyed phosphdlipase Al,phospholipase Az.lysophospholipase Al
|

~
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and A, activities as well as some lipase activi?y {114,115).

Several lysophospholipase activities have been
reported. Doi and Nojima (116) purified to near-homogeneity -
a lysophospholipase which hydrolyzes l-acyl phosphatidyl-

_ ethanolamine,2-acyl phosphatidylethapolamine.1-acy£,phospha-

' tidylglycerol but it is inactive with the diacylphosphatides,
Albright et al. (117) reported 2 lysophospholipase Al activiiy
in the cell ﬁall.ﬁrobaﬁly agsociated with_ the phospholipase
Al. ; 1&sophobpholipase Ai in the membrane and cytosol aﬁd
a lysophospholipase A, in the. inner membrane.

In addition to these phospholipaség. Essherichia coli
contains a phosphodiesterase which cleaves glyceroﬁhosphorylm
ethanolamine to’fbrm gg;glycero-B-phosphafe and ethanolamine

(117)- ” . ' ‘s

VIi.z. Pﬁospholipase Ce

+

Phospholipase C hydrolyzes the bond between phosphoric
acid and glycerol.Pho§pnolipése C was first discovered in
Clostridium perfringis (welchii) by M.Macfarlane (118). Phospho-

lipase C has been purified frpm Bacillus tereus (119),

Pgeudomonas i;gggéscegg{(lzo and some workers have™~detected
phospholipase € activity in certain strains of Egcherichia coli
(121,122) but this enzyme was not found in most other bacteria
studied (123). |
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VI.3. Phospholipase D.

Phospholipase D removes the polar head of ~the-
phospholipids to yield phosphatidic acid. Phospholipase D has
been isolated from cabbége leaves (124) and other plant tissues
(125). A cardiolipin-specific phosphodlesterase has been found

in Escherichia COll and other Gram—negatlve bacterla,cataly21ng

a reaction similar to that of phospholipase D (50,126,127). The
enzyme,cétalyzing the hydrolysis of cardiolipin to yield |
phosphatidylglycerol and phosphatidic acid,required Mg*f for
activity,was stimulated by ATP and was inhibited by detergents
and EDTA.

VII. The role of phospholipases in Escherichié coli,

H

The" role of most of the lipolytic activities of

Escherichia coli remains unknown. Mutgnﬁs which lack the phospho-
lipase A of outer membrane display no defects in growth (118,
128,129), Several studies have indicated that only the polyglycero-
'phosphatlde turns over at an appreclable rate in this organism
(16,22,26) and it seems that thls turnover is accountable partly
by the presence of cardiolipin synthase and phosphodiesterase
activitieé'and partly by'theif conversion to oligosaccharides

by enzymes present in the periplasmic space (40), Phosphqlipgse

A does not participate in this turnover in normal cells but in

<.
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cells with a defective envelope ,these phosphoglycerides and
.phosphatidylethanolaminé to 'an even larger extent are
hydrolyzed to yield fatty acids.

It is likely that the phospholipaée A activity
functions to degrade exogenous phosphoglycerides into
simpler molecules which can serve as+fuel or as preéusors to

typical Escherichia coli lipids.The lipase activity of

pkospholipase A (16) may serve a similar function with respect

to exogenous glycerides.

VIII.Sub-cellular localization of biosynthesizing and

- degradative enzymes.

In Escherichia coli the enzymes involved in the

biosynthesis of phosphatidic acid, CDP-diglyceride,phospha-
tidylglycerol,and cardiolipin are localized in the cell ‘
envelope (3?.39.52,62,130) and mor% precisely .in the inner
membrane of the cell énvelope (plasma membrane) (86.81).
Concerning the phosﬁhatidylserine synthgtase
and phosphatidylserine decarboxylase there is\strong evidence
showing that phosphatidylserine decarboxylase is located in
" the plasma membrane (80,81 %‘31!:,92). The phosphatidylserine
syﬁthetase has been reported to be locatea in the membrane-
free superhatant associated with the ribosomes (82,87,92,131),
However Cronan (29) has suggested that the true location of

N

- this enzyme is on the inner membrane in a loosely bound form.
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Asgoclation with ribosomes is probably an artifact of the

isolation procedure. -
The degradative enzymes are present mainly in the

outer membrane of Escherichia coli. Bell et al. (81) indicate

that phospholipase A,has higher specificity in the outer
membrane;Albright et al.(117) succeeded in separating the "cell
wall",the inner membrane and the cytosol and they found/phosphd-
lipase and lysophospholipase Ai activities in the “cell<%ati‘
fraction and a lysophospholipase A, activity in the inner
membrane. 1

s In spite of the fact that most of the enzymes involved

in the phospholipid synthesis are present in the inner membrane

of Escherichia coli and that most of the degradative enzymes are

located in the outer membrane,it hés been found that the phospho-
lipid composition in the inner membrane is similar to that of the
outer membrane (80). This implies a translocétion.of phospholipids
from inner to outer membrane of the Escherichia coli ceils and

possibly a higher turnover rate ih the outer membrane.

IX. Base exchange reactions.

e

Base exchange reactions have been well charagterized

in animal, tissues.. . ‘

| Working with rat liver homogenate,Hubscher (132) (:ﬁ/
and Borkenhagen (133) found that L-serine was incorporated into

lipids in a reaction stimulated by_Ca++ and not requiring’
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nucleo{idé‘intermediate;this incorporation apparently iﬁvolved
exchange of free serine with the base of endogenous phospho-
lipids. The lipid formed was identified as phosphatidylethanol-
‘amine. fgey also showed incdrporation of ethanolamine into phos-
'g?phatidylethanolaminé.in the presence- of cat*.

These exchange reactions have 5eeh reported tq occur
also in brain tiésue (134-137). The base exchahge'enzyme system
present in aniﬁal tissue is tightly bound to the subcellular
membranes. It has been postulated (138-140) that this kind of
reaction is the result of the transphosphatidylase activity of
phospholipase D,but the presence.of phospholipase D in animal
tissue has not been clearly demqpstrated. '

In the case of bacteria,exchange reactions have also

‘been studied by some workers. Thomas et al. (79) found that in -

“jsolated Escherichia coli membrane vesicles,the serine moiety
of.phosphatidylserine exchanges with exogenous serine,bu® it

" is not clear from the study of .Thomas et al. whether it is a
direct exchange or a reversal of.the fdllowing reactign:

-

CDP-diglyceride + serine ----- -»> CMP +'phosphatidﬁ&serine i

However,Larson et al. (87) reported that the phos-

phatidylserine synthetase purified from Escherichia coli

extracts,catalyzed exchange reactions between CMP and CDP-
diglyceride and between serine and phosphatidylserine.

It has also been reported (1%41) that'in T.pyriformis,

g

A B la e —
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Z-serine is incorporated, into phosphatidylserine via
exchange reaction with phosphatidylethanolamine.

| In .our laboratory preliminary eyidence was obtained
which ihdicated that iysophosphoglycerides_can undergo .
specific exchange reactions. Experiments to be .described

in this the51s further chatracterize these reactlons and

thus contrlbute to a more complete knowledge of the metabollsm

of phosphoglycerldes in Escherichia coli,

N
//
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AIMS _OF RESEARCH

To characterize in Escherichia coli an base exchange

reaction involving lysophosphatidylethanolamine..

To determine the pH,cation and subs%rate
requirements of the enzyme(s) catalyzing this
type of reaction,

To study the occurrence of this enzyme in

various bacteria,

To investigatebthe occurrence of'other possible

base exchange reactions in Escherichia coli.

