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(1)

GENERAL TNTRODUCTION

- General Structural Features of the ﬁacterial Cell Surface

. ‘Bacteria in geﬁeral possess at their sutfaceg a
cytomemb?ane and a cell wall. In:gram—positive organisms
these two entities are easily distinguished by'elect;on“
microscopy and biocheminal techniques. The cell wall
materigl of Bacilii-fnr example, caﬁ be easilyﬁfemove& by
muralytic agents and the plasmalemma isolated in relatively

"pure form after osmotic shock (l);
.The ceIl surface of Gram-negative bacteria'sﬁch
“as E. coli #ppears to be more complex. FElectron ﬁicroscopy
reveals in this case several distinet layérs (2,3), inclﬁd—
_ ing an jnppr cytoplasmic membrane, a rigid peptideglycan |
layér;ex£erna; to the cytoplasmié membrane, and a second
ﬁombranous structure the "outer membrane" at the outer
surface o}_the eell. Tﬁe surface assemplv'ié generilly
.designated as the cell enveiope, Attempts to sevarate the
different’ layers in pure form hgﬁe met with only moderate

success. The methods are complicated and not been

readily adaptable to different strai same species.

The ML strains of E. coli used by Kabay example, are
more amenable to cvtoplasmic membrane i¥oTation than the

W strains which posséss more M"completeM cell wall structures

(k).



(2)

The Cytoplggmic Membrane‘

Definite information regarding the structure .
: : 2. . =
and precise composition of bacterial membranes is”limited

‘tmlorganisms in which adherence of cell wall material to
the membrane does not pose a serious ‘technical problem.
Among the Organlsms most commonly studied are the Bacilli
and pleuropneumonla—like organisms In the case of Myco-

plasma laldlanl at ;east, it seems that the architecture

of the membrane is quite similar to that of animal plasma;
lemma i.e., the basic structural entities are proteln and
1ipids arranged as bilayers (5,6). At this stage, one can
only speculate that general knowledge on mhe structure of
cytomembrapes also applies to E. coli plaémalemma, although
preliminary X-ray diffraction data indicate that the bulk
Iof the lipid in bpth the innér and outer membranes is

arranged as a bilayer (6).

Structural Models of the Plasmalemma

The surface of all cells is lined with a
semipermeable membrane composed mainly of protein and
lipid. Up until 1960 this barrier, the plasmalemma, was
generally believed to be composed of a lipid Eilayer S
"sandwiched™ between two.layers of protein. This simple
concept proposed. by Davson and Danielli (7) and/Stein (8)

and still dogmatized by Robertson (9) has been dhgllenged

9
L
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by several investigators (cf review article by B.ﬁ. Korn
110)) from 1960 onwards. The sea of diversitf that
resulted Was not successful in submerging the original
'Davson-Danielli model although it has eroded some of the
rigidr ‘oposals of Robertson. Accordingif,-tﬁe newest;
evidé ce although supporting the bilayer concept, toler-
:'ates more 1iberal accepbance of the model, inasmuch as
one‘need no longer ascertain that all the lipid is coVér;
'ed by protein in extended conform#tion (11). In some
membranes at least, the structure may involve a mosaic of
'lipidipilayers‘and protein globule§, each entity pfojectr

ing polar groups at the surface {(12,13)

§

 The Fluidity of Biomembranes

Recent evideggpfhas shown that in pure hydrated
lipid bilﬁyerg thefe,isfflexibility of acyl chaiﬁs'invthe
plane of the biiayer (14) and that fluidity increases in
the chains in proportion to the distance from the carboxyl .
group (14). Flip-flop perturbations are ;iso dqbbc&ed as
seldom and -slow procesqes (15). The thermotropic m;so-
morphism of lipid in the .membrane is largely controlled
by either the cholesterol content and, or the degree of
unsaturatioﬁ.yf thelacyl chains (16,17). In mg?branes
which containtit, cholesterol acts as a regulator of

 flwidity. It liquifies.straight saturated chains by
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mechanical disruption of hYdrophobicAbcnds And.ﬁiffyymiﬂigggg |

the fluidity of cis-unsaturated chains eithe 5§/;dme”con-

densing effect as in the'casé of mqno’éiggggzgsaﬁﬁkatea |

- éhﬁfﬁé (16) or bf steriii;ly’hinde;ing the motion of mono-

unsaturated'chgiggxwigﬁ which it hydrophobically combines.

The net resui;/is that a liquid crystél}ine state is main-

tained (17). | |

' Whether or not cholegterol ;é present in the

membrane, unsaturation in the chains would hgturally be a

* dominant factor influencing fluidity of the lipid core.

'The.degree of‘unsaturation is altérable by diet (18) and

in pbikilothermié organisms including E. cold as well as

in surface cells, by temperature (16,18,19). 'Cold increases

the degree of unsatu£atioh and the‘opposite is true. «
whéther, and to what extent motion of lipids is

restricted by the presence of protein is not completely

khown but it is now established that at physiological = .

temperature, thé acyl chains in many isolated Siomembranes

studied are in a liquid crystaliine state (14,16,20,21).

It is knéﬁn from differential thermal analyses and spectro-

meﬁricrstudies perfofmed‘on bacterial ‘and mammalian membranes

(6,21) that the acyl chains can be reversibly melted without

effecting gross conformational changeé in fhe‘protein.

: : ‘ .
Denaturation of the protein at higher temperature does not
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affect the-melts of the acyl chains. Tt is‘orobable
therefore that-the structure of the membrane does not
'depend on extensive hydrophobic interactions between
protein and lipid and that the gross physicochemical
propérties of one structural‘counterpart is not affected
'by the presence of the other. This.evidence is comple~
mentary to the model of Singerland Nicolson who see

the biomembrane as a liquid mosaic of lipid bilayérs

and protein globules_(lj). Both entities are mobile
'in a plane parallel to but; usually not, in a plane
perpendicular to the. surface of the membrane. . The .
concept of mobllity of protein in the lateral plane Is
based on the fact that fluorescein-labelled antibodies -
will'react’with cell surface antigens in a completely
randomized manner: There are apparently no organized
protein patterns at the surface of the cell.(13). -Also,
the work of Frye and Edioen (22) has shown that when
one cell which is‘labelled at its surface with fluorescein-
labelled antibody. fuses with an untagged cell, the
regsultant membrane is, at first, asymmetrical with neepectl
'to antibod}_distribution.rg th time, the label spreads.
uniformly over the whole f.us'ed cell surface. ' On the
other hand the entibodies‘will react at only one surface

-of the membrane depending on the distribution of antigen.
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'This indicates considerable asymmetry of protein
arrangements‘in tué'?crpéndicu;af plane.

_'Thé model of Singer and Nicholson seems quiteL
reasonable from the evidence at hand although 1t ‘could
possibly be argued that interaction of surface proteins
.W1th taggcd antibodies perturbs any organized protein
at the s.'ur'face of the cell and might actually cause ~
randomization. | |

Since the protein mobility is postulated to
occur in the’ parallel plane only, the model does take
1qFo account the well documented asymmetry of protein

distribution (23) but it assumes that the nature of this

asymmetry is unimportant to the maintenance of surface
phenomena such as active transport, and facilitated
diffusion.. It is doubtful that the model could apply
withoutkmodification,,to the inner mitochondrial membrane
‘where_coubled oxidativeﬂphosphorylation may well depend
on a vectorial arrangement and lateral organization of

the electron carriers and coupling factors (24,25).

»

The Function of Phospholipids in Biomembranes

Phosphoglyceridea are'found mainly in bio-
membranes where they serve a structural role. The
‘amphipathic properties of these lipids compel them to form
bilayers in aqueous media (11,26) and this seems now to be

the universal structural basis for formation of all membranes.
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. Probably any aﬁphipathic substdnce whioh'is'not wedge:_
shaped (27) would have been equally?suitable to Nﬁture.
What seems to influence-the.struotural p%operties of.

the biomembrane is not so much the nature of the-oolér |
head-groupe of phoephoglycerides'but the f;uidity of
their acyl ‘chains. ‘The force-area curvesvéf phosphatidic
acid, phosphetidylcholine phogphatiaylethaholamine and
phosphatidylserine with' identical fatty acid compositions
are much the same (28, 29) although this generallzation
does not 1nc;ude phosphatidylglycerol and cardiolipin.

Many of the paSsive or static properties of the biomem-

brane, that is, electrical properties and permeability

to small uncharged molecules are attributable to the ) >

bilayer arrangement of lipids (26,30). The presence of

&

protein, may.hOWever influence these parameters to some
extent. - | | _T
That the acyl chains be in liquid crystalline,
state seems essential for the normal functioning of ) . f
membranes in general. - The influence of fluidity on | |
- permeability thas been extensively studied with liposomes
(26). The penetration of glycerol, for examﬁle, is
dependent on the degree of unsatﬁration in the acyl
chains‘of liposomal lipios. The mechanical propertiee
of the membrane are also influenced in a similar manner,

Cells with membranes which have 1ipid components of

‘excessive or too little fluidity are expected to function

Hx.
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in an aberrant manner. This'is cbgerved with E. coli
unsaturated fatty acid auxotrophs which are supplemented

with abnormal fatty acids. Such célls divide abnormally .

and lyse when shifted in temperature (31). ..

Phospholipids may also have functions not
directly reiated'to their'influence on membﬁéné‘rigidity
and permeability. Specific phéspholipids are assocociated
with varioué.enzyme and transport activities," for example,
phosphatidylglycerol with the veqtorial'phoﬁphorylatiﬁn
of QQmeﬁhylglucosideg in isolated membrane preparations
of E. coli (32,33) and cardiolipin with cytoéhrome oiidase
and';ytochfome C of mitochondrié—(jh,jg). lEvgn in such
instances the fatty acid composition may be gignificantm'_k
Hydrogenation of caraiolipin has been founa to reduce

its capacity to bind cytochrome C in vitro.

The Peptidoglycan Laver

The ﬁell‘wall-material of Gram-positive and
Gram-negative bacteria has one ;tructural feature in
c;mmon; i.e., both typés of organisms contain peptido-
glycan polymers which are chemically very similar. Thé‘

basic repegting unit is a muropeptide, the structure of

which is illustrated in Diagram I.

ks
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Structure of the Muropeptide Unit 3
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ihe-structure of the pqptidéglycan may differ

* =y

‘ accérding to the nature of the crosslinkagea. -In

, Staphylococcus aureus, the muropeptite units are crossed-

linked by a pentaglycyl unit conjugating the terminal D-
alanine r931due ;f one- repeating unit and the lysine
residue of ;Aother. In E;'coli cg9ss-linking'dispenseé
with the pentaglycyl unit and'occﬁrs directly bétween
.. the terminal D:alagipe;residue'and the diéminopiﬁelic
r

residue of two vicinal repeating units as illustrated

in Diagram 2. 
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Struoture of E. coli Peptidoglycan _ LT
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| N | For a more complete description of structures
and biosynthe81s of peptidoglycans the reader is referred
to excellent reviews articles by Osborn (36) and by
Lenna.rz and Scher (37);/ " |

The Outet Membrane

. . r
- . . : .
—— \\\

The outer ‘membrane of Gram-negative bacteria ’//“ 3

: seeme}to have a complex architecture composed of ng%//J
des

lipopolysaccharide,polysaccharides and phosphoglyce

(36) combined with protein and, or arranged as bilayere
(7). The lipopolysaccharide is characterized by three
distinct regions The outermost cdntains the o—antigen
which is "a basis for the serological typing of Gram~
‘negative organisms. It is conjugated wiéh a.coreﬂregiom
uhich'is in turn linked to the innermost component, lipid
A (36) es'illustrated in Diagram 3. |
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EU: repeating oligosaccharide units variable in composition

depending on the strain
Gic: glucose, Gal: galactose, Hep: heptose; KDO: keto-

deoxyocﬁbnate
 B) - Structure of Lipid A . '
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" HM: hydroxymyristate .
Rz fatty acid residue , ' | , :
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The structuré.for lipid A of Salmonella minn-
esota shown in Diagram 3 is tentative (38), that oi |
E. coliiis'not complctely elucidated and appears to
consist basically of a polymer of N-acylated D-glucosamine e

units some of which are phosphorylated (39)
Yg.
Thg}Phospholipth‘of'E. ccli !
. A ;
-

\ The majo;‘phosphoglycerides of E. coli have
"been identified as phosphatidylethanolamine (PE), corres-
ponding to 75% of the total 1ipids of growing cells,
phosphatidyl glycerol?(PG) and cardiolipin (CL) accountiné'
for most of the remainder.” Minor lipids such as Phosphat-
idylserine-(PS), 1ysophosphatidylethanolamine (ﬁPE),
phosphatidic acid (PA), phosphatidylglycerophosphate (PGP),

CDP-diglyceride (31) and phosphopolyisoprencids (36) have

also cen reported to occur although their identification
in some cases is not yet unequivocal (31) The structures
- of the major phospholipids of E. coli are jl1lustrated in

Diagram L.

b

Diagram 4: Structure of the principle phospholipids

of Escherichia coli

H .
. H-C-0-C-R
7
Rt-C-0-C-H
I 0 HH
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B & HuEA

PHOSPHAT IDYLETHANOLAMINE
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The Characteérization of Major.E. coli Phospholipids

?ﬁqsphatidy;etﬂ;nolamine has been identified
by cochromatography/;;th_authentic PE in many chromato-
graphic syétems, by determination of the molar ratios
' ’of constiﬁuent groups, by‘phe prodﬁction of glycerophos—
'phorylethéndlamine ﬁpon-mild alkaliné hydrolysis, by .
'degraaatipnﬁwith specific phospholipaseg to the expected
products and by infrared spectrﬁscopy (31).
Phosphatidylgl&cerol has been characterized by
' cochromatography with authentié PG thé.determination of

the molar ratios of comnstituent groups, the presernce of
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vicinal hydroxyl‘groups in the intact lipid and the

K

formation of glycerophosphorylglycerol by mild alkaline

!
2

hydrolyszg*ijl):”f;

' Cardiolipin has been identified by cochroma-
tography with beef heart cardiolipin, the findipg of glycerol,
Phosphate, and acyl esters in a 3:2:4 ratio, the formation
bf-di(glycerophosphoryl)—glycérol upon mild alka;}pe hydroly-
sis and by degradati;n with specific.phospholipases tjl).

-

Some PrbpebtieS‘of-B. coli Phosphoglycerides

(1) Pﬁosphatidylethanolgmine

FPhosphatidylethanolamine, the most abundant
. .

phbspholipid of E. ¢old, is a sliéhtly-acidic, amphipathic

substance and can form bilayers when mixed with other 1ipidé.

It forms typical lipogome;-with the lipopolysaccharide Pf

E. coli and this interaction involves a stoichiometry of 5-10

molecules of phosphatidylethanolamine fér 1 molecule of

' lipopolyshccharide as well as hydrophobic bonding since a .

high salt concentration doethot dissociate the complex (40).
The main function of PE is llkely structural

“but a role for its participatlon in the biosynthesis of \\f

llpopolysaccharlde of E. coli has been described by

- Rothfield (40). PE was found to be essential and to act
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catal§tically'in the transfer of sugar residues-frsm a
nucleoside sugﬁr precursor to the non—reducing‘end of
the growing polysaccharide chain forming thé core of thé
1ipopdly$accharide. PhOSphatidylcholine_(PC) was inactive
in this capacity. lRothfielc.i surmised that chaﬁges in the
charge on the polar headgroup_are not responaible for the

effect and the differencé is probably due to steric

factors and the state of hydration of polar g}dups of choline.

(2) Phosphatidylglycerol

Phosphatidylglycerol is usually fhe second most
abundant phosphoglyceride in E. coli representing at most,
15 percent of the-total phosphblipid. If, too, is an
acidic phoépholipid more so than PE.