~

<21
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MATERIALS AND METHODS

-

I. MATERIALS.

The_yarlous bacteria used throughout Escherlchia ;\

c011 B (ATCC 11303),Proteus vulgaris (ATCC 13315), Pseudomonas

aeruginosa (ATCC 10143), Staphylococcus aureus (ATCC 12600),
Bacillus subtilis (ATCC 6051) and Bacillus cereus (ATCC 14579)

were obtained from the American T&pe Culture Collection,
ATP (disodium salt) and snake venom from Crotalus
adamanteus were purchased from Sigma Chemlcal Co.
Standard lipids,phosphatidic ac1d phosphatldyl—
glycerol,phosphatidylethanolamine and cardlaizpln were

purchased frop Serdary Research (London,Cana ) or from Sigma

- 1

Chemicals Co. ‘
[32§-orﬂumhosphorié acid,serine~(U)- [14d'ethanoiamine-
(U)- [1401 glycerophosphate-(U) 1, BIFQC]and glycerol—(U) 1 3
[}uC] were. bought €rom New England Nuclear Corp.
Reagent grade chloroform.rpdlstllled before use,and
other common solvents and reagents puréhased from Fisher~

Scieatific Co. mainly,were of the highest grade-possible.



P

II. GENERAL METHODS.

LS . -

-

II:1. Preparation of Escherichia coli particulate fraction.

Stock cultures of Escherichia coli Bwere maintained

on nufrieny agar slanfts. Low-form Erlenmeyer flasks containing
the culture medium were inoeulated with 5 ml broth culture

) prepared from stock Escherichid coli slants. The standard

culture medium contalned in 1 litre 1 15 grams of bactopeptone.
1 gram-of yeast extract,5 grams of sodium chf%rlde and 200 grams
of glucose. o - 4 .
. The cells were cultured to the 1ate exponentlal phase
(7 hours) and were aerated throughout by gentle agltatldh of
the flasks. :
The cells were/harvested by centr;}ugatlon at 5000 x g
'for 10 mlnutes and the sediment was suspended in 25 ml1 of
buffer. Thls suspen51on was "sonicated for 4 perlods of 1 mlnute
_.with a Biosonik II Ultrasonicator; the unbroken cells were 1
‘removed by cehfclfugation at 3000 x g for 10 minutes.The cell-
freevhomogenate was centrifuged ap 40,000 x g Eoc'so'minutes
and the particulate fraction was washed by resuspension in buffer
and_ceutrifugetion. The flnal‘sediment.was suspended usuallyyin

10 m1. of buffer to give a proteiﬁ,cdncentration of 4-7 mg/ml. __ .
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I1.2. Extraction of ligida.

“ Lipids were extracted from extracts or from
chromatograms by the Bligh and Dyer procedure’ (142).

‘ II.2.1. Lipids from_an aséax mixture.The incubation
mixture,(1 ml aqueous suspension),was mixed with21.25 ml of
chloroférm and 2.5 ml of methanol. This mixturé was stirred for
2 minutes at room temperature (R.T.) and 1.25 ml of chlorofqorm
and 1.25 ml of water were ad&ed. The biphasic system was stirred
for 1 minute and separated by céntrifugation. The lower
chloroform layer containing the~liﬁid was.transferred to a flask
and evaporated to dryneéél-Evaporation was carried out in a
rotatory évaporator under reduced pressure'éf 3774000.

IT.2.2. Elution of 1ipid components from thin layer
chromatoggams. Eacﬁ band containing a lipid.was scraped from the

plate into a centrifuge tube; 5 ml of chMdoroform and 10 ml of
methanol Wefe added; the mixture was stirred for 10 minutes and
then 5 ml of chloroform and 5 ml of water,werefadde&:the mixture '
was stirred_another 10 minutes and the two phases that had .
forméd were separated by centrifugation. )

| ﬁhén acidic lipidé such as lysophosphatidylgly;erol
were to be extracted,the first aliquot of water was replaced
by O.4N HC1 and after the final geparation of the phases the
acidified water-methanol phase was adjpsted to pH“?.S with 0.1N
methanolir_: NH.. T

»
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II.3. Analytieal procedures .

II.3.1. Thin laxer.éhromatoggaphx (TLC) .

Phospholipids were separated by several thin layer
chromatograﬁhi'systemsn '

System At A suspension of 50 grams of silica gel G in
50 ml of water was spread as a layer,0.5 mm thick.on'g;ass plates.
These were activated 1 hour at 110°C before use. The chromato-

grams were developed with chloroformimethanoliwater (6512514

v/ﬁ/v ). . f
- Sisteh Bi1 This system was similar to system A except
© that the solvent mixture used was chloroformsmethqyol:water
(6513515 v/v/v). |

System Ci This syétem was like system A except that
the solvent miiture used was chloroformamethano cetic acid
(65:?5:8 v/v/v). | f*a

stteh D: This system was as stated “for system A except

-

<

"that.the solvent mixture used was chloroformimethanolsammonia
water (701301412 v/v/v/v). : .

System Ei A suspension of 50 grams of silica gel-H
in 100}p1 of 1% sodium‘bicarbonate was spread as a layer,0:5
ﬁm hick on glass plates, Tﬁese were activated fo? 1 hour at
110°C befo?e use. The chrométogréms were developed with

chloroformimethanoliacetic acidiwater (501251713 v/v/v/v).

P —
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System Fi This gystem was éimilar-to gsystem E
except that the developing solvent was chloroformquthanol:
acetonetacetic acidnwatef (5011012011015 v/v/v/v/¥) .

II.3.2. Paper chromatoggaphx.

Ascendlng paper chromatography, served to identify
thé water-soluble products. For this purpose, Whatman #1 paper
was used and the sol;ents systems were:

sttem G:Phenol:water (140:35 w/v).

rsxstem Hi 1M Ammonium acetate pH 7. 51ethanol(35:65 v/v).

System IiButanoliacetic acidiwater (51411 v/v/v).

.1I.3.3. Localization of lipids.

Genefélly lipids were revegled by exposure to
jodine vapors which following detection,could be removed by
aeration. ‘

The nitrogen-containing lipids were localized 5y '
spraylng with a solutlon of Ponceau red. This solution contalns
equal volumes of 0.01% Ponceau red in 0,01N ﬁal-and 0.2%
uranyl nitrate in 0.01N HCLl (143).

. Aminolipids were revealed'by spraying with a 0;5%
ninhydrin solution in acetone-butanol (1;1 v/v). The chromato-
grams were heated 5-10 minutes at 110°C_after which time,
phospholipids containing free amino groups such as’ phospha-
tidylethanolamine were'revealed as purple spois. f

. Lipids containing'vicinal hydroxyl groups,such as

phosphatidylglycerol,were detected by spraying the plates with

N,
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2 % sodium metaperlodate and allowed to react 5-10 minutes;
the plates were then placed in a tank containing sulfur ledee.
then sprayed with Schiff's reagent,and placed once again in a
-sulfur dioxide atmosphere. Purple spots developed in the areas
contalnlng 1lipids with vicinal hxﬂkoxyl groups,

Schiff's reagent was prepared by dissolving 1 gram of

\\“‘Hmp:gqganilin in 50 ml1 of water. The solution was decolorized with

suifgr-dioxide and diluted to 1000 ml with water,

Radioactive components were detecﬁed by scanning the
TLC plates with an Actigraph III radioscanner (Nuclear Chicago

Corp. )
II 3.4, Mild glkallne hxdr01151s.

Mild alkaline hydrolysis of lipids was performed as
described by Marshall and Kates (144). The lipids were dissolved
in 0.5 m1 of methanolichloroform (312 v/v),and to this solution
0.5 ml of 0.2N methanolic NaOH was added.The mixture was aliowed
o stand at R.T. for 15%minutes. After this time,1 ml chloroform;
methanol (bal.v/v) and 0.9 ml. of water were added. The mixture
was centrifuged1at 600 x g for 1 minute,and the upper methanol-
water phase was separated and neutralized or sligthly acidified
with a few dréps of Dowex. 50 H" resin in the presence of 1 drop
of 1% phenolphthalein as indicator.The resin was removed by
centrifugation and the supernatant was made slightiy alkaline
with 1.5M methanolic NH3 . The solution was then evaporated to

dryness or to a small volume.
'
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TI.4. Radioisotope counting.
Solutions of lipids in chloroform were counted in a

sc1ntillation vial containing 5 grams of 2, -dlphenyloxazole.
0,35% afetic acid (v/v) in a mixture tol J-methanol 1011
(v/¥). > | |

When the lipids to be counted were on the thin layer
chromatograms,the band containing the lipid was transferred
directly from the plate to the scintillation vial and counted.