In Staphylocdccus aureus and other Gram-positive

'bactefié Pévis'foupq partly as an aminoacyl derivative. .
Haest et ai'(hl)"showed éhat when PG/lysyl-PG ratio is
Wincreased in the st;phylococcus‘membrane, the upﬁake of
positive ions is‘also increased because of-the gre%ter
negative charge in the lipid poiar headgroups. They
.showed also that the penetration of non#electrolgtes in
lysyl;PG mbnolayeré is greater tﬁan in PG monoig?érs; ?
resglt‘which can be explained on the basislthgt}EYS}l-PG

jhas.polar groups which are more bulky. Thus more loosely

packed monolayers are formed. From this evidence one

1
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could propose that the degree of aminoacylation of PG in
the: membrane influences the permeability of Gram—positiVe
. cells to electrolytes anq non—electrolytes. In- E, coli
aminoaeyl esters of PG heve been syetematlcally sought (31)
but not found. | | |

In many bacteria including E. coli the transport
of monosaccharides and their analogues is mediated by‘
phosphoenol pyruva;e‘ffBP) prosphotransferase. The bio-
chemi.cal and genetic evidence for this was reviewed. recently

by Kaback (32) " The reaction proceeds_in two steps as

follows:
. Enzyme I
(1) PEP + HPr 3 P-HPr + pyruvate
- Mgt
Enzyme II .
(2) PHPr + methylglucose —— -3 6-phosphomethylglucose + HPr
. Mgt '

HPr is a low molecular weight heat-resistanﬁ protein, In .
leome species,; but gotlin'E. coli; reaction 2 requires as well,
a third ~omponent, Factor III. Kundig and Roseman were able

to purify partially enzyme II from-E. coll.ﬁembranee end

showed that it had a strict requirement for PG (c.f. ref. 32).
The implication of PG in_the transport of sugars was confirmed -

in the laboratory of Kabaél (33) who found that specific destruction
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of this lipid by treatment of isolated membrane preparations
"with phospholipase D resulted in loss of activity to trans-

port and phosphorylate a-methylglucose.

(3) Cardiolipin , )

The third maJor phospholipld described for E. coli
is cardiolipin which accounts for at least five to ten per-
cent of the total phosphclipid. Like other lipids, its
role is likely structural. However froﬁ th; unique struct-
ufal.featurés of this lipid i.e., its-stréhg acidity and
its twoépclar diglyceride‘moieties one might expect it to
have distinctive physicochemical properties. Shah and |
Shulﬁan (42) in fact showed that in contfgst to other
.phocpholipids,'the surface—pressure area curves of CL
contract by some: 10«13 percent in the preschce of divalent
metal ions. As they suggested, this contraction would |
involve é reduction in the size of the phosphodiester parts
of the molecule by appropriate rotation of bonds. Since
divalent cations bound to CL, can be feplaced by Na ions,
one might expect that changes in ionic environmcnt would
cause cohformational'changcs in CL which in tu;n would
" affect membrane structure ' ; N )

| Other than a structural role, no definite function .
has yet been assigned to CL in E. coli. It is remarkable

however that the:iévels-of thia lipid increase with factors
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) dizpimental to the cell guc as'ag;ng; starvation, theu
presence of colicins or Qg{ious inhibitors of.oxidative

or substrate level phosphorylation, other factors which .;
interfere with either protein synthesis or cell wall |
synthesis and yet other agents such as organlc solvents

which directly attack the membrane (31).

(4) Other Phosphoglycerides )

It is very likely that the main function of
minor phospholipids such as phosphatidic. acid, phosphatidyl-

glycerophosphate, phosphatidylserine and CDP-diglycerlde

is to serve as intermediatea in the biosynthesis of the

ma jor phosphatides.

*

The Phquhoisoprenoids

The occuprence“and function of’phosphdisoprenoids
has been recently reviéwed by Lennarz and Scher (37).
- Their role in élycogylation reactions af bacteria and yeast
is now well established. |

Polyisoprenocid alcohol phosphatea are a minor
class of lipids present in the membranes of various bacteria.‘
They act as carriers of substltuted saccharldes in glycosy—r
‘lation pathways leading to formation of cqmplex polysaccharide
structures. Usually the polysaccharide material that is
formgd serves as part of a coat external to the cytoplasmic

membrane.
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In the synthesis of peptidoglycans, undeca-
prenylphosphate reacts with UDP-N-acetyl huramyl
pentapeptide to yield the undecaprenyl pyrbphoéphate
derivative of the'glycopeptide and UMP. 'Sincé the
polyisdp;enoid unit is buried within the lipid core
of the membrane,‘thié reaction serves to anchor ﬁhe
glygopéptide moiety .t the membrane. Glycosylation with
UDP-N~acetyl glucosamine then follows and thé peptidyl
disacchéﬁide that is formed remafhs attached to the lipid

carrier until it is transferred to a suitable acceptor,

i.e., the growing peptidoglycan unit. - Very likely this

acceptor is itself attached to the membrane via a
polyisoprenoid unit so that one candpicture the formation
of peptidoglycan as a proéess remaining bound to the ..«
cytomembrane until completion. Otheréise, the diffusion
of intermediates into the gréwﬁh medium would‘prevent an
organized synthesis_of wall material.

ﬁIn a-somewhat similar“mahher; phosphopolyiso-'.
prenocids are involved as saccharide carriers in the syn-
" thesis of 0 antigen of lipopolysaccharides (36,37). They °

are also involved in the formation of yeast mannan and

capsular polysaccharide of certain bacteria (37) and

possibly in the synthesis of teichoic acids characteristic

of Gram-positive bacteria (37).
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Fatty Acid Composition of E. coli Lipids

The fatty acid composition of E. coli lipids
includes palmitic acid-a; the‘prédominant saturated
constituént; palmitoleic and ciéeyaccenic as the.major
unsaturated analogueﬁ Qslwell as Cyn and Cj1g eyclopropane
fatty.acids in lower amodhts (31,43)., The cyclopropane fatty
acid content increases with age. Myristate, laurate, and

B =hydroxy myristate have also been found (31). o

Synthesis of Fatty Acids by E. coli J‘?

The synthesis of fatty acids in.E: coli has been

| reviéwed by several authors (Li,45,46,47) and can bevaummarizeﬁ
as indicated in Schéme I. Basically the scheme invol;es the
addition of Cp unifs to acetyl acyl carrier protein (ACP) until

B ~hydroxydecanoyl ACP is formed. At this point branchihg in the
paﬁhway occurs to yield eithef ;aturated or unsaturated fatty
acids. The branching depénda on the presghce off B -hydroxy~-
decanoyl ACP dehydrase activities, which can. form Becis-decahoyl_
ACP the precursor of palmitoleic-and cis~vaccenic acids anq

one which can form E-trans—decanofl ACP the precursor of palﬁitic
~acid, It is noteworthy that tﬁe.aynthesis of unsaturated fatty
acids in E, coliégg.completely anaerobic ?nd involves synthesis
de_movo, By contrast, animil and plant cells as well as

certain microorganisms form their unsaturated fatty acids from

saturated analogues and make use of desaturase systems

requiring oxygen (48,49).
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The first enzyme in the sequence, acetyl CoA

carboxylase is a multienzyme complex. One subunit,
) bictin carboxyl carrier protein contains covalently-

bound biotin which is carboxylated by biotin carboxylase, _
Vanother subunit, in the presence.of ATP and HC03 .  The
carboxyl group is transferred from carboxy—biofin.to

acetyl CoA to form malonyl CoA by iatransc;rboxylase,
.a third subunit (50). |

Whereas, in mammalian and yeast cells the
fatty acid biosynthetic enzyﬁe& exist as an ﬁndiasdciated
multieniyme complex of the cytosol (47,51), in E. coli
and certain plaﬁﬁs these same en;ymeslare present as
soluble, easily dissociated complex (47). Even in E. ¢coli
however, thé biogynqhetic syspeﬁ‘is structured since
there is now evidence to show that ACP is located‘close |
- on the inner surface of the cell membrane (31).

Cyclopropane fatty acids are formed by the 7
transfer of a methyl group to the double bond‘of pa;mitole-
ate or to cié—vaccinate, resulting in a type of substituted
fatty acid (52,53). Thé transfer of the methyl group is to
an uﬁsaturatéd fatty acid moiety.of~a phospholipid rather
than to a frée acid (54,55,56)} according tec the following
reaction ‘ |

(2~vaccinoyl }~PE + S-adensoyl methionine ———

(2- EJJIZ - methylene octadecya ) =PE
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Scheme I
e ey

acetyl CoA + CO» + ATP——(1)—malonyl CoA + ADP + Pi
malonyl CoA + ACP (2)— malonyl ACP '
acetyl CoA '+ ACP (3)—> acetyl ACP
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v

B-hydroxybutyryl ACP
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" Oxidation of Fatty Acids .in E. coli

N - . '/’
Although fatty acids are not the best sources

of carbon for E. coii growth B;oxidation enzymes {see
Scheme II) can be induced in this organism by the presence
'of exogenous fa%ty’an&ds (57 58). Only in mutants are
these enzymes constitutive (57). The role of these enzymes
may be bther than to meet the energy demands oflthe cell.
This idea is also generally supported by the work of.

. Silbert .et al (59). | | G

Scheme IX .
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‘The ﬁiosxgﬁheais of Phosphoglycerides

The synthesis of the three major phospholipids
of E. coli has been described in severalbarticles by

Kennedy and co-workera (60-64). These and other contribu-

4
' tions to this field have been rev1ewed

recently by Cronan
and Vagelos (31) and can be summarized according to
Scheme III

Schenme III . °

DHAP ————————a sn-glycerol-B-phosphate‘e——c:-glycerol + ATP
_ NADPH ' .
acyl ACP or ADP o
, acyl CoA .o - .

‘phosphatidic acid

. |-cTP
PP,

CDP-diglyceride
serine

‘ ' sn-glycerol-j-PhOSphate

P
By

phOSphatidyiserine - ' phosphatidylglycerolphosphatg
o] ;<] o
phoSphatidylethanolamine.' 2 bhosphatidylgljcerol -

CDP—diglyceride

oo

diphosphatidylglycerol

glycerol }
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'ﬁost of the enz&mos invol#edloave boen foond.
in the celiAgnfclope (31,60-64) and tentativeiy so in
.che inner c&toplasmic membrane (65,66).. The phosphoryl-
ation of glvtercl and the formation of PS from C
:diglycefidc and serine however appear Eo‘involﬁe soluble

enzymes (L1).

(1) Slycerol-kinase and DHAP Reductase

Giycerol-kihésé is a oytosOl enzyme which
sﬂe:ifically nhosphorﬁlates-glyceroi to form sn-giycero—
: ,.ggospmat- (67)- In vitro‘glycerol alone cannot serve
T ag precursor of phqaphatides unless ATP is added (68)

n'the absence of glycerol, the formation of sn-glycero-
j—skosmbate can be achieved by a Dyrldine-nucleotide
Iinkpd ’n-glvtero-B—phosphate dehydrogenase whlch reduces
‘ihvﬂ*oxvacﬂtoné vhosphate (DHAP) obtained from glycolysis
e profuce Sn-glyce“o~3—phosphate requlred for 1lipid
cyn*hes‘ . Using a mutant lacking th;s parpioolar
dcﬁyﬁrcgenasé Hsn aod Pox {(69) shoﬁedrthat glycarol
starVatAon produced a block in 1lipid synthesis._ The
enrzyme Trefers r—ducod NADP although NADH can also serve
2s cclazctor. Ihﬂ Droduct of the reactlon, sn—glycero-B-
chosohate inhibits the enzyme thereby regulating its own

.synthesis (70). - o ‘
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(2) The Biosynthesis of Phosphatidic Acid

Ray et al (71) reporte&'evidence thatnfhe
Uacylatibn‘of sn~glycero-3-phosphate involves iyo
aétivities,»one-that catalyzes the posiﬁionally-specific
acylation of sn-glycero-3-phosphate by either satur;ted ‘
or_uhsaturate& fatfy acvl CoA to form monoacyl glycero-
3-phosphate, and a second activity which acyl;;es l-acyl-
- glycéro-B-phosphate to form phosphétidic acid.

. It is now known that either acyl CoA ;r acvl

ACP can serve as aéyl donors. When palmito&l ACP is used to

acylate glycerophoépﬁate either monoglyceride or lyso PA is

formed but not phosphatidic acid. The appearahce of mono- _ - .
glyceride Tesults from the action of phosphatidate phospho- “
hydroiasé on lyso PA (72). FPhosphatidate formation occurs
when CoA esters are used with sn-glycerophdsphate acceptor
or when unsaturated acyl ACP or acyl CoA is £he donor ana
| l-acyl-sn-glycero-3-phosphate is the acceptof. 'It appears
that the acyltransferase (72) responsible for acylation at
position 2 is quite sﬁecific for gnsaturated acyl grouﬁs
especiélly when acyl carrie;“protein is involfed./ |
Phosphatidate’can also be formed in-E. coli By
diglyceride kinase which can phosphorylate diglyceride and
monoglyceride (68,73). This enzyme togéther with phosphat-
idate hjdrolase could operate as a cycle .as was sugg;sted

- for animal tissues (72), but there is no directsevidence.

in support of this.
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In fact, Chang and Kennedy (61) | were ungble to find a
| metabolically active pool of diglyceride in viable cellg ;/’ﬂ
and moreOVer, glyceride ayntheszs under these conditions
_was ‘very. 1imited They concluded that sn-glycero—j-phosphate'
is'an obligate intermediate in the formation of phosphogly-
cerides. To date the function of DG kinase and PA hydrolase
in E. coli remalns obscure. !
Another pathway for PA formation involves direct
acyiaﬁion of DHAP to be followed by reduction of‘the keto-
lipid and further acylation. This pathway has: been):
demonstrated in mammalian mitochondrla (74, 75) Tﬁé
péssible occurrence of this metabolic aequence in E. coli
is ﬁart of 'this investigation. |

Synthesis of CDP-Diglyceride

T +

" CDP-diglyceride is formed by the action of CTP:
phosphatidate cytidyl transferase. This is a particulate
enzyme studied in crude form by Carter (76). The enzyme
requires Mg’ and‘show; optimal activity at pH 6.5: above
pH 7.0 énd below pH 5.8 @he rate of reaction droﬁs rapidly:
‘Magnesium ions ﬁlay an interesting role in vitro as it has
two separate inhibiting effects at high conéentrations,
i:e., both phosphatidic acid and the enzyme are precipitéted

by this cation.
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i

Synthesis of Phosphatidylserine

o

Phosphatidylserine formation is catalysed by
an iesefine—CMP: phosphatidyltransferasé. Raetz ana (ﬂ—“\\ﬁv
Kennedy (77) located this gﬂzyme on the riﬁosomes of

" E. coli. They sugéesﬁed that its presence there ﬁathéf
. than in membrane, might be a means by which the cell
coordinates synthesis of brotein and membrane lipids. On
the other hand Vagelos and éronan (31) found a considerable

portion of this enzyme in the washed envelope fraction

provided the cells were gently lysed.

Synthesis of Phosphatidylethanolamine

Sjnthgsis of phosphatidylethanolamine is
catalysed“by phosphatidylseriné decarboxvlase. This
" enzyme has been extracted from the membrane and.purified
to homogeneity (78). It requifés no divalent cations
but since the activity is inhibited by hydroxylamine and
4;bromo-B-hjdroxylbgnzyloxyamine, the enzyme may- require

a pyridoxal cofactor.

Synthesis of Phosbhatidylglycerol

The syntheéis of phosphatidylglycerophosphate
(PGP) from CDP-diglyceride and sn-glycero-3-phosphate is
catalysed by sn-glycero-3-phosphate: CMP phosphatidyl

transferase (63). The enzyme is particulate, requires Mg++

v
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or MntH, detergent and a pH of 8. 0 “for optlmal activity.
The K, values for CDP-dipalmitin and sn—glvcero-B—phbsphate
are 2. 5 X 10“5M and 2. 5 x 10™%M respectlvelv The product_

~ of th;s reaction is then,hydrolysed_by a snecific rhospho-
hydrdlase to yield PG and inoréanic phosnhéte (64), PGP -
phosphatase which is much é;z;:ﬁbtlve than the nrpcedlng
enzyme requires Mg++ and is stimulated by Triton X-100. Iﬁ‘

does not hydrolyze sn—glycero-B Dhosphate or phosphatldicA
acid. T

Cardiolipin Synthesis

Stanacev et al (62) were the firfét to describe

the conversion of PG to cardiolipin in E. coli. cpp---

/,,diélyceride had a stimulatory effect on this reaction and

on this basis it was béliéved to act as a substrate
.according to reaction 2. .

() PG + CDP-diglyceride — > cardiolipin + CMP

Recent evidence. by Hirschberg and Kennedy (79)
and by Hostétler et al (80) showed that the mechanism of
this reaction in%olves the pondensation of two molecules
of PG withthe elimination of glycerol. CDP-diglyceride
stimulates but does not pa;ticipate as aydonor in this

Jitéa by the earlier

reaction. This mechanism has been supp

work of Lusk (81) and Rampini (82).

Al
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Turnover of Phosphoglycerides in E. coli

Iﬁfis well-established from the work of Kanfer

1

AU,

-:Z;d Kennedy (83) and other wggkers (8&-865 that nérmally
growing cells diéplaj turnover of polyglycerophosphatides

._ﬂut no§ of PB.- In isotopically-labelled cellé exposéd to

fcéld, however, the turnover of PF has been noticed aléhg

| .
iwith an inrreased turnover of polyglycerophosphatides and’ ’

| neutral lipids. In such cells, neutral lipid acvl groups
| - | ' '
| were reported to be converted to phosphatides such that

~ there was no actual loss of phospholipid during turnover,

Rather than a loss, cold exposure incfeased total

phospholipid content which was likely due to an augmented
synthesis of unsaturated species (85). -

o Bright-Gaertner and Proulx {(86) confirmed
the results of Kenﬂed& et al for normally_growing cells.
In cold-exposed cells however there was.éo turnover of
PE and diminiéhed turnover of PG and CL. The main effect

L

of cold was to incréﬁse the total lipid phosphorus and

- ot

the proportions of newlv synthesized unsaturated phog-

phatide species. This change was accompaniéd by a.diminished
conversion of unsaturated to cyclopropane fatty acid-containing
' species. At either 37°C or 10°¢C the turnover of acyl groups
"in the 1 and 2 pdsitions of PE and PG was parallel apd S0 was

the turnover of 32P and llc labelled phosphatides studied in

the same culture. There appeared to be no partiél turnover
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'pathwéys in operation when cells were chased at different
temperatures under the conditions specified by these éufhbrs.
The turnover of phosphatidylglycerol can be
explained by its.converSipn to cardiolipin, however, there
is fet no definite proof that this is the sole mechanism
involved. The turnover of cardiolipin is also ill-explained.
Part of the preéent theais is involved with furthe? glﬁcida-

tion of PG and CL metabolism.

Enzymes Involved with Breakdown of E. coli Lipids

Invesﬁigatiohs Qith cell homogenates by'Pfoulx
and Fung inqicated the‘presence of phospholipasé Ay and
lysoﬁhospholipasé as the_predbminant lypolytic enzymes
’of E. coli (87,88). OthEr_activities‘reported such as .
_phospholipase C (89,90,91) and phospholipase A (88,91)
have been detected in .different strains by independent
workers but have not been studied in déta;l. A survey in
this.laboratory indicated the absence of phospholipase C
in all of several strains studied. Phospholipase Ay activity
on the other-hand may represent the combined action of
phospholipase A and residual lysophopholipase activity, not
inhibited by detergents although some authors claim other-
wise ' (91,95-97).
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Present-indiéations are £hat there exist in
E. coli several types of phdspholipase A. There is a
detergent-resistent phoépholipaée A (92) which is membrane
bound and appears to. be identical. to thé alkaline phos-
pholipase Ay detected by Proulx and Fung {(87,88) and |
purified by Scandella and Kornberg (93). There likely
exisﬁs an. acid ﬁhospholipaae Ay detectable.in whole
homogenates (88) and in spheroplasts (94) which is deter-
gent sensitive: either this, or acid pH favors the
conversion of a zymogen to the‘well—chafacteriqéd‘;Izéhine
phospholihase A. Thefe iﬁ perhaps also an alcohsl-activated
phospholipase A which is tightly bound £o the membrane and’
releases eithér frée fatty acids or férms,gsters with the
alcohol used'(92).. This enzyme may be identical with the-
pﬁrified phospholipase'Al described.by Scandella and
Kornberg althdugh there is yet no definite evidence indic#ﬁ—
ing this. There appears to be another alcohol-actiVatgd
phospholipase A which ié either loosely boﬁhd to the membrane
or is easily releasable by sonication, and is not markedly
activatéd by detergents. It attacks the 2-acyl ester bond
of phosphoglycerides (90,94-96). Finally there is a cytosol
phospholipase A which is iﬁhibited by alcohol or detergents
" and hydrolyzes reédily only PG (;2). Tts positional specif-

icity is unknown. Tﬁe other phospholipases A have broad
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substrate specificity and act on all F. coli lipids as well
as PC-(87-93).

Van den Bosch and Vagelos (72) have also reﬁorted
the ﬁresqnce in E. coli of a phospholipase hydrol}sing
phosphatidaté or its 1y$o analogue to glycirides and.4norganic
phésphate. The function of this enz&me islobscure since in
E. coli phospholipid synthésis does not occur 5& addi£ion of
diglyneride.to a cytidine nucleotide~activated base. This
enzyme may form a 6§clé with diglyceride ﬁhosphokinase also
present in this organism; the-;;m reéctibn'being.ATPase
adtivity. Such aprarently futile pathﬁays are generally well
reguléted and onerate.in éniy one direction for a given set
of physiological conditions {viz. the phosphofructokinasa,
fructosediphoSphatase reactions of glycolysis). Alternatively,
tﬁe phosphatidate phosphatase may operate in sequence with'
| lipase (98) to liberate fatty acids and glycerol and thus
serve in some way to shut off phoépholipid synthesis..

P ‘ :
The overall catabolic sequence elucidated by

o
in vitro studies is summarized in Scheme TV.
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Scheme TV

acyl-CoA + sn-glycero-3- phosphate

phosphgtidate 24
RN
N
Wediglvceride + Pi
lipase

fatty acids 4+ glycerol
v .

phosphoglyvceride
Fatty ac1dsér’<1phosphollpase A
lysophosphoglyceride'

Fatty acid 54 lysophospholipa_se

phosphodiester
baseé/l phosphodiesterase ‘
sn-glycero-3-phosphate
lphospﬂatase

glycerol + phosphate
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Appropriate phosphoesterase activitigs'have been detected
in E. coli which pbmplete-the degradation by lipolvtic

enzymes (90).

The Function of Lipolytic Enzymes in E. coli

1

Despite the presence of the enzymes described
in Scheme IV it is doubtful they are all operative in
normally. growing cells. In studies on turnover of E. coli
phosphoglycerides, lysophosphoglycerldes are never detected.
as breakdown intermediates. One could argue that either
" lysophospholipase activity or reacylatlon of such inter—-
‘mediates would prevent their dgtection This is possible,
hoﬁé%er&\wheﬁ E. c011 cells are damaged lysophosphoglycerides
accuﬁul&pe in large proportions and in this case at least
Atheir reQQVal appears to be quité slow (98). Although
reac}létion'of lysophosphatides has been shown to occur
in E. coli homogenates (99), this pathway is not genéra11}
operative in vivo since‘yarious experiments by‘Bright~Gaertnér
and Proulx have shown that there is no sparing of acyl groups
at elther position 1 or 2 of phosphoglycerides‘durlng their
turnover. It would seem that phospholipase A is an enzyme
iﬁvolved with autolysis rathervthan‘a functional turnover

of phospholipid. It may be added that phospholipase puri-

fied by Scandella and Kornberg (93) was found.to contain
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lysoﬁhospholipaae activit} and results in this'labofatory
indicate that it possesaes lipase activity as well.  The
possibility that this enzyme is a non-specific esterase
has to be further explored. - .

There appears to be a distinct ;ytosol lysophts-
pholipase in E., coli (unpublished data Nantel and Proulx)
but a similar enzyme purified from mammalian tissues has
the properties of a non-gpecific esterase (Van den Bosch '
ggrsonalJCOmmunicatiQn,tg Dr. Proulx). Again the function

. of this lipolytic- enzyme in E. coli has to be clarified.

' Regulation of Fatty Acid and Phospholipid Biosynthesis

Temperature Effects

k The dégree-of'unsaturation in E. colil lipids is
well known to depend on temperature of gro;th l'Coid‘exposure
results in the greater synthesis of unsaturated phosphatide
. species, a diminished formation of saturated and cyclopropane
fatty acid species. There is evidence indicating ‘that
conversion of unsaturated acyl cﬁains'tt cyclopropahe acyl . L
chains is diminished by cold shock but this would’not‘con;
stitute the sole méchanism for increasing unaatufatéd fatty
acids lgvels'(BS)s Temperatufe—sénsitive control could be
expected at thL levél of fatty aqid synthesis itself and at -
- the level of phosphatide formation. Starting with exogenous

'fatty acids, the incorporatidnwprocess is known to involve

1]
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first the formatich efwacyl doA.derivativee and second,
" the transacyletion of acyl COA_to~en-gijceno—3—phoephate.
Sinenskylhas‘studied the effect of tenperature on these
two enzymee of E. coli (100). The rate of formation of
palm;toyl and oleoyl- CgA in vitro ‘was the same whether-
the cells were grown at 25°C 34°C or u2°C. However,
the palmitate oleate ratlo of 1ncorporat10n into lyso-PA
was directly dependent on the temperature at which the )
cells were grewn. It.was also ehown that-the second
acylation (i.e.,.lyso'PA: acyi CoA tnaneacyiation) is-
alsq;temperature dependent relatinely nore oleate than
almitate being incorporated into PA at lower temperaturea

..THus control of the ac?lation.steps of phoephqlipid
rsynthesie is indicated as a factor in the regnlatio of
,the‘spECies of phosphatides prodnced in response to
changee in environmental temperature. . Al

N wWith respect to control acting directly on
fatty acid syntheeis, it has been shown that the type of
fatty acids eyntheeized in vitro by n unsaturated fatty

‘acid auxotroph of E. coli is dependen‘ on the type of fatty

| 7 : . This led
the authors to conclude that fatty‘acidXSyntheede iel
regulated in such & manner as to snnplyathe fatty atide
necessary for minimizing varietions in tie physical

propertieas of the phospholipids.
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Effect of Changes in Energy Metabolism

The transition from logarithmic to statiomary
éhase in E. coli cultures is accompanied By an'incrpased
conversion of PG to cardiolipin (102 103) &his conversion

also occurs during the . following conditians; additioﬁ of

colicin K (104) dinitrophens (104) penicillin (102) or

cyanide {105) and ection with bacter10phage~(105)

| These and other con{itions (31), although very diverse,.
have one property in coﬁpon, they all cause a decrease in
cellular phospﬂorylating ability. Lusk and Kenned}1(81)
showed a similar increase of PG éonversion to cardiolipin'
when cells were exposed to high conCentrations of Naf

This distorted. metabolism was normallzed however by the
addition of Mg -

Effects of Medium Composition -

The amount of lipid;in E. coli has been shown
to ‘be independent of the growth ﬁediﬁm used (106). Hgny-
carbon sources har; been.altened, but no significaﬁt
differences were seen in the lipid or fatty acid‘comﬁosition
{106). Starvation or limitation of-phosﬁhate'or of carbon
source does not decrease the amount of Qhospholipid gnd
produées no marked changes in the fatty acid composition
'of the phospholipids. _From thesé observations Cronan and

Vagelos (31) suggest that phospholipid and fatty acid
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biosyntheses in normally ggg!;gg E. coli are not regulated
at the. level of small molecule precursors. These same

'ammhors however poinb out the inducibility of acyl CoA

. synthetase, and of the 3-oxidation enzymes and underline

. condfticns in the medium which interfere with the energy
metzbolism or result\in a shift of cation levels, all of
which affect phosphatide levels. On this basis, ‘it would
seemn that fhrther'work.wifh whole cells homogenates aﬁd

purified enzymes might be warranted in order to preclude

or ascertain simple regulatory mechaniems - ol

Effects of Sinple Metabolites ;g‘vitro

_ It is very likely that the rate of phosphelipid
.synthesis is controlled in some way by mechanisms which
'ere related to membrane synthesisi This does not preclude
‘hauewer the possi?ility of simple metabolite regulation.
The .control of phesphatidate bioéynthesie in cell:free
systems has uot beem studied in great detail. to date.

Fito anﬂ.Bizer (107) fonnd that phosphatidate iteelf was
in=ffective in 1nhibiting~the'aly1atioﬁ of en—giycero-B-
phosphate. Hoiever the effectiveness of this"fype of
 feedback might mot be easily noticeable unless lipids are
added in a suitably Idcellized form. Their studies did-
nevertheless snow that the incorporatlon of palmitate into

Pl.ﬁas -arkedly inhibited by low ATP concentrations.
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It can Be_émphésizéd that the biosynthetic

route for F. coli lipids is a branched péthway. As will

'
-

be stategllater, there are manv examples indicating
that simple métabolite fegulation‘occurs in pathways at
“a branch pointAas well as orior to such ; site. Further-
more, in E. coli where relative levels of polyglyrero-
phnsphatides and PE are quite nredictéﬁle for a given

condition of growth, simple and rapid control mechanisms 7

—3

acting on phosphoglyceride metabolism are likely to
operate. Part of the present thesis is involved with the

detection of such mechanisms. o '
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AIMS_OF RESEARCH

‘A. Preliminary evidence-indicéﬁed that ATP and Mg*t stimulated
the incorporation of an-glyéero-B-phggphate into phospho-~-
‘glycerides, particularly phoaphatidyiglycerol. The firat
“aim of this thesis was to define the effects of ATP and
Mg++ on phoaphoglyceridg metaboiisp under optimﬁl cofactér

and substrate concentrations.

B. To investigate the occurence of the acyldihydroxyacetone
phosphate pathway and the diglyceride kinase pathway in
E. coli and to see if these pqthways are functional in

the synthesis of more complex lipids.

C. .To study the catabolism of polyglycerophosphatides in vitro
‘and to aécoﬁnﬁ for their turnover which occurs in growing

cells.
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GENERAL METHODS

‘Preparation of E. coli Cells:

The culture of E. coli used for most studies
‘was supplied by Dr. M. Beaulieu of the‘bepartment of
Bacteriology at the,University of Ottawa., Typing of the
strain as E. céli 015 was perfofmed by Miss Rhoda Laidley
and Mr. D.“Peters at the Laboratory Centre for Disease
Conﬁrol, Héalth and Welfare Canada. E. coli BHEATCC 11303)
was‘obtainéd from the American Type Culture Collection.
' The stock culture was maintained on nutrient
agar slants. Litre batches of broth in shallow flasks
weré inoculated with a needle from fréshly grown élanxs
of nutrient culture. The broth medium contained per litre, ‘
15 grams of bactopepﬁone, 1 gram of yeast extract, 20 grams
of glucose and 5 graﬁs of sodium chloride, and this was
adjusted to pH 7.3 with 0.1 N sodium hydroxide. After 7
(//ﬁours of growth on a rotary shaker at.37°C the pH of the
medium was 4.6 and the optical density of the culture was
about 0.26 at 630 nm. The growth curve is illustrated in
Fig. 1. The purity of the cell culture was checked by
routine methods, on MacConkey aﬁd citrate agar and Btaining
Aby Gram's method. Thé cells were harvested by centrifugation
“at 5,000 g for ten minutes in a Lourdes refrigerated centri-

fuge at 5°C. The sediment was washed in 0.0l M phosphate

Il
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Q.8
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Figure 1. Growth curve of E. coli O15.
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buffer pH 7.3 and resuspended in 25 ml. volume of buffer.