For the wate£~solﬁble radioactive materials,the
seintillation fluid was replaced by Aquasol (Nuclear Chicago
Corp.)stoluene mixture (11 v/v).

. Radioactivity on the paper chromatograms wag measured
by counting each component diréctly. For this purpose the
radieactive bands,revealed by scanning the chromatograms,were
cut into strips sufflclently large that they could be stood up
in the vial

IX.5, Other analytical procedures.
II.5.1. Protein determination. -
Protein was determined by the procadﬁre of Lowry et
al. (145). Particulate fractions were diluted with‘waéor. To 1 ml
aliquots of the diluted particulate fraction,5 ml was added of a
solution prepared with 0.5 ml of 1% CuSOu.5H20. 0.5m1 of 2%
Na-or K-tartrate and 50 ml of 2% Na2003 in 0.1N NaOH. Theamixture

was allowed to stand at R.T. for 10 minutes and 0.5 ml

-
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of phenol reagent (Folin-Ciocalteu) were added. After 60

{
minutes at R.T. the optical density (0.D.) was read at 680 um.
A standard curve was prepared at the same time with crystalline

_ bovine albumin,

II.5.2. Phosphorus determination.

Phosphorus was determined according to the method of
Bartlett (146). The lipids were evaporated to dryneéss with a
jet of rnitrogen and 2 ml of wa%e; followed by 0.5 ml of 10N
H,S0, were added. The tubes were heated at 160°C for 3 hours,
after which time 2 drops of 30% H,0, were added to each tube.
The heating was coptinued for at least 1 2 hour. The tubes were
then cooled and the volumes were adju;ted to 1'ml with water. ///
5.2 ml  of 0.22% ammonium molybdate and 0.3 ml' of Fiske-
Subbarow reagent were added §Hd.the mixture was heated for 7
minutes in a boiling water ba;h. Absorption was read at 830 um.

' A standard curve was prepared with a stock solution of NazHP04 .

IT.5.3. Hydrolysis of phospholipids with phospholipage A.

The hydrolysi§ of phospholipids by phospholipase A was
performed according to the method of Hildebrand {(147). Snake
venom (3.5 mg/ml) from Crotalus adamanteus or Crotalus atrox
was dissolved in 0.1M Tris-HC1 buffer,pH 7.0,containing 0.01M
CaCl,. The solution was heated at 60°C for 10 minutes to destroy
any iysophospholipase activities and then céo}ed at EOOC;the pH
was adjusted to 7.2 . The phospholipid to be hydrolyzed'was '
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evaporated to-dryneseland dissolved in 2 ml. of ethyl ether.

30 ul of 0.15N NH40H. l5 ul of 0.2M SDS and 30 ul of. the
Tris-HC1l buffer containing Ehe CaCl2 and snake venom were added.
The mixture was incubated at R.T. for 4-6 hours with mechanical

_ shaking. The reaction was stopped by addition of 2 ml1 of ethanol

and the mixture was evaporated to dryness.

.

II.6. Substrates preparation.

I1.6.1: Preparation of[jzeLlabeled phospholipids.

[?zéLlabeled phosphollplds were prepared by growing

Escherichia coli in 1 litre of,medlum.containing 5 mCi ofl?zéL

orthophosphate,The composition of the culture medium was the same
as described pre&iously. The 1 litre flask was incub;%ed at 3790
for 17 hours with rotatory shaking, The cells were harvested by
centrifugétioe at 5000 x g for 10 minutes and suspended in
distilled watersphospholipids were exfrected by the method of
Bligh and Dyer. The supernatant was collected in a 1 litre flask,
ad justed to pH 7.0,autoclaved and,after addition of glucose,the
reconstituted culture medium was reinoculated w1th a new broth
to give an additional yield of labeled cells,

\ The 1lipids were separated with TLC systems,c and A,
successively and identified‘by mild alkaline hydrolysis followed
by paper chromatography bf the water-soluble produet ie phenol:
water (system G). The maln labeled llplds isolated in this manner

were phosphatldylethanolamlne approximately 75% of total llpld

radioactivity,phosphatidylglycerol (15-20%) and cardiolipin
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(5-10%). These yielded the following mild alkaline hydrolysis
products,glyceroﬁhosphorylethanolamine (Rf 0.60-0.65).g1ycefof
phosphorylglycerol (Rf 0.38-0.44) and di-(glycerophosphoryl)-
glycerol (Rf 0.08-0.15) respectively. '

II.6.2. Preparation of phosphatidyl [1¥c] —ethanolamine.

Phosphatidyl[}u

C]-ethanolamine was isolated from '
cells of Escherichia coli grown in a medium described by Raetz
and Kenned¥148) ,containing O.11M.glycerol.3 mM_MgSOu.Z mM‘KCI,
0.5 mM K3P04'5 mM (NHu)ZSOh.O.Ol mM FeSOu and 1.1 x 108dpm of
seriner(U)J?uéL Phosphétidylethaholaminé was separated and
purified by TLC in system A: the identity Jf the lipid was
ascertained by mild alkaline h&drolysis and paper chromatograpﬁy_
in phenoliwater (system G). Mild'alkaline hydrolysis also
indicated.that approximately 15% of thé labél was present in
the fatty acid chatins.
I1.6.3. Preparatlon of lxsoghosphoglxcerldes.

ﬁﬁbeled or unlabeled 1ysophosphat1dylethanoiamine
1{PE) and lyéophosphatidyiglycerol (LPG) were prepared from
the phosphatidylethanolamine and phosphatidylglycerol analogues ,
by hydrolysis with phospholipase A according %o the procedure
of Hildebrand et al. (147) described previously.

Lysophosphatidylethanolamine and lysophosphatidyl-
glycerol'were separated and purified by TLC with system A.
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RESULTS ' -
S

I. INTERCONVERSION OF LYSOPHOSPEOGLYCERIDES IN GRAM
* NEGATIVE BACTERIA,

Base exdhange reactions have long beén known to
occur in mammazlian tissues,
Thomas>et al. (79) indicated that when isolated
Escherichia coli membrane vesiéies’were incubated under
) conditions favouring phosphatidylserine formation,seriﬁe
H\<§:¥/ (ﬁ) lhd could be incorporated into membrane-bound phosphatidyl-
" serine without the addition of CTP.\ '
This indicated that the serine moiety of phosphatidyl-
serine could exchange with added serine, On the other hand
this exchange was stimulated by cytosine monophosphate (CMP)
addition.. This phosphatidylserine synthetase might have -

been implicated according the following reactioh: ‘_A; -

1

CMP + phosphatidylserine f:::::;; serine + CDP-diglyceride

However,it is known that phoéphatidylserine
synthetase participates in a direct exchangé reaction:
between phosphatidylserine and serine probfly -according

to the following reaction

s

phosphatidylserihe S———==== phosphatidylenzyme + serine
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-Wbrking with a mutant of Escherichia coll lacking
gl&cerokinase (strain 9) Ballesta et al. (149) found: that
the non-acylated glycerol moiety of phosphatidylglycerol
displays a faster rate of turnover thaﬂ the acylated moiety
and they indicated that this is in part,duedpo the fact
that the non-acylated glycerol moiety can exchange with
glycerol. '

The prgsent study is cogcerned the pbssible

occurrence of exchange reactions in Escherichia coli.