Preparation of Cell Homogenates:

The suspended cells were disrupted by intermittent sonication
in a salt-ice mixture for 15 minutes using a Biosonik II

ﬁltraéonicator (Bronwill Scientific Co.)'at 125 w.' Unbrokeﬁ
cells were removed by cenérifuging lO'ﬁin. at 3,000 g.

) The protein céncentration in the sonicated.cell
‘suspension was assayed by the method of Lowry et al (108).
The homogénate prepared as descriﬁed contained 20 - 25 mg.
protein per ml.

Extraction of Lipids

Labelled lipids were extracted by adapting the
_ method of Bligh and Dyer (109) to our purposes. The |
incubation mixture (either (A) 0.8 or (B) 1 volume) wﬁs

: : -~
mixed with 2.5 Vvolumes of gethanol and 1 volume of chloroform.

This monophasic mixture was stirred for 30 minutes at room -/
temperaturé and 1 volume éécﬁ ;f chloroform and watef'were

added. = The resﬁlting biphasic system was stirred 20 min.

_ahd separated by centrifggation. The lower chloroform

layer was then transferred to an evaporating flask with a

Pasteur pipet. The top aqueous phase;was r;—extracted with

one‘volume of chloroform and stirred 20 minutes. The m;xture

was centrifuged and the lower chloroform extract was pooled
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with the first and evaporated to dryness. The final propor-

tions ‘of" extractlon solvents used. in case A gave a -point.

in ‘the chloroformp'

above the Qa;;m

Bligh and Dyer. The extraction of lipids wés.Quantitative

ethanol-water phase diagram just slightly

chloroform tie~line estimated at 0°C by

in'both case A and B.
Some incubation mixtures. contained ether.
‘This solvent was removed by evaporation at reduced pressure

before extraction of lipids.

Separation of Lipids

Neutral Lipids

Neutral lipidg were separated in silica éel G
platps-with a mixture of petrqleum\éther'(B.P. 60°-90° )-
. ether-formic acid, 55:45:1.5 by volume (s}stem A) or 75:25:1.5
by volume system B. .The a&sorbent wasg applied as a slur?y
of 25 éms in 50 ml. of ﬁater, to glass plates 20 x 20 or
20 x 5 cm, and after drying at room temperature were
'activated at 110°C for 1 hour. System B was eapecially useful
for the separation of monoglyceride frog phospholipids remain-

ing at the origin.

Phospholipids

%

Several chromatography systems were used for

separating and identifying phospholipids.

\
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System C: A slurry of 25 g silica gel H in |
50 ml. 1 percent sodium bicarbonate, was spread as a. layer
- 0.75 mm thmck on glass plates (110). ‘These were activated
1 hour at 110°C just .before usé. Chromatograms wéfe |
developed with chldroformrmethanol - 1N NH, OH 50:36;2 by

volume.

. System D: A slurry of 25 gms. silica gel G
in 50 ﬁl: of water waé spread as a layer 0.25 mm ﬁhick.
After activation for 1 hr. at‘lIO° and application of
sample, the chromatograms were developed in chloroform°
methanol: water, 65 25:4 by volume. :

System E: In a method described by Randerath
{111) for the separaﬁion of acidiq detergents, thé adsorbent
consisted of silica gel G impregnated with ammoniumrsulfate.
We modified this meﬁhod for the isolation of phosphagidyl—
glycerol. A slurry of 25 gmsa. of sili;é gel H in 752ml. 6}
water was spread as a layer .25 mm thick. After drying in
air, the plates were activated at 110°C for 2 hrs. éhd used

immediately after cooling. The chromatograms were developed

with chloroform:methanol:water 65:25:4 v/v/v.

System F: This system was similar to system D
except that the developing solvent consisted of a mixture

of chloroform:methanolﬁammonia:water, %0:30:&:2 bj volume.
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PN

[
_ System G: ' This system was similar to aystem D
except that a mixture of tgtrahydrofuran:mathylal:methanol:AN
aqueous ammonia, 10:5:5:1 by volume was used as developing

solvent (112).

stteﬁ H: Phospholipids ﬁere separated on -
gilicic acid impregnated paper prepared és described by |
Marinetti (113) using Whatman 3 mm filter pﬁper. The solvent
‘mixture used was 2,6—aimethyl—4-heptanone:acetic acid:sodium

chloride (.85%), 40:20:3 by volume.

System I: This system was similar to system D
except that the developing solvent consisted of a’ mixture

of chloroform:methanol:acetic acid, 65:25:8 by volume (114).

I

. Rf values of various lipids using these systems

Fl

are given in Table Ia.

Loéa;ization and Isdlation of Components

A. General Procedures:

Lipid components were routinely revealed by
exposure of the chromatoérams to iodine. vapors however such
iodine-stained lipids were not usually used as substrates.
Todine w;iflemovéd by aeration prior to fﬁrther staining or

to counting.
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| Table Ia .

Rge Values of Lipid for Various Chromatographic Syétems

Chromatographic System

A B C D E F G H I
PG 75 .37 .69 .35 - .53 .60  .60-
- ~ oo 165
PE 57 .52 .51 .51 .03 .50
cL .80 .74 .81 .35- .50 .8l .83
‘ | '2,0 T
PA .05- 0.09 .93 .83~
| 0.15 .86
FA .75 .50
TG ~91 .75
MG .09 .03 ,
D¢ .55 .19
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Labelled components were located by scanning

. with an Actigraph III Detector’ (Nuclear Chicago) When

-

the material was to be retrieved localization of nitrogen-
containigg.lipids was accomplished by aspraying chromatograms
with a solution of Ponceau red. "Ponceau red also staiAs
other types of lipids but less effectively. "The staining
solutlon was prepared as follows two grams of uranyl
nitrate and 0.05 gms. of Ponceau red were disaolved in 1

litre of 0.01 N hydrochloric acid. The stained components

were scraped off, suspended in water and extracted by the

method ¢6f Bligh .and Dyer (109). The Ponceau red dye
dissociates from the lipid and partifions completely into
the aqueous phase'whcreaslthe silica gel forms allayer
between the two phases. -Lipids were reCOVercd cy evaporat—/

ing the chloroform phase and stored under nitrogen at 020°;

u ;

B. Amino Groups:

0.5% ninhydrin solution in acetone was used.’as
a spray to detect phospholipids that contain free amino .

groups such as PE. After spraying the chromatoplate was

- heated 5-10 minutes at 110°C.

C. Vicinal Hydroxyl Groups:

To dcﬁect components which contained vicinal

hydroxyl groubs, the chrcmatoplate was sprayed with a 2

" percent aqueous'solution of sodium metaperiodate and:

A

allowed fo react 5 to 10 minutes as described by Baddiley

(115).
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. After the reaction withlsodium ﬁetaperiddate was completed
the chromatop%ate was piaéed in a tank containing sulfur
dioxi%e,then sprayed with Schiff!s reagent and re-exposed
" to sulfur dioxide. Phosphatidylglycérol.gave a:typicai
violet colour. The Schiff‘reaéent spray_wa; prepared by
dissolving 1 gm. of pararoSaniline in 50 ml. of water.

" The solution was décolorized with sulphur'dibxidé and
\activated charcoal aﬁaﬁailutéd to 1000 ml. with water.

.D. Phosphate Grougs?;.

| Lipids éontaining ﬁhosphate.group were detected
on chromgtopiﬁEEEbe spray;ng.with Hanes-Isherwood reagent
(116), prepared as follows:  Threg gms. of amﬁdnium molybdate'
we;e dissolved in 25 ml. of distilled water. To this was
added 30 ml, of 1 N hydréchloric acid and 15 ml. of 60
percenp perchloric acid. The reaction was allowed to
develop at 105°C for 20 minutes at which time phosphate

containing compounds appeared as blue spots.

| Mild Alkaline Hydrolysis of Lipids

Intact phospholipid was hydrolyzed by the method
of Dawson (117) as modified by Benson and Ferrari (118).
B A chloroform extract of the sample to be hydrolyzed
was reduced to 0.5 ml. and to this was added 5.0 ml. of a
0.2 N methanolic potassium hydroxide solution. The sample-

was incubated for 15 minutes at 37°C in a water bath to
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effect hydrolysis, after which time it was immediately

set in ice and 5 ml. of ice coid.water wére added. Two \ o

drops of 1% phenolphthalein were added and the hydrolysate
was - tltrated with a suspension of 30 percent Dowex 50W -
X8 ut form The suspension was gentrifuged, the resin
washed with 3 ml. of water and 3 ml. of methanol and the
original. supernatant plus Waahings weraea evaporated to
dryness at 50°C ‘ . ' i ' s

Extraction solvents were prepared as followé:
to 100 ml. of chloroform in a separatory funnel 50.ml. of

isobutanél and 75 ml. of water were added and shaken.

Y

One ml. of:the upper phase gﬁd 2 mlg. of the.lower phase
were added t& the déied hjdrolysa@e and mixed vigorously.
The biphasic solutién was transferred to a centrifugev

tube and the flask was rinsed with the same proportion of

" both solvents After centrifugation the upper layer was
"removed and evaporgied to dryness. The residue was
dissolved in ﬁéter for cdunting or'for.paper chrdmatograph;c

analysis.

Identification of Water~-Soluble Products by Paper Chromatography

Water-soluble products were separated and
identified by descending paper chromatography using Whatmhn

No, 3 mm and the followifg solvent systems:
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1. phenol/water, 5/2, w/w.
2.}'propanol/ammonia/water 6/3/1, v/v/v.
3. butanol/acetic acid/water, 5/4/1,
v/v/v.
L. 1M ammoniem acetate pH 7.5/ethanol,
35/65, v/v. | |
{ Re values of various compounds usxng these
systems are expressed in Table Ib.
; The developed chromatogrhms were scanned with
a Nuclear Chicago Actigraph IITI scanner or~steined with

aﬁﬁ?%prlate reagents described for thin layer chromatography.

Water-soluble products contalnlng phosphate|were revealed by

staining w1th the ‘Hanea-Isherwood reagent deifled by Garcia

(119), as follows: 8.0 ml. of.a 12. 5% w/v solutlon of ammonium
molybdate, 3.0 ml. of 11 N HC1l, 12 ml. of 12 N perchloric acid
and 86 ml. of acetone were admixed. After the chromatogram

had been sprayed with this reagent Jit was,exposed to. ultra-

A

"violet light for 15 mlnutes. _ ‘

‘ . ' f

Liquid Scintillation ngntigg Procedures (
- :

Method A: To measure the radieactivity present
in a lipid solution, an aliquot was transffrred to 15 mls.
of toluene containing 0.5% 2.5-diphenyloxqzole and 0.03%
2-phenylenebie (S-phenyloxezole)éw/v., Cougting was usually
performed with a Nuclear Chicago OMarlk In" spectrometer. In .

later work, a Beckman LS 133 spectrometer wae used in which

e : . o s L .

. [
. !
l . ’ F
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 Table b -

Ef Talizes of Produéts,of Phospholibid Degradation fon Various
Pzper Chromatographic Systems.

Paper Chromatographic System l

1 2 3 b
GPG 46 .50 .15 . .63
GPE .63 .60 .24, .22
SPGPG .15 .55 .05 .58
=3 .29 .18 .23 .29
Glycerol .77 . 60 77 v
: pgp .03 oy
J/
. .
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[hod

case hé secondary fluor was-omitted. This method was used
inly for 3H-—labelled samples which required elution prior
to counting. For elution, agitation of the sllica gel in
chlorbform methanol 1:1 was effective although Bligh and
Dyer (109) éxtraction of the lipid from the gel was the

method usually chosen.

- Hethod‘h: To measure the radicactivity in
an aqueous ;amplé, an aliqﬁot not exceeding 100 ul was
_tranpferred to 15 mls. of scintillatioﬁ solution described
for method A admized with 1 ml. of Triton X-100.

‘ Method C: A thixotropic gel,‘bab-o-sil,
was used to ‘suspend he. or 32P—labelled materials without
prior elution from the adsorbent. Cab-o-sil (L g/100 ml.)

was added to the "cocktail®™ described for method A.

-

Method D: ;1hC labelled components separated
by thir layer chromatography were also cou?ted difectly
without elution or the use of thixotropic gél (120). For'
this purpose, the scintillation mixﬁure of method A was

i modifled to contain 10 percent mebS:nol and 0.35 percent
acetic acid by volume.

For each conntihg,procedure, quench curves
- N

were prepared with chloroform using a channel's ratio

method. When simultaneous counting of H and 1he was

>



necessary, correction for contribution of ihC counts in
the 3H channel were made using approp;iate q;ench‘curves
__prepared as described in the Nuclear Chicago Mark I
manual. Values obtained were periqdically checked with
internal standards Ej the sequential addition and counting
of 3H toluene and lhc_ toluene or appropriéte water-soluble

standards to a vial containing thelpre—counted sample.

- Reproducibility of Results

For most of these experiments at least two or
more experiments were done, - Occasionally the results of

one experiment were reported to corroborate other evidence.

@

G?
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PART A

Factors Influencing Incqrporation of sﬁ—Glycero—B-Phosphate

into E. coli Phosphoglycerides.

Introduction

The enzymes for the synthesiéiof phosphoéiycerides

in E. coli are known to require activated fatty acids in the

form of acyl ACP or acyl CoA as well as sn-glycero-3-phosphate, CTP,

Mg++.anq serine. These requirements héve been amply shéwn
by the study of the individual steps of thé\synﬁhetic sequeﬁce;
however little is known‘about the effect of substrate, cofactor
or pro&uct concentrations on the overall rate of lipid bio-
synthesis or on the relative yield of each phospha ide. The
few studies that have been made with cell-free prepa ationé
havelali been under conditions which produce only la elled
phosphatidic gcid, or its lyso analogue. (100). No such studies
were made under conditions ?llowing incorporation of sn—glycefo-
‘3-phosphatée into both«phoaphatidylethanolaminé (PE) and
polyglycérophosphatides. |

There is very 'good evidence that PE and polyglycero~
phosphatide syntheses share comman precursors until EDP-
diglyceride is formed, thereafter branching in the synthetic
sequence occurs such that in vivo, at-least; the net prodﬁction~
of PE, well exceeds that of polyglyce%bphosphatides. Again

in vivo there is a catabolic drain of polyglycerophosphatides

7

A
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whereas PE does not breakdown. This in itselfl could explaln '
the net syntheses of llplds favoring PE. An 1ntriguing5.
'Wfset is that E. coli is equipped with a phospholipase Al of
broad specifici@& and its action on PE, PG;'and cardi&lipin
ean be easily demonstrated in vitro. In viable'ceils,
however; neitﬁer PE nor polyglycerophosphatides appear to
be degraded by this enzyme ( 86) albeit its activity becomes
quite noticeable once the cells are damaged (98). Thus
altheugh the rate of breakdown of polyglycerophosphatides’
might be-ah important factor regulating the levels of PG
and CL, their ultiﬁate mechanism'of breakdown reﬁains as
obscure as the manner by whieh_their turnover is regulated.
Control may also occur prior to the branch
point. “This could be pictured.as regulation by_simﬁle_
metabolites very_likely subject to more complex pheﬁomena
regﬁlating fermation of either the membrane or apopretein R
with whlch llplds combine. A negative feed—back mechanism
operating at such a s;te would decrease llpld synthesis
without affecting the PE/polyglyeerophOsphatide ratic. A
positive modulafion on the other hand could increase the
levels of sll phosphatides but there could a%so result
an increase in the PE/polyglycerophosphatide ratio since
. increased phosphatidate_formatios would make less sn-glycero-
5-§hosphatefavailable for ﬁhosphatidyglycerol synthesis.

Kito aniPizer (107) were among the few to study metabolite
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control on a step prior to the branch point and their
rgsulés indicatgd that ATP inhibited the formation of
phosphatidié acid.