Preliminafy sfudies in our laboratory indicated that when
lysophosphatidylethanolamine was incubated with an ‘
Escherichii coli particulate fraction,a produc} hitherto
unidentified,finding more firmly to Silica Gel G than
lysophosphatidylethanolamine itself,is produced. Identification
of this product and characterization of the type of enzymatic
reaction involved,together with the cofactor requiremenfs of
the reaction have indicated that exchange reactions do occur

—

with lysdphosphstidylglycerides in Escherichia coli.

The results tb be presented in the following
section give a detailed account of these findings.

: o

I.1. §‘3222 - _lysophosphatidylglycerol formation.

/" Escherichia coli particulate" fractions prepared

-

as sftated in the General Methods,were_incubated for 30

_minutes at 37°C wi'th[3213—1ysophosphatidyl'e'thanolamine in

¥
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the presence of ca™t, a product wase-obtained which,following
thin layer chromatography in several systems,displayed an Rf
value lower than 1y§ophosphatidylethanolamine.

" The unknown product was identified as the intact
lipid by thin layer chromatography with the aid of several
solvent systems and by mild al&allne hydroly51s follOWed
by vaver éhromatography of the water-soluble product..

Results summarized in Table I compare the
chromatographic properties of this product with those of

other phosphoglyceride standar&gé These results indicate

»

that the unknown lipid is lysophosphatidylglycerol:\

“

Results presented.in Table II fﬁrther show that
\§he'product yielded glycero-

mild alkaline hydrolysis of
phosphorylgiycerolras could be ascertained from the Rf wvalues
obtained with the three paper chromatography systems used.,

On this basis,one can propose that at least one
enzyme exizgg which catalyzes base exchange reactlons with
lysophosphoglycerides and thus converts lysophosphatldyl-
ethanolamine to lysophosphatidylglycerol.,
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TABLE TI.

Chromatographic pro ertieg: of the uncharacterlzed'

lipid product compared to those ‘of of other L

phosphoglycerides. _ \J’

Phosphoglyceride + Rf values on differermt
chromatographic systems
‘ ' -
A B cC . D E P
Uneharacterized )
lipid 0.21 0,24 0.21 0.40
" PhoBphatidic agid 0.00 0.01 0,67 0.07
Phosphatidylglycerol] 0.36 0.40 0.56 0,58 -
Phosphatidyl-
ethanolamine 0.56 0.73 . 0.35
Cardiolipin 0.76 " 0.79 0.95 0.52
Lysophosphatidyl- o
glycerol 0.20 0.26 0,23 0.40
Lysophosphatidyl- i
ethanolamine : 0.33 0.46
Lysophosphatidic '
aqid 0.46 0.20
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TABIE 11

Chromatographic propertieg of the mild alkaline hydrolysis
 product of the uncharacterized 1ipid compared to
those of known deacylation products. ,.

/ -
) ' - Rf values on different -
| - . chromatographic §ZZtems
% H I
Deacyiated .
uncharacterized lipid 0.40 - 0.83 - 0.29
Glycerophosphoryl- : *
glycerol 0.40 0.81 0.30
Glycerophosphate : 0.29 - 0.27 . 0,25
Glycerophosphofyl- -
ethanolamine ‘ 0.63 . 0,22
Glycerophosphoryl- )
glycerophosphate 10.15 0.50 0.17

.
i
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I.2. The effect of protein concentration on the formation.

of #”P-1ysophosphatidylglycerol. -

The effect of the protein concentration on the
con#ersion of [3213-lysophosphatidylethanolamine _tonIJ - Y
lysoph&éﬁhﬁtidylglycerol was studied. Results in Figﬁre 5
indicafé that under the incubation cqnditibns used, the
reaction was linear up to a concentration of 3 mg/ml and
no other major lipid proéucts were formed, A small amQunt of
labeled phosphatidylethanolamihg;accumulated at Higher“protein
concenFrations.

v~ N\

I.3. Effect’ of pH on the lysophosphétileglycefol

fOrmation.
R ’

IRTRTAY tF PE L REFR

The effect of pH -on the formation of lysophosphatidyl-

glycerol is illustrated in Figure 6. The enzyme has a \

broad optimum between pH 6.8 4nd 8.

I.4, Cation requirement for the egzygatic reaction.

+

The cation requirement fér the conversion of lyso-

-phoéphatidqu;hanolamine into lysophosphatidylglycerol was

also determined, Results summarized in Table IIl reveal that

there is formation of 1ysophosbhatidylglycer6i w@ﬁhout\the

s
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FIGURE 5

#4  The effect of
b:otein concentration on lysoc-
phosphatidylglycerol formation.,
The incubation mixture contained
in'l mi,0.,15 umol ofEBZP]-iyso-
phosphatidylethanolamine (22 850
dpm).jmm CaCla.different amounts of

Escherichia coli particulate

fraction and 0.1 M Tris buffer
pH 7+3 « Incubation was for 30
minutes at 37°C1 ’

/;
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FIGURE 6

PH curve for
enzymatic reaction.of lysophos-
phatidylglycerol fqrmation. The
assay mixture contained in 1 ml,
1 mg of particulate fraction protein,
0.1 umol [32P]—1yaophosphatidyl- .
ethanolamine (18 670 dpm),5 mM CaCl,.
In the pH range 4-7,the buffer was
0.1 M acetate and in the pH _range 7-9
0.1 M Tris-HC1 buffer was used.

‘\é
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CPABIE  III -

The incubation mixture
coptained,in 1 ml , 0.1 M Tris. buffer
pH 7.3, 0.9 mg Particulate fraction

~protein, 0.1 umol [?2Iﬂ élysophospha-

tidylethanolamine and the cations as
indicated.
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TABLE IIX

The effect of cations on lysophosphatidylglycerol

formation.

ol
Al G i O

Conditions

N )
&‘\ou h&s\ recovered in lyso-
phogphatidylglycerol

No cation added
Ca++(2-5 mM)
(5.0 mM)
Mg (2.5 mM)
(5.0 mM)
EDTA(10 mM)
Mn*t (2,5 .mM)
* + (5.0 mM)
“outt (2.5 mM)
(5.0 mM)
_ca*‘"(z.5 mM)
(5.0 mM)

B

- b4 283 (1 200)*

~— 5630 (2 500)%

5 875 (2 800)*
1 748
1 230

OO0 00O OO

# Results obtained from another similar experiment.

=



e —

- 62 -

© addition of any cation but the lysophosphatidylglycerol

formed under these conditions varied with the extent of
washing or dilution of the enzyme,

The conversion of lysophosphatidylethanolamine
to lysophatidylglycerol was stimulafed by ca™ ana
inhibited by the other divalent cations studied, EDTA

inhibited the reaction completely, The optimal concentration

of Ca'" was found to be 5-8 mM. Marked inhibition of the

reaction occurred at concentration above 10 mM (cf- Figure
D

I.5. Conversion ofgluc]-and [?ZPJ-;Vsophothatidvl—

ethanolamine to lysophosphatidylglycerol.

Doubly-labeled lysophosphatidylethanolamine

was incubated with Escherichia coli particulate fracfion,-
under the established conditions of pH and cation,in order
to test whether the conversion of lysophosphatidylethanol- '}Q

amine. to ophosphatidylglycerol occurred with

14Q/32f£§ounts ratio, The results illustrated

a change in the
in Table IV indicate th __lgglphosphatidylglycerol‘was

formed without a change in-this ratio,suggesting that the
formation of this lipid prdduct occurred by a transfer of

the intact lysophosphatidyl group to a suitable acceptor.
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FIGURE 7

Effect of Ca++
congefitration on the lyso-

" phosPhatidylglycerol formation.

The incubation mixture contained,
in1ml ; 0.1 M Tris buffer pH 7.3,
0,7 mg of .particulate fraction
protein, 0.05% uﬁoles[?sz- lyso-
Phosphatidylethanolamine and
CaClé as indiecated.
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. TABLE 1V o
o 1 32 .
Conversion of ~'C and ““P- lysophogphatidylethanol-
amine to lysophosphatidylglycerol. . -
’ y, 2, b
- 8 32p 1 0/32P ratio
. i -
" Lysophosphatidyl-
e¥hanolamine 29 780 18 970 - 1457
) Lysophoéphatidyl- i
glycerol 8 600 5 690 1.51 .

The incubation mixture contained in 1 ml: 0.1 M
Tris buffer pH 7.3, 5 mM CaCl,, 1.1mg of particulate
fraction protein,24 nmoles (BEP]-acylglycerophosphoryl—
ethanolamine (18 970 dpm) mixed with 38 nmoles of 1-['“*0]
acylglycerophosphorylethanolamine (29 780 dpm).

~
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L.6. The effect of glycérol and glxcerophosphﬁte’on

the conversion. of 1ysophosphatigylethénolamine

into lysop;;;ghatidylglycerol.

&

Lysophosphatidylglycerol could be formed by

o™~

gither or both of the reactions illustrated below ;

oA

B)

"lysophosphatidylethanolamine + glycerol —-—--w-- 3

lysophosphatidylglycerol + .ethanolamine

iysophosphatidylethénolamine + DL~ ?i- - glycerophosphate
------- 3 lysophosphatidylglycerophosphate + ethanolamine

- u_Pin.

lysophosphatidylglycerophosphate -——cc—ccmeea- >
lysophoéphatidylglycerol

Results illustrated in table V indicate that lysqphos-

phatidylglycerol formation is not markedly stimulated by

exogenous glycerol, However it is likely that endogenous

‘pools of this substrate are generated during incubation,via

phosphoglyceride breakdown. Addition of ATP to the incubation

mixture caused an enhanced stimulation by added glycerol which

indicated that glycerophosphate is a better substrate for the

reaction., Accordingly,results in Table V reveal a much more

significant stimulation by glycerophosph&te than by glycerol,

On the basis of these results one can propose that
138
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 TABIE V

(A) The incubation
mixture contained in 1 mi , 0.1 M
Pris buffer pH 7.3, 1.1 mg of
particulate fraction protein,0.15

umol[Bzﬁ} lysophosphatidylethanol~.

amine,5 mi CaClz.

gB)‘The condition;
were the same as those stated for
(A) except that glycerol and ATP
were added as indicated.

(C) The conditions -

are the same as those stated for
(A) except that BL - ol - glycero-
phosphate was added as indicated.
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TABLE V

The effect of glycerol and sn—l]})-glxéerophosph&te on
the conversion of lysophosphatidylethanolamine  °
to lysophosphatidylglycerol. o

]

Conditions -.Counts recovered ' ;n'.
lysophosphatidylglycerol
(4) ?
ca™, o glycerol added 7 610
(B) _
Glycerol 4% . 7 820
"~ Glycerol 6% 8 140
Glycerol 4% + ATP (2.5 mM) 8 510
Glycerollé% + ATP (2,5'mM)7 8 920
(c)
DL- ol -glycerophosphate ' .
%10 mM ) R 10 560
DI~ <L -glycerophosphate . :
' %15mM)' ) 12 610
X f i ' ,
7
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mechanism B malnly,ls respons:.ble for lysophosphatldyl- Q_/ .

Elycerol formatlon. However mechanlsmy. perhaps catalyzéd .
Cw ~

by another enzyme, . cannot be precluded,

L

" Since- DL- ol -glycerobhos’phate s't'imulated’ the
conversmn of lysophosphathgyle‘bhanolamlne to lysophospha-
tldylglycerol DL ol ~glycerophosphate was plctured as the -

. : . L
true substrate for this reagtion. This p’ossib‘ilﬁ.ty was further

‘ "tested by 1ncubat1ng Escherichia colJ. partlcula'te fractlon

: vuth sn—glycerol 3~ phosplﬁte (U)«[lLI'C] to see if: 'thls precursor,

is 1ncprpora‘ted into lysophospha‘l;ldylglycerol.v
Table V1 shows that [1ud-glycerop,hosphate does 1ndeed
mcorporate 1n‘l:o lysophosphatldylglycerol and unlabeled lyso-

.
phosnhatldylethanolamlne stlmulated thls incorporation. . AR PR

4 : . - .

~ ~ . » -

-« * .

Eucg-glycerolﬁ dld not so markedly :anorporate 1nto
1ysophospha‘t1dylglycerol under s’.mllar condltlons. However,_ .
~ATP and’ Mg *anditibh greatly stlmulated the’ J.ncorporatlon
of [“@-glycerol into lysophosphatldylglycerol.

’ These results :Lndlcate qulte conclu31vely 'tha't

. LFes
lysophospha‘tldylglycerol forme.t::occurs malnly via. .

8
I
o
™~
[ 24
.
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- TABLE VI

(A) The incubation

“mixture conta:fned,in t mi.,0.1 M

Tris buffer pH 7.0, 1, 6 mg of
particulate fraction ote:Ln, 5

..« CaCl,, 10 nmoles: 1 C glycero—
2

phosphate. o . \_\\

(B),,;he coné@.tion‘s.
are.similar as stated for (R)
except that [1 d—glycergphosphate'
was replaced by 15 nmoles of

[}u’d—glycerol.

_ (C) The conditions
are the same as’ stated for (B)’
except that Mg’ (10 mM) and ATP
(2.5 mM) were added. . :
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- PH range for the 1ncorporatlon of[ Q]-glycerophosphate i
similar -but sllghtly lower than that found for the fir

B e e

t

mechanism B. .
To further prove this reactidn,the lysoﬁhospya-

tiﬂylglycerophosphatg intermediate wﬁs.systematicall§

épught for,however it.Was not detected,very likely because

;f its rapid conversion %o lysophosphatidylglycerol by the

very active phosphatidylglycerophosphate phosphatase present .

in Escherichia coli.(43). 20 mM fluoride did not cause

. accumulation of this infermediate.despite the inhibitory

effect of fluoride on phosphatidylglycerophosphate phos-
phatase reported by Chahg and Kennedy (43).
‘Phe effect of pH on the(}ACJ-glycerophosphate

1ncorporat10n was studled. Figure 8 indicates that the optimal

redction studied 1nvolV1ng the conver91on of(3

'phatldylethanolamlne to 1abe1ed lysophosphatldy gl 1. This

éﬁf/f on oﬁtlmum,could be due to unavoidable dlfferences 1n

'assay medium, In initial studies mth[szJ -lysophosp_hatidyl..

ethanolamine the ekogenous glycerophbsphate céncentration is
high and that of added lysophosphatidylethanolamine,low. The
reverse conditions held for studies 1mp11cating[1 Q) glycero-

phosphate incorporation, -

‘f
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-

FIGURE 8
- ‘—'\'\

-

The effect of pH on the
incorporation of [14C}-glycero-
phosphate ( e—e ) and {(1%c]-
ethanolamine (O»--.0) into lyso-.
phosphatidylglycerol and lyso:

-phosphatidylethanolamine. The

agsay mixture contained,in 1 ml,

13 nmoles [140]—glycerobhpsphate

or 60 nmoleg of [1uc]-ethanolgmineh
1.5 mg cold lysophosphatidylethanol-
amine,3.5 mg of particulate fraction
protein, In the pH range 4-7,the
buffer was 0.1 M acetate and in the
PH range 7-9,0.1 M 'Tris-HCL buffer
was used. :

‘ 1]
!
- %.- :
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II;B. Studies to determine other possible exchange

reactions.

I.8.1., A study of the incorporation of (1&01_ ethanol-
‘ ~ amine into lysophosphoglycerides.