Possibly ﬁhis ATP eff@ct is allosteric or it
could involve enzymatically;éatalyzed chemical modification
of the sﬁ—glycero-B-phosphate.acylating enzyme. Chemical
modifiéatioh of enzymes, is not a common regulatory
mechanism in baéteria although adénylylation of giutamine
synthetase has been reported to occur in\F. coliwthereby
converting an ;a“ form into a "b", less active form (121).
On the other hand iﬁhibitory effects of ATP often involve
cheiapion of Mg++ ions necessary for a particular enzyme;3
This possibility in the case of ATP effects on phosphatidic .
acid formation was not precluded by Kito and Pizer (107).

With the experiments that féllow, we have
initiated a study aiming at the“detection of possiLle
regulatory mechahisms concefned with the synthesié of
E. cold phosphoglycerides. For this purpose using cell-frée
preparations, we examined mainly the effect of various
metabolites and Mg+t on the incorporation of labelled

sn-glycero-3-phosphate into phosphoglycerides.

Materials:
sn—Glycero—3-phosphate-U-14C {Sp. act. 10-20

uC/umole) was purchased from International Chemical and

I

-
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Nucléaf_dorporation or from New England Nucléar Corporation.
‘The purity of this substfateﬁwas checked by paper chromato-
graphy and in mosﬁ instances found to be complenely radio-
chemically pure. Certaln batches, however, contained cyclic
_glycéerophosphate in relatlvely large amount s and were not
used. L-serine-~U-l4C (Sp. act. 118 uC/umole) was obtained ,
from New England ﬁuclear and found t9 be rnaiochemically h
pure. Beef heart cardiolipin and phosphatidic acid (sodium
salt)‘Wgre obtained in pure form from General Biochemicals
Inc. .ATP,‘CTP, CoA and palmito}l CoA were e}rchased from
Sigma Chemicals or Nutritional ﬁiochemicalskborporaﬁion.

Triton X-100 (Rohm and Haas) and Cutscum were obtained from

Fisher Scientific Co.

Phosphatidylglycerol and phosphatidylethanclamine

were obtained by Bligh and Dyer (1C9} extraction of E. coli
- 015 cells and preparative thin layer chromntography of the
lipids w‘:i.:t‘h the nequential use of. systems A, D and E. The).r.
were chnractérized by staining forlvicinal hydroxyl groups

and amino groups respectively and by identification of the

water-soluble products obtained after mild alkaline hydrolysis.:
!

}

-
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_‘
Methods

Phospholipase C Preparation

, This was done .according to the method of Chu (122).

Bacillus cereus was grown 18 hburs in a shallow flask on

a rotary shaker in one litre of broth containing 10 grams

of bactopeptone, 10 grams of yeast ‘extract, 5 grams of

gsodium chloride and O;4 grams of sodium monobasic phosphate.
The medium was harvested by centrifugation and to 100 ml.,

60 grams of ammonium sulphate was added. The solution:

was allowed to sténd at 0°C. The precipitate cantaining

the enzyﬁae was collected by centrifuging 1 h at 18,000 g.

and dissolved in.0.0é M Tris buffer, pH 7.2, to give a protein

concentration of 5-6 mgm/ml. The enzyme was stored at -20°C.

" Hydrolysis of Phosphoglycerides with Phospholipase C

| This was done according te the methad of Plackett
(123). A lipid éampléy 5 mg;'or less, was dissolved in 5 ml,
of ether twice—w;shed with water. 0.6 ml. of crude enzyme ‘
and 3.4 ml. of 0.02 M Tris buffer, pH 7.2, céntaining Q0.5 mM
CaCl, were added. The mixture was incubated at foom
temperature for 3-4 hours én a horizontal.shaker. The
lipi& waé extractea by Bligh and Dyer (109} extraction after

removal of ether. Water-soluble products weréuldentifigd

L

\
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by paper chromatographig and ataining methods describea

previously. Lipids were separated and identified by

chromatogkaphy in system A.

Studies  Involving Incorporation<of Labelled Precursors

The conditions for labelling lipids with
aifferent predufsors were varied depending on the type of
study and are therefore described individually in ﬁhe text

that foilbws. The pngparation ofcelléfree homogenates of
E. coli, the extraction of lipids and the ahélytical
" procedures relating~tofthe exﬁériﬁints that follow are
describe& in General Methods.' of vitai importance to
these studies was the identification of the lipid ﬁroduqts
obtained after an incubatiﬁn; however, ih routine work, it
“ w;slimpractical or impossible to rigdroﬁsly identify ﬁhese
ﬁroducts. Identification was usually made on the basis of
separation patterns obtaiﬁeq with a particular thin layer
chromatography system. In preliminary work these patterns
. were well defined‘by'cochromatography with reference lipids
. or by identification of mild ;1kaline products'derived from-
the comp&hents. In cases when an unusual component appeafed,

more detailed analyses were made as described in the text.
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RESULTS

(1) The Effect of pH on the Incorporation of sn-Glycero-
. 1 . . -—
3-phosphate-U-14C into To Phospholipids

‘Results summarized in Figure 2 indicate that v
optimum incorporation of labelled precursor.into total/ |
phospholipids occurred between pH 6.8 and 7.4. .The effect
of different buffers and ionic strength at a'gifen pPH was
not extensiveiy‘studied. In subsequent studies,-a 0.07 M

phosphate buffer, pH 7.3, was used.

P

(2) The Effect &roteirx Concentratlon on the Incorporation \

Results-summarized in FigureVB reveal a linear
incofporation'of sn—glycero;B—phosphate-U;th into total
lipids with protein concentrations up to 11 mg/ml at 22°C
" and up to 8 mg/ml at 37°C when incubation conditions wefe
similar except for temperature. As would be expected the
incorporation was greater at 3%°C than at 22°C although ay
37°C incorporation decreased at protein concentrations above
8 mg/ml. Iﬁ'mosﬁ-subsequent studies the protein concentration;
the incubation time and the amount of substrate were varied
such thatrsaturation conditions prevailéd ag_c&lculated from

the curves in Figure 3 or as verified by Vary}ng the enzyme 1.

B9
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Pigure 2. Effect of pH on the incorporation of sn-glycero-
3-Dhosphate-U-14C into total lipids of E. coli 015.
Incorporation medium contained in a volume of 4 ml; CoA, 0.1
mM; CTP, O.4 mM; ATP, 3.7 mM; MgClz, 10 mM; stearic acid,
0.5 uM; E. coli somicate, 10 mg protein/ml; sn-glycero-3-
phosphate-U-I4C, 1 uCi (Sp. Act. 10 uCi/umole); acetate
buffer; (pH 4.5) 0.2 M,00 ; phosphate buffer fpH 6.5-7.5),
0.07 M,00 ; tris (pH 8.0-8.5) 0.02 M,ee ; Incubation was

‘at 25°C for 120 minutes. Lipids were extracted by the
method of Bligh and Dyer (109) and counted by method A.
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DPM x 10

I ‘ I AR T

S} 10

A PROTEIN mg/mi

Figure 3. Effect of protein_concentration on the incorporation” __
of sn-glycero-3—phosphate—ULl%C into total lipids of E. coli
015. Incubation conditions were as stated for Table IIb except
that the protein concentration .was varied. -e-e 37¢C,- oo
22°C. .
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éoncentration‘under a newfset of condiﬁiona. Saturation
kinetics wére defined in terms of total lipid counts.

since the distribution of label within the lipid fractions
was almost entirely in the glycerol moieties (Table Ila

and IX)} it follows that only two steps were involved in

the ihéorporﬁtion of labelled sn~élycero-3-phosphate.

‘The results of Figure 3 establish that saturation kihetics
prevailed for the first step (acylation of the precursor)
but the second enzyme involved (CMP: sn—glyceroTB-phosphate
phosphatidyl transferase) may. not have been saturéted under

~.

the conditions specified. . ' #

(3) The Effect of Temperature on the Distribution of

\Label within the Lipid Classes

temperature from 22°C to 37°C, increases the labelling in

| Results in Table IIb reveal that an increase in

all phosphoglycerides. ?hosphatidylglycerol is'the_mos?~
nighly lagﬁlied lipid at both temperatures. However, at

37°C the CPG/ CPE'ratio falls somewhat . Subsequeﬁt
experiments {(Table VIII).showed a less marked stimulation :

at 37°C when higher cbncentrationsfof protein (11 mg/ml)

were used. NeVertheleas distribution of label in these
experiments was still much higher in the polyglycerophosphatide

fraction than in PE.
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'Table IIa | o .

Dlstributlon of k¢ Isotope w1thin ‘the Phosphoglycerlde

Moietles 'of E. coli 015 Labelled at 37°C : ' N
N » ’\f'\ -

3
Distribution of Label
after Mild Alkaline

. ‘Hydrolysis .

. Percent of total: C Water Solu- -
Intact Phosphatide DPM Incorpogated Fatty Acid ble preduct
PE 31 3 _ 95
PG 8 N 92 N
cL - : 15 - -

The L ml .incubation mixture contained phosphate‘
buffer 0.07 M, pH 7.3, MgClp O0.01 M, CTP 0.4 mM, ATP
-3.7 mM, CoA 0 1 mM, sonicated cells, 9-13 mg. protein per
ml.; sn-glycero-3—phosphate-u-lhc 2.0 uCi (Sp. Act. 16
mCi/mMole) palmitic acid 0.1l mM, and oleic acid, O. 2‘mM

The mixture was incubated 1 h at 37°C.
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Table ITb
-

Y

The Effert of Temperature oh_TIncorporation of sn-Glycero-3-
E&cs;ﬁate:ﬁ-ut into the Phosphoglyceride Classes
. o

DPM Incorporated

PhescEogly-eride 25¢C 37°C B
L2 N S 613300 251,200
PG ' Y ,135,800 ‘ ) ‘310,500
et L _ '25,300 " 50,100

The incnbation mixture contained in 5.0 ml.
0.07 ¥ chosphate buffer pH 7.3 as solvent and diluent,
G. I. mﬂ' peimitic acdd, 0.2 mM oleic acid (added as sonicated
mﬁminbﬁfer), 0.4 mM CTP, 0.1 mM CoA, 2.8 mM ATP,
10 mpr MgCl-, £. coli homogenate (8 mg. protein/ml ) and
I oCf of sm-giycero-3-phosphate (Sp. Act. 10 uCi/umole).
After imcubafiox for 1 b 4t 25°C or 37°C, the reaction was
stopped with methano]l addition. Lipids were extracted by
z method of Bligh and Dyer (109) and suitable aliquots of
Ligid extra act were subjected to chromatography in system E. 3

b

q . | é“;& | . | . | =

s
e
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-

(&) Time'Course of sn-leeggg-BsPhosnhate-Incorporation
< A ati

into T;pid Classes

Results summarized in Figure 4 indicate that
the incprpofation‘of labelled substrate was essentially

llnPaP in all fractions during at least one hour for

Ve,
L
......

those condltions stated.. Throughout the experiment the

labelling in PG exceeded that in PE although after 1 hour
the rate of PG synthesis fell A likely explanat1on for
this decreased synthesis of PG is that an enzyme requlred
+ for this synth951s is not stable orgthat there is a turn-

«

over of PG. The conversion of PG to C1 would-account for

a portion of this reduction of label in PG.
™ From the data expressed in Table TI and Figures

3 and §&, it‘wss apparent that‘protein concentration,
tempersture and time.of incubation cduld/be varied ever a 7i"f
moderate range without significantly changing the.labelling
psttern' This 31mplified the devislng of prOper incubation
systems for the study of cofactor and substrate effects on
the synthesis of phosphoglycerides. |

It was noticed ‘in subsequent esperiments however,
that when incsbhtions times were short and protein concentra- :

. P

tions low, in a same experiment, the major lipid synthesized : -
. was éA (cf. Table VI ). This labelled intermediate tended

. to separate together with C1 in the chromstographic systems

8
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- Figure },. Time course of 1ncorporatlon of sn-glycero—ju _ &
'phosphate U—l“C The incorporation medium contained in .

a volume of 4. ml, phosphate buffer (pH 7.3), 0.07'M, MgClg, ‘10 mM
palmitic acid, O. 1, mM, oleic” acid, 0.2 mM; CTF, 0.4

mM, CoA, 0.1 mM ATP 3.7 mM; E. COll sonicate, 10 mg a
proteln/ml, sn—glycerOnB -phosphate-U-14#C, 1 u” (Sp. Act.

20 ‘uCi/umole). Tncubation was at.25-C for 15,.30, 60 and

120 minutes. T.ipids ,were extracted by the method of Bllgn_/

and Dyer .(109) separated by thin layer chromatography inwr

system EJand counted by method D. ‘\., — : { .

_ \ ‘ | .

%
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used'(syétems C, D, ‘and E)lfor most of our studies. It

is possible therefore that some of the CL counts given

in Figure 3 are in fact pertiy due to the presence‘of PA
-.particularly when small protein concentrations or short
1ncubation times were used At hlgher Protein concentratlons,
or w;th longer 1ncubatlon times the designated CL fractlon'
ylelded mainly GPGPG upon mlld;alkallne hydroly51s but

occasionally trace amounts_ofcglycerophosphate and GPG

were found.

(5) Ipe Effect of Serine on the Incorporation of an-Glycero-

3—Phosphate—U—IAC into/ E. coli Lipids.

. ) ",’I‘ . ' .

Since the synthesis-of FPE and pblyglycerophospha—
tides depends on a common precursor, dDPldiglyceride, one
would expect that the [serine]/[sn—glycero-B phosphate]

ratio could greatly influence the relative amounts of each

!

/
typé of phosphatxde formed Results to date have indicated

a greater incorporatlon of sn—glycero-3 phosphate-U—14C

L
\

into PG in-the absence, of added serine. Possibly this
f . . ,
preferred incorporation into polyglycerophosphatide was

due to a lack ?f—phis amino acid.

¢ .
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r — *\. PE

e ., CL
10 20 ' 30 40

SERINE CONCENTRATION. (mM)

’
-

. _ on the indorporation of
sn-glycero—3-pho§phate-U-1hC into phosphoglycerides of
E. coli 015, The incubation mixkure contained in 2 mi.,

© '0.07 M phosphate buffer, pH 7.3 a$ solvent and diluent,

0.2 mM CoA, 10 mM MgClp, 0.1 mM palmitic acid sonicated
in buffer 0.2 uCi of sn-glycero-3-phosphate-U-14C (Sp. Act.

- 16 uCi/umole) ;0.4 mM CTP and E. coli homogenate. (1.2 mg.

protein/ml).:“Serin: was added at varied concentrations.
After incubation for'l h at 25°C,  the mixture was inactivated
with 2.5 volumes .of methanol and lipids were extracted by

“‘the method.of Bligh and Dyer.(109). One aliquot .of total

lipid exﬁ?act'was counted directly and another was subjected

to chromatography using system I. Lipid components counted _

by'mgthod D, .
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Regults'summanized in Pigﬁre 5 indicate that °
serine addition had no effect on the labelling of PE. At‘

a rather high coﬁbentfation cf 4O mM, this'émino acid
inhibited the formgt;dn of PG which increased the lhCPE/.:“{.CP(';
ratio but this effect is not likely physioclogical. The lack
of 3timulation’9; PE synthesis by serine addition would

e - _
indicate that the CDP-diglyceride conceq&ration is rate-
limiting "and that endogénous'serine levels are sufficient

to permit maximal PE synthesis under the conditions

prevailing. . .

~

(6) ‘Theuﬂfﬁgct of Glycerophosphate on the incgrpgra&igg_gf

ngigg—U-lAC into'E._Eg%}-Lipids" v

If at tﬁe.branch.pbint, the endogenous CDP-
diglyceride concentration were non-saturating for both
phosphati&yl-traﬁsferases, addition of sn-glycero-3-phosphate
could 'stimula e formation.oprolyglyperophosphatides at the
expense of PE synthesis and ad&iﬁion of ;erine.ghould‘produce 4
the opp&site result, provided the endogeqous concentrations'
of these substratesﬁere not alfea&y gdaturating. .

o q& Results summarized in Figure 6 illustrate the’
,incorporation of 1“C-Berine iﬁtq total lipids, PE and PS.
\Si%ce the previous éxpgrimént in&icated that the éndoggnods

pool of serine was saturating, the fairiy linear increase
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Q

pCi OF SERINE ADDED

¢

Figuge 6. 'Incorporation of serine-~U-lh¢ into lipids of
E.-cgli 01l5. Conditions were as stated for Figure 5

except that the labelled precutrsor in this case was serine-
U-1hc (sp. act. 118 uCi/umole). O total lipids, A -
phosphatidylcthanolamine,--El phosphatidylserine. . Q
Phosphatidyl-serine-U-14¢ was identified by cocgiomatography . oo

with reference compound purchaseq from General ochemicals,
Ohio, - R - '

~

o
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in i£corporation obtained with increase in labelled séring.
wouid simpl;'feflect a resultant incre;se in specific
activity of the substrate. Results summarized in Figure 7
indicate a.maximal, 22%, inhibition of-lkc-éerine ihcorp- p
o;ation,when 5 mM rac~glycero-3-phosphate waé‘added.‘ The
inhiﬁition was most notaBle in'thg PE fraction.  The results
are most easily éxplained on the basis th;t the endogenous_ .
ievel§ of glycgrophosﬁhate Qere-insufficient‘tg s#turate

the glycerophosphate: CDP-diglyceride phosphatidyl

transferase. Glycerophosphate addition increased the activ1ty

of this enzyme and made less CDP—dlglycerlde aVallable for
PE formation. It can be noted from the resylts presented
thus far that the incorporatlon of sn-glycero-B phosphate

ig greater in PG than it is in PET. This was not due to lack

of serine in the’ medium. Addition of serine to the incubation

"mixture did not increase the synthesis of labelled PE and it

would appear that under our conditions, the endogenous

concentration of this amino acid was saturating.

(7) The: Combined Effect of Mgt Coenzyme A, AI ang CTP
| the Incorporation o i sn- GlxgQ:Q:BrEhQﬁDhﬂ&ﬁ:ﬂ:__C

EQEQVE.'COli

<

From the known synthesis ﬁgthways of E. coli it

can be .deduced that substrate and cofactor’ requirements for
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Figure 7. The ef‘fect of rac—glyceroa-B—phosphate on the
1ncorporation of serine-U-l4C into lipids of E. coli 015.
Conditions were similar to those specified for Figure 6
except that the medium contained a fixed amount of -
labelled serine (2 uCi) and various concentrations of
rac-glycero-3-phosphate. @ total lipids, A phosphatidyl-
ethanolamine, (] phosphatidylserine

)

\\\
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'glycérqphoaphate ipcorporation are as fdllows; fatty acids,
ATP, CoA, Mgtt, CTP and serine. The avallabllity of these
various substrates for the incorporation of sn-glycero=-3~’
phosphate—U-lhc could affect not only the synthesis of total
llpids but also the 1abe111ng pattern in the major lipid
classes, as well as the distribution of label within a
pérticuiér lipid. Our results have indicated that serine
addition was without significant effect. A dei&ilea study
of the other cofactor requifements might possibly disclose:
any regulation by metabolites or cofacﬁors acting at one

or more steps of the pathway. This in turn might lead to

an explanation for the préferred incorporation of labelled -
glycerophosphate intq‘PG. In ouf prelimin&rf experiments
we studied under several conditions, tﬁe effects of CTP,
ATP and CoA combined, and of ¥g++. At firét the concentrations
of these various“additive;?were.arbitrarily chosen from
conditions égscfibed in the literature. Later, the cofactoi
requipements.were sﬁudied systématically. _

Results summarized in Table III indicate that
. whether the cofactors ATP, CTP and CoA were'ﬁ%esent or not,
Mg addltion caused a shlft of labelling in favour of
phosphatidylglycerol. The addition of ATP, CTP and CoA “
togethef,%greatly aqcentuated the Mg++ effect. The rise in

PG labelling due to Mgt was usually accompanied by aFall
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Table III
.

The Effect of Various Cofactors on the Labelling of E. coli

Phosphoglycerides by sn-Glycero~3-Phosphate~U-4c at 379C

DPM Incorporated into each

Fraction

- | Other

4 : PE PG cL Lipids
A Complete 151,500 207,800 13,500 5,300
B = (ATP, CTP, CoA, 141,300 . 134,200 4,100 5,300

Mg+F) T |

C - (ATP, CTP, CoA) - 93,500 150,600 3,300 3,400 \\\\~H\§
D - Mgtt - 169,600 102,100 3,900  &,500

' Incorporation medium contained in a volume of
4L ml: phosphate buffer (pH 7.3), 0.07 M; palmitic acid, |
0.1.. mM; oleic acid, 0.2 mM; E. coli sonicate, 5 mg protein/ml;
sn-glycero-3-phosphate-U-14C 0.2 uCi/ml (Sp. Act 10 mC/mM).
To incubation A was added CoA, 40 uM; ATP, 1.4 mM, CTP,.0.2 mM?
MgClo, 10 mM. To incub§tion C was added Mg, 10 mM; To incubation
D was added CoA, 40 uM; ATP, 1.4 mM; CTP, 0.2 mM. Incubations
were at 37°C for 120 minutes. Lipids were extracted by the
method of Bligh and Dyer (109), separated in system C and
counted by method C. ‘ »

4
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. ‘ ‘ ‘
in PE synthesis (compare A and D and B and C, Table iII),

R

but later studies showed that this was not alwaYs a marked

-
Lo

effeact.

(8) The Effect of Cytidine Triphosphate and Coenzyme A on

the_;ncorporation of sn-Glycero-B—Phosphate-U—th

Results shown in Figure BAindicate no marked
‘effcct of CTP on theincorpcraticr-of labelled pfecuraor7
into the polyglycerophbéphatig;f%factions. ' This hucieotide :
.did.caﬁse'hoﬁefer,.a slight increase in the labelling of -
PE, Since CTP is required for the formation of CDP-diglyceride,

.an intermediate iyl .the de ncvo-synthesis of E. coli lipids
- D" S ;
sy *

-

it was concluded that the levels_df endogenous CTP or.

metabolically-related subatances were sufficient to allgy

almost maximal incorporation under our' condltions. Othcr\

resu{ts, not shown, also indlcated that. the incubation medium\,‘

did not require CoA aupplement aince addition of this cofactor ‘\\Q\

at 0.5 mM concentration produced a maximal stimulation of ‘
less than 5% in total lipid counts. ) _

From ,this evidence it was tentatively concluded
'tpat the combined effect of added ATP, CTP and CoA (Table IIT) ;

was due to ATP iphelf,

w3 ’ . ' y ' ' , i
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Figure 8. Effect of cTP on the incorporation of sn-glycero-
3-phosphate-U-14C into lipids of E. coli Ol5. The incubation
mixture contained in 2 ml., 0.07 M phosphate buffer, pH 7.3,
as solvent and diluent, 0.2 mM CoA, ‘10 mM MgClp, 0.1 mM
palmitic acid, 0.2 uCi of sn-glycero-3-phosphate-U-14C (Sp.

. Act 10 uCi/umole), E. coli homogenate (1.2 mg protein/ml)
and -varied concentrations of CTP." After incubations of 1 h
at 25°C the mixture was inactivated with 2.5 wolumes of

-+ methanol and lipids were extracted by the method of Bligh
and Dyer. (109). One aliquot of total lipid extract was
counted directly ‘ard another was subjected to chromatography
in system I. ILipids were then counted by method D. -

oV - b - ‘ ‘
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(9) “The, Effect of Patty Acid on the Incorporation of" \

\

sn-Glycero-B Phoaphate e into E. coli lipide

f”m\\ ' As can be appreciated from ‘Table- II_the addition_

of palmitic acid to the 1ncubation mixture resulted in a

. greater incorporation of labelled substrate into all 1lipid

: fractions provided ATP wae~also added. Thls result is
.explanable on the basis that ATP and fatty acid are 1nvolved'
in the synthe31s of acyl CoA a suitable’ acyl donor for the
synthesls of PA . In the absence of added fatty hc1d howeVer__h

] C e

ATP still caused a marked increase in the incorporation of LT

\

‘ifﬁelled substrate but this_occurred only in the\PG fraction.
It would seem from this result that ATP stimulatesﬂthe\\
incorporation of'labelled sn—glycero-B-phosphate in a manner\\\

e A

that is not solely involved with the acylation step.

(10) The Effect of ATP and Mg'* on the Synthesis of Major
- ) .o i’ L.

E. coli Lipids

Figure 9 reveals that Mg™™ alome, at 25°C, ‘had
a moderate etimulatory effect on the synthesis of E. coli
_lipids at concentrations of 10 mM or higher, whereas ATP.

alone (Figure/lo) caused a marked inhibition of incorporation

at concentraéions above 10 mM.

o

wWhen the incubation,mixture was supplemented/yith

10 mM Mg++‘ at 25°C the addition of ATP up to a concentration .
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Table IV

The.Efféct of Fatty Acid on the Incbrporation of

sn—Glycero—B-Phosphaté-U—lkC into E. coli Lipi&s

DPM Recovered in each Fraction )

-
—

—

-\\“Gongipions PE ' PG P CcL
No ATP, no fatty acid-_ 6,200 8,800 ° .900
' . e :
No ATP - . : 6,500~ 8,500 1,000
No fatty.acid 5,900 28,900 1,100
N . ’ . R ., k\‘\_‘__—_
Complete K 9,400 32,100 1,200

. The complete system contained in 2 ml., 0.07 M
‘phosphate buffer pH 7.3 as solvent and diluent, 0.2 mM- CoA,
2.8 mM ATP;. 10 mM MgCl,, 0.1 mM palmitic acid sonicated in
buffer, 0.2 uCi_of 3n-glycero-3-phosphate—U—th (Sp. Act.:
16 uCi/umole) O.%-mM CTP and E. coli homogenate (1.2 mg.
protein/ml. ). Incubations were for 1 hour at room temp-
erature (25°C). S~ . .

L
.

Al
-
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Figure 9. Effect of Mg.H-on the incorporation of sn-glycero-
j~phosphate-U-14C into the total lipids of E. cold OL5. .
. Incubatioﬁ\c-on\ditiéns were ag stated for Table IV except
_wthat no ATP was-added and Mg concentration wag, varied.
g e -
\ .
s \-‘-\_‘ * ——
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ofilO mM stimulated incorporation (cf. Figure 11). Total
lipid. 1ncorporatlon as well as that of each lipid was arfected
in a 51mllar manner aighough the most marked otlmuldtlon was
noted in the PG fraqtion At higher concentrations of this
hucleotide stimilation by Mg++ was abolishqd and theré
always resulted a small but consistant inhibition of
incorporation into .all lipid fractions. Results summarized.
» in Figure 12 illustrate thé stimulatory rolé of MgtT in the
pfesence of 10 mM;ATP. In general it was noted that maximal
labelling occurrea wheﬁ the added Mé++‘c0ncentration was
10 ‘mM provided the [ATP] / [Mg*?] ratio did not excedd 1.
_,Agaln although Mg++ and ATP stimilated incorporation into. )
alI Jipids, the most marked effect was noted in the PG
fraction.

At 37°C similar effects of Mgtt and ATP were
noted. Inhibitiog by high conc¢entrations of ATP (Table V)
could be grﬁdually reversed b& increasing the Mg"’."+
concentration. 1Thé data expresse& in Figures 10, 11, and
12 and Table V¥ support the conclusion that the inhibition
by ATP is due either to a chelatlon oﬂwMg++ by excess
nucleotide or to some negative allosteric effect on one
or several biogynthetic enzymes,iﬁhich is reversed by the

addition of Mgtt. At ahv rate the inhibition a3 not

considerable.
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Pirure 10, Frfe~t of ATP on che incorporation of sp~-glvorra-—
:—phosnhate-u_luC inuo tetal I;hids'o?-ﬂ. cnli Oi5, Incuoatlon
cenditinns were as stated frr Table TV excent that Mg™ T was

cmitted and ATP conrentration was varied. \
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mM_ATP

Figure ll The effect of ATP in the presence of Mg** on
the incorporation of sn-glycero-3-phosphate-U-14C into
lipids of" E. coli 015. Conditions were as stated for

Table IV except that the ATP concentration was varlcd
O total lipids, ¥ phosphatidylglycerol, A

phosphatidylethanolamine, @® cardiolipin,
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o 30
mM Mgt T .'

' 8
Figure 12. The effect of Mg“H' in the presence of ATP on
the incorvoration of 'sn-glycero—3—phosphate-—U-—l’+C into '
lipids of E. coli 015. Conditions were as stated for Table
TV except that the Mg+t concentration was varied. -
O total lipids, O phosphatidylglycer‘ol, A
phosphatidylethanolamine, @ cardiolipin. '
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A
Table V \
The Reversal of ATP Inhibition by Mg '
DPM Recovered in Each Fraction rﬁ'
o No Mgtt 10 mM Mgt 20 mM Mg '
Llplq . ATP ATP ATP
Fraction - 2.8 mM 28 mM 2.8 mM 28 mM 2.8 mM 28 mM
PE ' 10,100 3,500 22,700 6,400 23,500 14,400
PG _5.400 3,900 124,000 6,700 131,900 63,800
cL 1,200 700 - 10,200 1,200 15,400 5,000
Incorporation medium contained in a volume of 5 ml;

phosphate buffer (pH 7.3

oleic acid, 0.2 mM; CTP, 0.4 mM;

E. coli sonicate, 3 mg p
1 uCi/5 ml (Sp. Act. =0
of 10 and 20 mM. Tnc
Total lipid was extracte
sepmarated in systems B,

), 0.07 M; palmit

ic acid, 0.1 mM;

CoaA, 0.1 mM; ATP, 2.8 mM or 28 mM;

rotein/ml; snnglycero—3—phosphate-Ualhc,

uC/umole). MgCla

was added at concentrations

ubation was at 37°C for 60 minutes.

d by the method o
D, E and counted

f Bligh and Dyer (109)
by method D. -
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Acid .

concentrations of ATP had a marked inhibitory
the synthesis of PA and concluded that this nugleofide

had a‘regulatory role relating to_phospholi id synthesis <
in E. coli ~The inhi tion was noted when)a particulate
fraction was the source of enzyme, pal oyl CoA was added
at optimal concentrations and incubations were carried out

for short periods at 10°C.’ Our results with whole homogen—

ates seemed to be.compatible.with those of Xito and Pizer

insofar as an inhibitory effect of ATP on major phosphatide
svnthe51s was noted. " In our experiments: however, inhibition
occurred.only at high . E&TE‘/I:Mg“"E] ratios and was reversed

by increasing the Mg*t coricen ration. The E&Tﬂ / [Mg"ﬂ ratio that
was used by Kito and Pizer d not cause inhibition under
our_conditions. To characterize Iurther the nature and

locate the site of ATP intervention we adopted the conditions

of Kito and Pizer which are those first described by

Goldfine et al (1214.),P However, our experiments were performed-

at 25°C instead of 10°C. Thé)mihimal protein coofentrations

and short incubation times used by these authors resulted

in the formatioL of" phosphatldlc acid as the sole biosynthetic

~product when labelled sn—glycero-3—phosphate was the precursor.
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As cen.be seen from the results in Table VI
ronly one labelled product was obtalned when‘low concent- -
_ rations of- particulate fraction (0 3 mg proteln/ml) were
used. The product was cochromatographed w1th phosphatidic
acid in chromatographic syetem F (Ry .05). Mild alkallne
hydrolveis of the product yielded glvcerophosphatelln
systems 1 (Rf'O-ZB) and 2 (Rf 0.19). ATP under these
conditions did cause a 12% inhibition in the acylation of -
the precursor. This result -is in contrast with the, 60%
inhibltlon obtained by Klto and Pizer under gimilar
conditions exceDt for temperature and strain of E. coli

used. With higher conrentratlons of particulate fractlon

(l;? mg/ml ) labelled sn-glycero—3 -phosphate- was- incorporated
maihlvy into PA but some significant labelling of PG and PE
.also occurred Tte addition of ATP to this system increased
the labelllng in all phosphatldes but the most signiflcaut
stlmulatlon on a percentage basis occurred in the PG fraction.
‘When whole sonicate was used (2.5 mg total protein/ml
containing 0.3 of partlculate protéln/ml) a significantly
lower incorporatjén of 1abelled/;;ecursor occurred if these
‘resulte are compared to those obtained with an equivalent
amount—6f particulate fraction. This fall is best explained'
—"by a dilutiqg\gf\;te label with cytosol sn—glyderd-B—ﬁhosphate

or related metabolites. Again under these conditions, PA
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N Table VI