&

4

The Escherichia coli particulate fraction was

L3

. : incubated with [ﬂﬂﬂ;-éthanolamine in the presence of

ca™t

and the effect of unlabelgg lysophosphatidylethéisrb~*”
amine,phqsphatid&lethanolamine and phosphatidyig;ycerol
- was studied. The results of this experiment Summérized
" ’in Table VII indicate té (4] - ethanolamiqe incorpotates
into lysophosphatidylethanolaﬁine.the incorporation being
stimulated by unlabeled lysophoaphatidylethanol ine, .
Experiments in this labbratory have indicated that [1""0]— .

ethanolamlne 1ncorporatlon displays a pH optlmum of

about 7.0 . i '
The addition of unlabeled lysophosphatidyl-
. - glycerol did not stimulate the incorporaticn of [14('3]:

. ethanolamine., \ L. ,

I.8.2. A studv of the incorporation of;L?;#] serine

g ’ ‘ . into lxsophosghoglxcerldes.
| : .. :

l . - T
EAC]~ serife was incubated with Escherichia coli
LY o .' ’ » .
particulate fractign and ca*.. Phe results summarized in

» . g ' 3
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TABLE VII

, (A) The incubation
mixture contained,in 1 ml ,0,1 M
Tris buffer pH 7.0, 5 mi CaClZ.

1 mg of particulate fraction
protein, 60 nmoles ﬁnc]ethanol-
~damine and various phOSphOllpldS
as indicated.

The incub

condltlons are simtlar as €hose

egcribed for (A) except that .
f ethanolam1ne was replaced
by 39 nmoles of d}serlne.

(C) The, 1ncubatlon
conditions are the siame as those
deséribed "for (A)-kxcept that the

ethanolamine was replaced by
15 nmoles oi‘E’C glycerophosphate.
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N
Table VII, lndicate that no 1ncorporation of [1uc]from[}uq}ser1ne
into lysophosphatldylethanolamine occurs even with the
addition of unlabeled lysophosphatldylethanolam;ne or
lysophosphatidylglycerol. Some [1“c]ffom (1%0]-éerine was -
incorporated into phoaphatidylethanolamine._

I.8.3. A study of the incorporation of llucl—glxcerophosphate

in the presence of various exogenous lipids.

_ (140] glycerophosphate was incubated wit}i :

Esghgn;gh;a coli partlculate fraction and Catt and

the affect of . unlabeled phosphatidylglycerol, 1ysophos-
.phatidyiglycerol.and phosphatldylethapolamlne was studied,
Under the incubation conditions used.glycerophospﬁéﬁe was
incorporated only in 1yspphosphatidylglycerol'and this p
incorpbration is not stimulated by the addition of
unlabelediphosphafidylglﬁcerolmlysophosphatidylglycerol

or phosphatidylethanolamihe. £;corporation into phospha-
tidylglycd?ol wag insignificant and was not inereased by
phosphatidylglycerol or phosphatidylethanolémine addition.
These resq‘?s (SeeTable ViI) lndlcate that phosphatldyl-
glycerol lysopnosphatldylglycerol and phosphatldylethanol-
amine do not exchange their bases with exogenous glycero-

phosphate. .

_Accordingly,one caJ{Fonclude %hat under the varied

. substrate conditions stated, exchange reactions  take
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place only with lysophosphatidylefhanolamine as lyso-
phospatidyl donor amd glycerophosphate (possibly glycerol <
also) and ethanolamine as lysophosphatidyl acceptors.

. Diacylphosphoglycerides do-not apparently

-'E?t1c1pate in ef&hange reactlons,at least not im the

absence of added nucleotldes,with dlsrupted cells as

. enzyme source.

I.9.‘Exch§ngé reactions’in other bactéria.

Lysophosphoglycerlde exchange reactions were

sought in other bacteria.

Under the same cornditions studied with Escherichia

coli.Iysophosphatidjlglycerol formation occurred with

Pseudomonas aeruginbsa_and Proteus vulgaris particulate_

fractions: These fractions were prepared in a manner

identical to Escherichia coli particulate {raction.

: The reaction with these other bacteria was also

stlmulated by Catt ( see Table VIII).

T The reaction did-not occur when particulate

.

fractions of Gram-positive bacteria such as Bacillus .
cereus,Bacillus subtilis and Staphylococcus aureus were

used (ses Table'VIII): - . -

LY
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' ' TABLE VIII

j " .

The assay mixture
contained in iml ,0.05 umol of
[3zli-lysophospha'tidylethanolamine ’

_ 0.7 mg of particulate fraction

, o protein of the corresponding .

L : bacteria, 0.1 M Tris buffer pH .
7«3 and CaCl2 as indicated,

| - ’

I‘“.

|

j

[

1
f : \

& ' “

i

i - : '
E y - '
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TABLE VIII

Lxsophosphatidxlglxcerol formation
in other bacteria. -

-~

3 o
) “/:xfgacteria. o , Counts recovered in
. lysophosphgtidylglycerol

Pgeudomonas aeruginosa; ' '

No Catt added g 688 |
" catt (5 mM) ' 2 Luzok\
Proteus vulgaris \ . Lo
, . No Catt added 1 sifly ‘
T catt (5 mM) R 3591 .
Bacillus cereus ’ ‘ - 8
 No Cat+ added I P 0 .
catt (5 mM) . . ¢ 0
Bacillus subtilis /
N No Cat+ added : T , 0 .
v Catt (5mM) | o
"|Staphylococcus‘éureus ' . . _
No Catt added 1T - ' 0 :
Catt (5 mM) I§ o~
\ - )
f . o )
Y N '
- o R
r - § R
/ E ' -
’ AY
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the most part by Kennedy s group and oth

A and lysophosphollpase.well characterlzed enzymes of

'not been descrlbed prlor to the present stuv

e AL 11 S g e e o e i e e .
N .
A '

. ’ .
GENERAL DISCUSSTION ~
x J -

-

Although the pathways for phosphoglycerlde

synthe51s in Escherichia coli have been eluc1dated for

P
workers

(see revues by Cronan (29) and Raetz (1500 ) the enzymes. .
respohsible for breakdown of these lipide‘e e ngt-completelj
characterized and thei} nctions remain rally unknown.,

Phosphatldylethanolamlne the main llpld of

'Escherichia coli does not turn over. However Eglyglycero-

phosphatldes do turn over at a,moderate rate oy conversion
of phosphatidylglyeerol to cargiolipin'and vice versa.
These 1nterconver31ons 1nvolve the polyglycerophosphatlde
cycle {50) comprlslng cardlollpln synthase and cardlollpln

phosphohydrolase actlvltres 1n vivo. They,also turn over

by é%natxng an sn—glycero—l'-phosphate group. %35; certain ;.
~ .
: class ofollgosacchgrldeedescrlbed by Van.-Golde et al., (40)

Purnover of llplds does not seem to 1nvolve phosphollpase

-

Escherichia’ COll. Interconver31on between phosphatldes

other than between phosphatldylglycerol and cardlollpln had

-

s
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o I. The conversion of ]xséﬁhosphatidxlethanolamine'to ™

sophosphatidyleglycerol.

]
¢ . B [
: The-reig;ts-of this thesis demonstrate the .o
- PR
presence in Escherlchla coll partlculate fractlon of an

enzymatlc act1v1ty catalyzing base eéxchange reactlons
1nvolv1ng lysophosphatldylethanolamlne as donor and ‘glycero-
phosphate,glycerol and’ ethanolamlne as acgeptors of lyso-
phosphatldyl EToups. ‘i { *
A ‘Phe product .of the reactlon invelving - glycero- : 7'
- ' phoéﬁhate,lysophosphatldylglycerol;Eas characterlzed as the
intact lipid by co—chromatography wiéh authentic'l -lysbd-
phosphatldylglycerol in several TLC systems and as the
afiaizhe‘hydroly51s product,glycerophosphorylglycerol.

Other analytical results obtalned in tpﬂ% laboratory

1ndicated that the 1ntact product labeled\w1th [? P] could
' T~
“be degraded W1th phospholipase C to yleld 1abe1ed glycero=-
.
phosphate. T o

-

) This produet had beendetedteﬁruevioesly in our
1aboratory as materlal remaining at the origin when lyso—
phosphollpase activity gad been tested in coliform extracts
w1th[?2§a->labeled lysophosphatldylethanoramlne. It was

Sy erroneously dismissed as water-soluble materlal contamlnatlng

theai;pfgﬁ;has@. On other occa81ons the two lyso compounds

- -

i ~ # E /\J\

¢
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more polar solvents described in this ﬂﬂ!sis.lysophospha— .

'between pH 6.8-8,0.. Tha incorporation of sn—glycero-B-phosphate

. lower pH optimum. - -range (6,5 -
could be.explained by the slight difference in conditions

- 84 -

may not-have clearly’ggiarated one from the other. With tha

tidylethanolamine moved at a faster rate and could be

separated from lysoph‘?phatidylglycerol whieh moved away ~

.from the origin and could be dlstingulshed from any possible

Water-soluble contéﬂdnants. ,
-\_./\' , . . !

1

II., Factors affectine the formation of lysophosphatidyle
&lycerol. :

~

catt at concentratfons'below 1 ad a stimulatory i
effect bur‘addifibn of this cation was not“required for
activity. Since EDTA inhibited the reaction oompletely, | - |
it is likely that the enzyme does require Ca*t, At higher . v
concentra't:ions.Ca"'+ was inhibitory. Mg+t ,catt, Cd** and i
Mntt were inhibitory even at lower concentrations. ;

Preliminary experiments (resu/;s\not shown) indicated Q\\j
that the reaction _was not enhanced in the presenc of ether
or detergento. _ : .'v,” /F%TLQ____ ,dd.-nu—.

The conversion of [32Ia lysophosphatidylethanol-

amine tp labeled 1ysophosphatidylglycerol occurred optimally

(u)- [140]into labeled lyaophosphatid&lglycerol had a slightly
but ¥R differelice
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as:exﬁlained in the previous section, |

~ . The incorporatIWf of sn-glycero-3-phosphate

(U) [}uC] wés significantly stimulated by addition o) "

un1§bele§ lysobhosphatidylethanolaminé and the conversion .

_ﬂpfllysophosphatidylethénolamine to 1ysophosphatidylglycefol

h@és enhéqced_by'gdditibn of-DLaL-glycerdphosphate. These”
results are all ;ndicafiva;of‘an exchange reaction
"involving the bgselﬁart‘of‘$hg'li§id substrate.

Like the coliform exchange'reaction.just described,
base ekchange reac%ibps in mammalian tisédes}localized in
particulat@ fract%?ns.afe éenerally qharabterized as being
ftipulgted.by Ca++. However,they have a réther‘alkaline pH
opfimum‘  (136,137,151,152)., |

——

Ny

III, The mechanism of: lisophosphatidxlg}xcerol formation. - - ‘.
) When QOubly-labeled‘lysophosphatidylethéndiaming
\i::y was used as substnate.lysophosphatidylg;ycérol formation
occurred without a change in fherluQ/sz ratio (gee Table Vi). o
indicating that the lysoPhoSphatidyl gﬁppp was transferred
_intact to‘form the Product. Sincg glycerophosphéte.mgrkehly
stimulated lysSphosphéﬁi&ylglycexé&\formaézﬁn in cqnt£§§t'to
- glycerol which did so o%ly very slightl&,and since the effect
of g}ycerol andAglycerol (U)[}uqlwas'in turn increased byQ -

ATP addition,ong'can conclude that glycerophodphate is the

) _ - , -
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pseferred‘aCOeptor of tﬁe lysophosphatidyl group for the
- formation of 1ysophosphatidylglycerol.
These results do not preclude a mechanism
directly 1nvolving glycerol as lysophosphatidyl acceptcr.
.Perhaps another,less specific enzyme 3170 cetalyzing
in this‘case. The

A
enhaneing effect of Mg++ and ATE” was unexpected since Mg+t

exchange with ethanolaﬁine is'ihvolved'

normally inhibits 1ysophosphati&ylethanolamine conver31on
to lysophosphatidylglycerol. On the other-Pand.since .Ca++
addition to the iﬁcqbaticn medium is not strictly °.
required for activity,some of the endogenous Qa*f

‘Must remain tenaciously'bound to the particﬁlgte'enzyme

?

-even after washing or diaxylis and could partially protect
o
against the effect of Mg*t..

It is llkely that lyscphosphatldylglycerol

. -
L

synthesis occurs with the ‘formation of 1ysophospha- s
tidylglycercphosphate es intermediate. This prcduct could
not be- detected likely because it is rapidly hydrolyzed

" to yield lysophosphatidylglycerol An analogous situation t
_exists in the case of phosphatidylglycerol formatlon.
Phosphatidylgiycerophcsphate.the precursor cf'phosphati-
leglyceroi.goes not accumulate becacse it is rapidly
hydrolyzed- by a.ﬁ%ry active phcephohydrclase. Fluoride..
(20 mM) was reported to inhibit the‘phosphat;cylglycércl'
phosphchydrolase of Eechegjchia coli. However,addition
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of this idon to the 1ncubatlon medium did no céusé
accumulatlon “of 1ysophosphd¥1dylg1ycerophosphate. The
reason for tHis negative result 1s not clear. )

The mechanism whlch we postulate for lysophos-
phatldylglycerol formatlon is 1llustrated in the follow1ng

*%

reactionss

e

.
4

lysophoaphatidylethanolaminé + glyterophosphate ----- 2%
lysophosphatidylglycerophosphate + ethanolamine

iysophosphatidylgiycerophosghateA-;-—-—i-)
lysophosphatidylglcerol + Pi

- . LS
2

The enzyme involved. appears to be quite different

-

from plant phospholipase D or from cardiolipin phospho-
diesterase sinde the lysophosphatidyl group is always
transferred to an alcohol (glycerdphosphate) and not only to

water. It appears to be a- true tranéﬁhosphamidylase enzyme

of nmarrow specificity. ~

Experiments in our laboratory have indiéatpd that

when lyédphosphatidyl [140]- ethanblamiqe was incubated

. with Escherichia coli parficulate fraction in the presence

of cat™, [1401- ethanolamine was recovered in the water-
methanol phasé"after Bligh and Dyer extréction.but this

product could have afiséh partly by the breakdown of
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’might-be advantageously repeated in the presence of deoxy-

\lead to the formation of a product of the correct stereo-

- 88 -
[wc,] glycerophosphorylethanolam1ne :t‘ormed by a lyso-
phospholipase actlon on lysophbsphatidylethanolamlne. The -
ﬁﬁﬁ] ethanolamine reco;bred sometlmes 1ncreased with the
addltlon of glycerol and usually more so .with glycero-
phosphate added to the 1ncubat10n medium (data not shown).
But concurren‘t .and variable breakdown of [wc]- glycero- =~
phosphorylethanolamlne under the“condltlons of assay
interferred wrt:h a proper assessment of[luC] ethanol—-

~amine produced by tran’sphosphatldyla'tlon. This experiment -

cholate which is known to inhibit ‘lysophospholipase (98)
howevér it is not certain Whaf efjfect' this'de;l.:ergent- ‘
might have on:the t;‘ansphosphétidylase enzyme.,-

‘Phe sequence Of reacfio‘n_s described above would

‘chemical conflguratlon na.mely, sn-1-acyl glycero—3 phosphoryl

sn—l'-glycerol. (This lS the stereochemlcal conflguratlon

found for phosphatldylglycerol of Escherichia cdli). This

point could be clarified provided éhough of the _px:oduc't
can be isolated. The configuration of the acylated and
unacylated glyé,erol can be ‘estimated by hydrolyzing the
product with NéOH,corxiecting for any (3 - glycerophosphate:

' forrﬁed and assessing the yield of _s_g—glycer_o-j—phosphé.te

" with stereospecific sn-glycero-3-phosphate dehydrogenase.