The Effect of ATP on the‘Incorpg;ation of sn-Glycero-
3-Phosphate-Uéth into Phosphoglycerides . ‘
l by E. coli Preparatioﬁ§

-~

_ . DPM 'Incorporated into Each Lipid
Protein ATP

Concentration . Concentration :
 mg/ml ) mM PA - PG  PE

Particulate Practiop

51,900 0 0

0.3 . 0

0.3 o 2.0 " Lk,800 o .0
1.7 0 130,000 20,0004// L, 600
1.7 2.0 137,700 . 25,200 . 5,000

»

whole -Homogenate
2.5 ‘ o . 4 25,100 7,100 1,700

2.5 _ 2.0 17,500 12,200 = 1,500

Incorporation medium contained in a volume nf 5.0 mlz:
phosphate buffer (pH 7.0), 0.07 M; MgCl,, 0.01 M: palmitoyl CoA,
43 uM; cysteine, 0.3 mM; rac—-glycero-3=phosphate, 0.3 mM: sn-
glycero-3—phqsphate—U—1hC'1 uCi (Sp. Act. 20 utifumole): FE. coli
whole homogenate or E. coli particulate fpraction.- BRoth fractions
were incubated with and without added 10 umoles of ATP. The
incubations were at 25°C for 20 minutes. The particulate '
fraction was prevared by centrifuging the cell-free extract at
20,000 g for 30 minutes. . '

3 o . o
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was theemaih ﬂhosphatide labelled, but PG and PR were alsn
rormed from the isotope added. ATP addition caused a
marked dimiﬁution of the'labellin PA. However this %a]],
-can be explalned by a sizeable conversioen of PA.to PG.
At most. about IL0-2‘5‘z inhibition of PA svntheqiq orgurrpd
& this crnversion is taken into account. The higher 25%°

Q4
value would apply only if the distrlbution_o? label in PG

favors the unacvlated-g1#c3r01 as was later found (cf.
Table TX). - | .

In summary, it can be eaid‘that ATP causes
only a small probably insignificant. 1nhibition of PA
synthesis under cendltlops gimilar to those described by
Kito and $i;er (107). We have no clear explanation for
‘eur contrasting resultq although strain dﬁ?Perences and/or
temperature effects mav be involved The reason thht.Kito
and Pizer gave for using qucgzg low incubatlon temnerature
is that the PA - synth331z1ng enzyme {s) were unstable at
higher temperatures. Agaln our results indicate otherwise.
At higher temperatures phospholipid syntheqiq was greater
in our case and the enzymes involved seemed quite qtable
Increasing the nartlculate enzyme concentration to a level
higher than that used‘by Kito and Pizer or adding evtosol
 to the particulate fraction causes a cenversiggﬂo¢ PA to.
other phosphatides. The main effect of ATP under these

conditions is to increase thellabelling of~PG‘f'Thie

stimulation can be noticed with partieﬁlate'fraction alone

S |
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U
but‘ié more mafked Qhen cyﬁééo} is'also ﬁresent. Theée
.}esults'whicﬁ ag‘é whole contrast with those of Kito and
Pizer do not wéakén fhé‘conclﬁsinﬁléhat'ATﬁ has a
.stlmulating effect on nhosphoglvceride svnthnqiq nrnviﬂea
the Mg++ conrentratlon is equal to or higher than that of

rthe nucleotide.

.
+

(12) Thp F%Pect of Mgtt and ATP in the ”rPsEnCP;nF'Ontima1 ‘ //)

J Dalmltoyl CoA Concentratﬁonqh

. ‘Results in Table TV indirated tha£ anlv mart
of the ATP effect was due to its narticination in the

./ormatlnn of acvyl CoA. Requ1tq in Table VT qhnwnd fhat

.....

AT stimulated the synthesis of DG even in the nreqpncn.n’
added nalmltoy] Coh an%:yﬁﬂer these ﬂonditionq, A1d not

glgnlflcantlv affect PA thesis. ConsequentlTJ'ATp had

to be 1nvolved at a step bevond the de novo formation of PA,

This cnnFTusion was further veri?ied. Results summarized . L.
in Figure 13 again }ndicate a stlmulat{ng eFPeﬁt nf ATP + |

Mgtt on total 1101d 1abe111ng even in the nrecpncn of

ontimal Dalmltovl FoA conrentrationq. ﬂn the aAather hand,

the sflmulatorv effect of ATP on PF and cardiolioin

formation is cn;nlotplv abolﬁqhﬂd by thp addition of nalmitan‘

Coh- (cf. Plgures 1k and 16). This ATP effect, additivéatn

“that of palmitoyl CoA, noted in Pigure 13 is pxnlained bv

the stimulation of- PG formation in the nrpqpncp Tof this



Figures 13-16. . The effect of palmitoyl CoA on the incorp-
oration of sn-glycerd—3uphosphate—U—l C into lipids of

E. coli 015 in the presence or absence of ATP. The '
incubation mixture.contained in 2 ml., 0.07 M phosphate
buffer gl 7.3 as solvent and diluent, 10 mM MgClp, 0.4 mM
CTP, various concentrations of palmitoyl CoA, 0.2 uCi of
sn-glycero—3—phosphate~U—th‘(Sp. Act. 16 uCi/umole) E. coli
‘homogenate {1l.2 mg. protein/ml. ) and when specified, 2.8 mM
ATP. Tncubations were for 1l.h at 25°C. Extraction,
geparation and counting of lipids were as stated for Figure

<
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nueleotice and Mg¥*. As can be seen from figure 15, ATP
b greqtly'stimulated 3 farmation even in the presence

¢ ontimal palmitoyl CnA_conéentpa;ions_

(;‘) The Fi'fects oi ATP and Mg++ won the Distributibn ol

label Among Lipid Classes and . thin Phosﬁhatidylglycerul

Tn normally growing E. coli cnlls PE is the maﬁ?r

-

rhuuphatidé and represents approximately 754 of the total [/
lipid ppnsphorous, it & culture is grown irom 4o small
ipeculum in medium containing glyccrol—l,}—ihc, labelling
50 Tipids @{ocgeds in a manner whiqh rellects ro&ghiy the
¢

5nol size of each lipid. This is illustrated in Table VI,

Tn most o!f our experiments with cn~ll homogenates,
it was noﬁed‘that labelled glycerophosphate incorporated in
2 “manner quite different thap would be expectea trom the
pool size ol éaeh‘lipid. When the medium was supplqmenc?d
with ATP and MgTT, the incorporation into PG well exceeded
that into ¥E Although 1 mole oY PG ‘ormed de novo incorp-
unates twice ras much glycerophosph;le as 1 mole ot PE, this
sione would not accouﬁt for the high proportion ot lavelling
in PG by cell homogenates 17 it did per se the labelling
pattern obtained with intact cells and homogenates should

'

be quite similar. These conclusions prompred a more detailed

investigation ot those factors inrluencing the distribution

ol label within phosphatide classes.
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Table VIT ™.

Tneornoration of Glycerol—l,Bfth into Phosphoglycerides

| ' of Growing E. coli "ells

NDistribution of Label

NDPM ~as Per cent of Total
l.inid Fraction Incorporated lipid Counts
oF, ‘ 225,400 : 53.8
B . 88,E00 _ 23.5
ol - 54,2C0 4.4

rnther T.ipids ¢ 7,600 2.3

. E. coli 015 cells were grown 6 h at 37°C in a
medium containing per 200 ml, 3 g Bactopeptone, 0.2 g
veast extract ™o g sodium chloride; 50 uCi of
glycerol-l,B—ihC and 4 g glucose autoclaved separately.
lipids were extracted by the method of Bligh and Dyer
(109) and sevarated in system I. Components were
cnunted by methed D. '

%74tq ~htained hy Trl ¥ Tho,
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Results summarized in Table VIII corroborate
_thése desc}ibed e}rlief in TablelII and in Figure 12. o g
:Adéition'of Mg++.in the presence of ATP causes a shift df |
incorpora£iqf favoring the polyglycerophosphate fraction.
Th%ieffects }f’Mg++ are es§eﬁtially the same at ZSAC and
370&. fTemperaéure effects summarized in Table VIII are
less marked than those illustrated.in Table II. This is -
exvlained by the'higher prbtein concentration used in
the present experiment. As was noted earlier (Table III)
'with'Mg++ and ATP add?tigp there is an accoﬁpanying decrease ““w

in the labelling of PE which is intensified at higher

" temperature. X

Aliguotsof PG obtained from the proceediﬂg

experiment were degraded by. phospholipase C from Bacillus

cereus, Results.shown in Table IX reveal that even in
the absence Qf added:Mg++ (but in the presence of ATP)
labelled precursor incorporates ma&niy in the unacylated
glycerol moieﬁ§ of PG. Addition of Mght aCceﬁtuatgd the
uneven distrlbutlon by 1ncreasing the activity in the ’ 9,
unacvlated glycerol moiety. In these experiments the absolute
counts in the diglyceride moiety remain constant, however

in previous st;dies (cf. Tables III and VIII) a decreased formation

of labelled diacjlgl?cerol was evident with the decrease in

labelled PE formed in the presence of Mg+,



Table VIIT

. The Fffect of Mgttt and Temperature on the Labelling of E. coli

. :'Phosphoglycerides bv sn—Glycero~3-Phosphate-U-14C

!

DPM Incorporated in Each Fraction

25°C ‘ 37°C
Lipid No Mgtt Mg No Mg™"  +Mg
PE 124,800 120,700 192,100 131,600
PG 132,800 240,900 - 127,300 231,900
cL 8,400 24,300 29,300 67,300 .

: The incorporation medium contained in a volume of
4 ml; phosphate buffer (pH 7.3), 0.07 M; palmitic acid, 0.1
mM; oleic acid, 0.2 mM; CTP, 0.4 mM; CoA, 0.1 mM; ATP, 3.7
mM; E. coli sonicate, 9-13 mg protein/ml; sn-glycero-3-phosphate-~
U-14C, 1 uCi (Sp. Act. 16 uCi/umole). Incubation was at 25°C .
‘or 37¢C for 1 h with or without the addition of 40 umoles of
MgClz. Lipids were extracted by the method of Bligh and Dyer
(109), separated in system E . ' .
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o ' Table IX

The. Effect of Mgtt and'Temperature on the Distriﬁution of thc

Label Within PG Formed from sh—Glyce?o-3-Phosphate-U-th

"Radioactivity Recovered in
the Products Obtained after

Conditions- for PG Synthesis, Phospholipase C Hydrolysis
' : of PG -
["Fﬁ PG Formed . : w
“C Mg mM DPM Diglyceride Glycerophosphate
o o ST e er M P e
25 o ‘ 132,800 39, 800 92,900
25 10 240,900 43,300 . 192,700
37 .0 123,300 41,900 80,100
37 10 231,900 30,100 176,200

. PG obtained as described for Table VIII was
hydrolyzed by phospholipase C of Bacillus cereus. After
' removal of the ether the lipids were extracted by the method
of Bligh and Dyer (109). he radiocactivity in aqueous and
. chloroform phases was count b ethods A, B and D. [The
lipids were separated im sizgzzigi Glycerophosphate was
identified in system 1.
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Diécussidn

The forég;ing:eXperiﬁenté‘wére'aiﬁed ;p
‘establishing optimal qonditiona for synthesis of phospho- .
. glycerides and revealing possible metabolite control 6f

this process in E: coli cell-free pﬁeparaﬁions. For this

purpose, the influence of sgbstrate and cofactor availabilfity ./)y;
on incorporation of labelled Sn—glfcero-B—phosphate iqto- E
lipid classes was studied. Of the substrates added few had

marked effects. Palmitoyl CoA at certain low concentrations

+ stimulated incorporation as would be expected and fatty acid

in tﬁe pAesence of CoA, ATP and-Mg++ mimicked the effect ‘of
palmitoyl CoA. Serine, CoA and CTP each had little or no
effect at the concentrations tried, a result indicating
their ample reserve as endogenous precursors. qu similar
reasons addition of unlabelled rac-glycero-3-phosphate did
not appreciably affect the incorporation of serine-U-1kcC
into PE.

- Among the cofactors tried, ATP and Mgt+ were the
e "most effective. ATP had very interesting effects in that at
" high c@ncentrations it inhibited and at low concentrations
it stimulated phbsphoglyceride'synthesis. Initially we
trled explaining the inhibitory effect in the light of the

results of Kito and Pizer (107) who showed that ATP inhibited

g
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PA synthesis under ceftain_conditionst We observed however
thst'ATP inhibition was rsVersed by.inoressing the Mg++'
concentratlon This prompoed ohe conclusion ohat ATP
inhibited by chelating Mgt+, a cation required for most

of the biosynthetic reactions; Undor conditions similar to thnse
of Kito and Pizer no significant inhibition of PA synthesis

. ) (
by ATP could be demonstrated with our E. coli strain. On R

this basis a p0331ble negative effector function of ATP on MQQ
‘PA svnthesis was dismissed |

More interesting yet was‘ehe stimulatory effect
of ATP which occurred in the presence of sufficient Mgt+.
The stimulatory effect was not compl:tely abolished by
palmitoyl CoA addition and therefore implicated a step
other than just the formation of acyl CoA derivatives.
With sn—glyceroEprhosphate—U—lkc as precursor the stiﬁulaﬁidn
occurred only in the polyglycerophosphatide fractionlwhich
was aocompanied by a decreased 1aoelling of PE. A preliminary
conclusion was that ATP enerted ; nodulspor effect at the ‘
branch—point favoring the formafion'of PG. This idea however
was not substsntia?pd-by further experimentation. Analyses
of the distribution of the label within PG with phospholipase
C revealed ﬁhat the unaoylated'élngrol moiety‘contained

more isotope.than did the acylated glycercl moiety. ATP plus
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Mg++ additionhaccehtuated this_uneven-distributionQ
It was obvious fromrthésé results thaﬁ'fG was synthesizea
partly by a gg_ggzg process (since there was some labell-
: 1ng in the diglyceride moiety) and partly from a process
" making use of an endogenous diacylglycerol precursor.
. The effect of ATP plus Mg*t was to increase the production
‘of this unlabelled precursor, or to inéreaéé its incafpora—
tion into both PE and PE. |

As endogenous diacylglycerol precursors,
dlglyceride and PA were con51dered eminent possibilities
even though these lipids aré’E;:sent in only trace amounts
( 61). - The fact is, their small pools could be-constantly
generated under our incubation conditions by a pathwayj'
hitherto unknown or of uhexplained functldn._.' -

One mechanism for the formatioﬁ of endogenous
diacylglycerol precursor would involve the acyldihydfoxyacetone
phosﬁhate pathviz)implicating a de novo ﬁrocess starting from
a simple unlabelled precursor. The stimulatory role of ATP
plus Mg could then be explalned by a secondary reaction
.Sﬁ°h133 rephpsphoryl;tion of diglyceride overcoming any
phbsphaﬁidate phosphohydrolase activity. This would then.