When only half of the total ¢l - glycerophosphate is used

“up by the enzyme then this means that -the product. 15 indeed

‘

- d
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a ﬁerivative.of_gg:glycerd}3-phosppory11§5:1'-glycerol.
On tﬁe other hand if a fransphqsphat;dylation.occunred -
directly with glycerol one woﬁld expect the product to
be a der@vaﬁiye of gg—glycero-Brphosphoryl_§p—1'.(3') ,
- glycerol ié the enzyme in&ékved behaves like plant J i
phospholipase D (153). Indeed whén phosphatidylcholinev‘
is incuBatéd_with 4% glycerol and cabbage leaf phospho-
lipaée D,a phosphatidyl rac~-1%3") gl&cero; product is
obtained (153). | ' ‘

v, Other exchange reactions. T .
i U -

Ethanolamine was also found to be anracceptor
ofﬁthe lysophosphatldyl group of lysophosphatldylethanol-“
amlne. The reactlon was not characterized in detail
‘however. Indicative of this $ype of reaqtloq,the L
incorporation of[}udl ethanolamihe into lyqophosphatidylé
ethanolamine was stimulétéd by addition of ﬁnlabeled lyso=
phosﬁhatidylethanSigmine to the feaction mixture. Results
in our laboratofy have also shown that th}s(reactibn is .
‘Ca++ requiring and has a pH thimﬁm between 7.0 - 7.5;°
Serine—(}udlaid not incorpbrate ipto lyéophdsphatidyl-
seriné or lysophosphatidylethanolamine which means thét
this exchange reaction is Spec1flc and could well involve
a dlfferent enz;me than the one. catalyzlng 1ysophosphat1dyl—

glycerol formatlon. .
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Exchange reactions 1nvolv1ng lysophosphat§d{i:"
glycerol as 1ysophosphat1dyl donor were not detected.
Furthermore,addition of phosphatldylethanolamlne or phospha—
‘tldylglycerol to the 1ncubat10n mlxture did not cause
enhanced 1ncofporat;pns of sn—glycero-j—phosphate—[}4C]
"serlne— (_L"CJ or ethanolamlne- [mc] into any of the phospha-
tide fractlons.Hence no ev1dence for other.exchange . reactions
could be obtained, ~ . R T ‘

V. ibl siological silnificancé of the
lxsoghosghoatidxlethaﬁolamine_exchange reactions. '

L

The.eqzymes for the deacylation—reacylation-cycle

-3

ioccur in Escherichia coli,. These are,the lysophospho-

glyceride acylatlng enzyme ,(121, 154) and phosphollpase A
7&{1?4.116 1219 catalyz1ng the reactlons 1llustrated below 1

B

. )
(1) phosphoglyceride -9999999}59559-&-9'-fatty ~acid +

‘ lysophosphoglycerlde -
(2) lysobhoéphéglycéride —ggx}éz&gg--;'phosphoglycerlde(a acyl) i

Although the presence of phospholipsdse A has °

been demonstrated 1n Escherichia coll,lnvolvement of 1ts

act1V1ty in mhosphoglycerlde turnover cannot be ascertalned

(155) Thus the deacylatlon-reacylatlon cycle may not be

- ) : ? : i ¢ ' R
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1
functional as such. However'ohe could picture the -
involvement of this cycle in localized areas of the

emembrane which would escape detection by the usual
| _ pulse~chase type of experiments.

-~ .

Phospholipase A ‘is located in the outer membrene )
fraction (81) and is thus well suited for degraéing v ,
exogenous phosphoglycerides. Exogenoue phoephatidylethanol-
amine could be hydrolyzed to yield 1ysophosphatidylethanol-

i amine,which through™ the exchange redction would be

. converted into 1ysophosphatidyl sn—l'-glycerol (Bequence'
below). This product,of the correct configuration could in

turn be acylated (reactlon 2) to yield phosphatidylglyberol.

lysophoephoglyceride‘ + glycerophosphate:

1ysophosphatidylglycenophoephat%,
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2 . ' __’ Thus the transphosphatz%ylatlon reaction could

8 ‘f' ' be pictured‘as hav1ng a homeostatlc'functlon,serv1ng to

< maintain the relatlve proportlon of phosphatldylglycerol ,

\' S as exogenous llplds 1ncorporate 1nto the membrane of

Escherlchla coli and other Gram-negatlve bacterla. It

would be 1nterest1ng to see if the transphosphatldylataon
j ' enzyme:can.also convert lysophosphatldylcholrne to lyso-
) phosphatidylglycerol. Since theﬁ polar head grouﬁﬁinfluences i
g ) — - the fluidity of phosphoglycerldes,lt is indeed 1mportant
that the membrane be equlpped w1th means to keed the -
; relative ﬁroportlons of phosphollpld classes constant.-
; To date no mechanisms have‘been proposed to account for ’
% -  the rigid control of the relative amount- of phosphatidyIJ
2 - » ; ethanolamlne (70—7%i’2£'jhe;total phosphollpld) and poly—
glycerphosphatldes (20-30% of the total phosphollpld). Anﬂ
b exchange mechanlsm occurrlng dlrectly betweej phosphatldyl--
P ethanolamlne and phosphatidylglycerol could serve in such
a regulatory functlon and would llkely be under the control
- - of 81mple factors such as avallablllty of glycerophosphate
for example. However,exchange reactlons were found not to .. *~
‘occur;with dlacyl phosphoglycerldes at least under the ‘
experlmental oondltlons tested. ‘ _ S LT
i\' N i v . Since phosphollpase A 1s 1nact1ve agalnst o f -

‘endogenous llpldS in normal cells,lt 1s unllkely that

exchange reactions play a role in’ controlllng the proponxions )

—~

of-enQOgenously derived lipids. Howeferfthe de novo formation .

-~




1ysophosphoglyceride level occurs.

..93.. F

"

’ of 1yeophosphaglycerides in Escherichia caii has never
' been precluded. But if‘thie occured it is poesible that

some control mediated by exchange reactions at the -
Ballesta et al.(149) suggested that the incorporation,

of‘giycerol into phosphatidylglycerol in mutants incapable

of syntheeizing glycerophosphatide occured via a direct

. exchange reaction. We were dnable to obtain'evidence for

~ guch a' reaction,however the conditidns for testing exchange

between glycerol ‘and phoephatidylglycerol were not extenslvely -

“ varied. On_the other hand,exchange. of glycerol .with the
'—unacylated glycerol moiety of phosphatidylglycerol could

arise indicfffif by reverse of “the; éardiolipin synthase .
reaction (50) 7

cardiolipin "+ glycerol Z—2 phosphatidylglycerol

R . b
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reactlon may have been i
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Serine synthetase is known t6 catalyze exchange of

. gerine in phosphatidyleerineu Thie particular reaction was

hot verifled with added serine and added phosphatldylserlne
under our condltione of incubation. Some serine did- 1ncorporate
into phoephatidylethanolamine.likely'via formation of phospha-
ti&ylserine and its decarboxylation y»When only Ca+ was added

. to the medium howeve thls incorporation was not: _stimulated

by addition of phosphatidylethanolamine. Serine incorporation
may have been assisted by ndogenous cofactors leading to de

novo synthesis of phosphat

dylsgerine,however a simple exchangek

olved as Well whereby serlne-igc

replaces serine in endo enous phoephatidyleerine. TN
In conclusion,oné may add that the rather restrioted

number of exchange reactions that do- occur in Escherichia coli

_‘seems to p01nt to the 1nvolvemept of rather spec1fic enzymes

.and since the ‘enzymes are spec1fic.they must play speclfic-

roles. At the moment we can only conjecture these rolee,hoyvever,
mutants may be isolated even%ually which lack these base
exchange enzymes. The phenotypes displayed may then reveal

these functions more clearly.
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