" imply the action Bf diglyceride kinase.
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2 . One other possibillty woulé‘involve a

' phosphollpase D - like activity generating unlabelled PA. “5

There is however hot much precedent for involving this

' enzyme in bacterial lipid metabolism. White and collabora—

. tors (125) did find it in Hemephllusgparainfluenzae and in’

.-,'.

E. coli, and recent ev1dence does indicate that cdrdiolipin

W

synthesls pgbceeds via a transphosphatldylation reaction

0 .

flnvolving two molecules of PG as eubstréﬁe. If a

phosphollpeseﬂD activity could be demopstrated in E, coli

| with one or more phosphoglyceride substrates the effects

of ATP plus Mg™ would still require explapation.:
- The remainder of this thesis consists of

experiments -designed to show from what the unlaoelled

diglyceride originates, how it is formed; and how ATP plus

St

Mg intervene.

“

TEy
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"PART B o

Studies on.Altornative ‘Pathways *for ‘the Synthesis of -

~ Phosphatidic Acid

7] Introduction

In the-foregoing section, results indicated that

| when sn—glycero-B-phoobhate U-14C incorporates into PG, the

unacylated glycerol moiety becomes more highly labelled than

the acylated glycerol moiety.. These findings prompted a

‘search for thhways(}ielding an~@cylated glycerol or phosphatidyl m01ety
from an ug}ébelled precursor. A likely possibillty was that

.the product o; such a pathway, PA or diglyceride, would

Hllute any phosphatidate formed from labelled sn—glycero-B- ;_ .
-phosphate. | *\\\\
| Since in our studies, cell homogenates wereﬁusgd
various‘nnlabelled glycolyfic]inter@ediateo;in the incubnf;;;
. mixture could serve to formidihydronyacetone phosphate (DHAP),
a suitable substrate for the oynthesis.of,PA in mammalian -
‘tissues ( 75). Although the occurrence of a pathway involving
the acylation of-DﬁAP'had not been shown in E:_coli, there was
no definife evidence that go?lgtion of sn—glycero;B;phosphéte‘
occurred directly or th;t this pathway was the only manner

by which phosphatidic ac1d synthesis resulted. In the -

1nvestigation that follows, this point is. further clarified

i
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One cher pathway for the formatlon of unlabq&led
"PA could iqxolve diglyreride kinase, an enzvme whlch was
fpund by independgntiworkersﬂ(61ﬁ3)to occur_in certain
E. ¢ coll stralns The function of this'enzyme rémains unoprtaiﬁ_
-51n0e diglvceride renresents a small pool of llDids which
apvears to be metabollcal]y_stable underrcondltlons studied
by Xennedy et al ( 61). 1In our attempts to further elucidaﬁb
the function of diglyceride kinase and to explain-thp uneven
labe]llng in DG we have-lnvestlgated the occurrence of thls
eﬁzvme in E. coli 015, .and under condltlons which have been
used to detect its act1v1tv we tested the effect of dlglyceride.l

on the 1ncorporation of labelled sn—glycero-B—phosphate intg

F. coli lipids.,

%
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. Materialas and Methods’

F
. I
Preparation of Dihydroxyacetone Phogphate

A small amount, 0.3 mg.of'dihydroxyacetone
é}osphate dimethylket&l monocyclohexylamine salt purchased
from Sigma Chemicq}s was stirred with 0.4 gm OFf Dowex SC
{(HT) for 4 h at»37“C; The suspension'was filﬁeredfand the
filtrate was adjusted to pH 6.5, and then evaporated to

dryness. This method was described by the supplier.

Incorporation of Doubly-labelled Glycéerol in Tntact Cells

Sixty ml of an E. coli 015‘culture.érown‘to the
late log phase.in nutrient broth containing 2% glucose
were centrifuged 10 minutes at 5000 g. The sedimented cells
were resuspended.inllo ml of phe same medium c;ntaining a
mixture of élycerol—2-3H (0.151 mCi) and. glycerol-1,3-1kc
(0:039-mCi)land incubated 20 minutes at 37°C. After:harvesting:
the cells were - extracted by the method of Bligh and Dyer (109).
The lipids obtained “and labelled substrate precursér'uéed

_were counted using methods A and B respectively.

Incorporation of Various Precursors in E. coli Homogenates

- Cell-free extracts of E. coli were prepared as
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‘. described in ﬁhe General-Metﬁods. A standard 4 ml inéub;tion
_imixtﬁre containea MgCls, 0.0l M; CTP, 0.4 mM; ATP, 3.7 mM;
CoA, b.l mM; paimii}c acid, 0.1 mM; and oleilc acid 0.2 mM;
_wholg B:.coli homogénate (10 mg protein/ml) and-0.07 M
'phoéphaté buffef, pH 7.3 as solvent and diluent.t_Fétty

acids were added as a sonicated dispersion. Lab;lled'-
preéuréors and other additives were.as,specified‘in the text.
Incubationd wefe_carried'bufxfgf;%_h at 25°C with vigorous

agitation.

Various Analvtical Procedures

Lipids were extracted aéldeécribed in the ‘General
Methods and separated\by chrpmétggfgphy in system E. PE!
ana PG were a}ways the main‘prééucts obtained and the i&eﬁ%ity
of these components waﬁ,cﬂéEkediby mild Qlkaiine‘hydrolysis
followed by paper chr;ﬁatography of the water soluble produéts
using systems 1l and 4. ”

Lipid components were scraped into scintillation
vials gnd these as well as water-soluble prodﬁ%ts were
counted aé described in the General Methodsﬁ -

‘Phospholipasg C prepared was used to analy;e the

distribution of label in phoaphatidylglycerol as previously

described on page 3. ' Diglycerides obtained in this manner
were ééparated by chromatography in system B and counted in

"the usual ﬁanner.
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Preparatién of Diglyceride

lL‘C—labelle.-c:l diglyceride was obtained from

the total lipid prepared by incubatiﬁg E. coli 015
homogenates with sn—glycero—B—phosphate-U-lhc. Total lipids
extracted by the method of Bligh anZ[Dyer (109 were hydrolyz-

ed w}bh/phospholipase C of B. cereu
s

(1£3). After hydrolysis. total lipid was extracted by

method of Bligh and Dyer (109) and the lipids were séparated

by the method of Plackett

-

by‘thin layer chromatography in system,A‘ The diglyceride

component was Zdentif;ed-b& cochromatography with authentic
dipalmitin. The labelled diglyceri%F was removed from the
adsorbent by extraction using the method of Bligh and Dyer

" {109) Dipalmitin obtained from Mann Research I aboratories

was found to be chromatographically pure.

'Assay of Diglyceride\Kinase .

——

Cell;f;ee extracts of E. coli 015 were nr;pared
as described in the General Methods with 0.01 M phosphate.
buffer pH 7.0, containing 0.C1 M c&steine and centrifuged

. .at 30,000 é for 30 miputés-to obtain a particulate fraétion.
The éediment was washed and resuspended in buffer and heated ’
10 minutes in a boiling water bath as indicated by Pieringer
and Kunnes ({68). lhc-diglycgride prenared.as described in
the Methods for this section was sonicated in lﬁ'éutscum (v/v).

' The incubation medium was essentially that used by thesg‘

authors.
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Results
L. Tn yivo Tnecornoration of Noublv-labelled Hlveernl into-

&. coli Phosvhatides

.

Results summarized in Table ¥ ind*;at; that
intact ceils inrorpmrate doublv-Tabrlled glv-ernl into
tatal 1®mids without a change in the AHoLlbhr patia. A
cenveargion nf Labelled glveoerol to dihvdraxvaceton~ rhrosphate
pnrior te linid formation would have resulted in a 1ngs of
wopelative to Lhr, Consequentlv..converginn nf glvrernol
v Lirids must have involved a direct acvlntjon of anv
sn-glvcrrn=3-nhasnhate {nrmed.

Tt these results d~ nrt Hrnﬁ]u#ﬂ—tho ~nssibility
AP a funetional ﬁcv]dihvdFﬂyvacotﬁnm rhnsnhat~ rathwav in
intact cells, this wruld imnlv that the sn-glverero-3-rhosrhate
and DHAP pools are thgically seharétp oé that the rate of
zcvlation of sn-glyrero~3j-phosphate is much large-= than the

rate nf gvi-dation.

2. Tnrarmoratiom by F. eoli Homogenates of Various Trecursors

‘ intec F. cnli Livnirds

*
y To test further the nossible rresence of an
acﬁ% NHAP pathway in F. coli, studies were pursued with

cell homogenates. . T{ under our in vitro conditions this
pathway did funftjonfgpnrﬂciably, addition of unlabelled

NHAP should lower the specific activity of the diaCVlglyﬁero1
nrecursors to a larger extent than sn=-glvrern-j-nhasvhate

itself. As a consequence, the uneven distributinn of lhc
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Table X

: : N
Incornoration of Glyce’rol-l,B—luC and Glycerol-2—3H A \

into Lipids of E. coli im Intact E. coli calls

Fraction Sy /thc

Glycefol l,B-IhC plus 3.6
Glycerol-2—3H

Total Lipids 3.7

Standard conditions were used ac stated in the text
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label in the glycerol moieties of PG éhogld become more

pronounced. This did not occur (Table"%I). Instead a
decrease‘of about 15 - 20% in the rédioactivitv of PE and
éG resulted. These results indicated that a direct'redugpion
- rather than an acvlation of added DHAP had occurred.
. If again the aéyldihydroxyacetpne phosphate‘
nathway %unctinneé:iéu?. coli, and no other factor intervened
in the uneven labélii%% of tﬁe glycerol moieties of PG
{Tables IX and XI) a substitution of precursor by glucose 3,4~ _
luc_should alter this distribution. In'this case the labelling '7ﬁg.
in the diglycéride moiety should be greater or at least equél )
to that in the unacvlated moiety of phosphatidylglycgrol,
There was only a very low incofporation(Table X11},, of the
']hc—iabel iﬁto totalglinids as cbmpared to the o£ber precursor

used. This result could be explained on basis of a greater

—_—

dilution of label when glgcosé is the precursor used or a

limited conversion of labellea DHAP to QnmglVCero-Bmphosphate

in the absence of addé& reducing cofactor. Neverthelgss;

there was a considerably higher incorporation of thec_label

in the unacvléted than in the acylated glycerol mdiety of

PG {Table XIT) when this lipid‘was degraded with phospholipase C.
This ﬁneven distribution of label as well as that

noted when sn-glycero-3-phosvhate was the precursor had to .

be due to a diluent pool of phosphatidylmoieties which was

not being formed by acylation of dihydroxyacetone phosphate.
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Table XI )

The Effect of Dihydroxyacetone Phosphate on the Incorporation
of Labelled sn-Glycero-3-Fhosphate into E. cold

| Phosphoglycerides

N

" Fraction Without DHAP Addition With DHAP Addition v

| DPM Recovered
PG 362,500 312,000
PE o ~ 160,100 128,000
Percent of PG C?untsARecovered -

Unacylated Moiety T 72
of PG ' '

The conditions were standard as stated for Table
Ila except that 1.4 mM dihydroxyacetonephosphate and 6.7 mM
sodium fluoride were also added (75). The mixture was
_incubated 1 h at -25°C. ‘ :



(115) g

"Table XII

Distribution of Label in Phosphatidylglycerol

Produced from Glucose 3,u-1“c

Phosphatidylglycerol "DFM Recovered
Moiety ' _

Diglyceride o 1600

Glycerophosphate 3600

The conditions were standard except that 8 uCi glucose

-3,u_14c {Spec. Act. 13.8 uCi mM) was used as precursor. The
mixture was- incubated 1 h at 22°C. The counts given are .
those of an aliquot representating 25% of the total counts in.



'under the experimental conditions stated.

— (116)

The fesults as ‘a whole do largély extend those experimental
conditions under which DHAP is @ot a suitable acyl acceptor

in BE. coli (72).

3. Characterization of Diglyceride Kinase

. The data summarized in Table XIIT indicate a
38% c&nversion of labelled diglyceride to phosphatidic acid
Lipidé were first ana}yzed'in system A which
separated diglyceride from phosphoglyceride. The phospho-
glyceride fractibn-yas eluted.by Bligh and Dyer.(log)
extraction and rechromatographed in sfstgm.D; Only 1 component
was detected. This component was eluted by Bligh and Dfér -
extraction (109) an aliquot was counted and the remainder,
subjected to mild alkaline hydrolysié.
Results summarized in Tagle XIV reveal the identity

of the phosphoglyceride product "as phosphatidic acid.

). The Effect of Unlabelled Dipalmitin on the Incorporation

of sn-Glxcefo~3-Phosphate-U—140 into Phosphoglycerides

Since a diglyceride kinase was detectable in our -

strain of E. coli, we tested the.effect of unlabelled B
" G

diglyceride on incorporaﬁibn of sn-glycero—3-phoaphate-U—14C
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A
)
Table XIII
Formation of Phosphatidic Acid from
lhc piglyceride by E. coli Ol5
~ _DPM Recovered

_ Diglyceride Phosphatidate Other
Condition" . ‘ . ' Lipids

Heat Tnactivated Enzyme 26,800 . 0O 0

Active Enzyme - 16,900 10,500 0

) The 2 ml. incubation mixture contained 4.8 x 10k
DPM of lkC-diglyceride added as sonicate in 1% cutscum (v/v);
ATP, 2.4 mM; MgClp, 100 mM, cutscum 14 (v/v); phosphate
uffer (pH 7.0), 0.07 M containing 10 mM cysteine; E. coli

b
particulate protein, 2 mgm. Incubations were for 2 hours at
37°C. Lipids were extracted by the method of Bligh and Dyer

(109}.

A,
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3
Table XIV
Identity of Phosphoglyceride Product -obtained after
Incubation of ‘¥C-Diglyceride with E. coli 015
. Rf‘ Value
. ' System  System "System
A F 1.
Intact Lipid ' 0 ) . -
Phosphatidic Acid Bisodium 0 .1 -
Salt B -
Mild Alkaline Hydrolysis - - .25
Product . .
-0 Glycerophésphate - ' - .25
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. ‘U?-
~ into llpld In this case, whole sonicatés were ;eed
w1thout heat treatment: and‘butscum was replaced bv Triton-
X 100." ‘Under 51milar conditions Chang and Kennedy ( 61)
were able to demonstrate diglycerlde kinase activity in
‘their E. coli stralnA,/If diglyceride kinase were active
under condltions whlch reveal the stimulatory effect of
ATP plus Mg- R addltlon of cold dlglyceride should decrease
the 1ncorporat10n of any labelled diacylglycerol precursors
into PB and PG, 'however, incorporatlon into the unacvlated
glycerol m01ety of PG should be stlmulated The net
Dredictable result should be a decrease in labelled PE and
an increase in labelled PG. )

The data expressed in Table XV show-no effect

of added dipalmitin on the incorporatlon of'sp—glycero-Bn

ohosphate U- J+C. Tt should be noted‘hqwa#an_thab"ﬂfgl;;;;:;e
_klnase is stereospec1f1c for sn-1,2 Higlycerides wﬁereag'the
dipalmitin used in our case contained a mixture of 1,2 -~ 2;3
and 1,3 isomers. No more than apﬁrcxlmately 20% of the
dipalmitin‘hed the correct conforoation Tncreasing°thie
dipalmitin to a concentration of 14 mM was also without effect
The results would indlcate that if diglycerlde klnase was

at all active under our conditions, it. formed a pool of PA
which.was unsuitable for incorporation into more complex
lipids and consequently did not affect the pattern of

ohosphoglyceride\labelling.
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' Table XV o

The Effect of Dipélmitin’on the Incorporation of sn-Gi}ceroj./

A 3-Phosphate-U-1%C into Phosphoglycerides

o DPM Incorporated %nto
. Each Fraction

Condition - . - . ; - PE - PG
No added dipalmitin _ 6,400 10,100
1.b mM dipalmitin . .7,600 10,800

hand
Se

The incorpdration mixture contained in 2 ml;
/phosphate buffer (pH 7.3), 0.07 M; CoA, 40 uM; CTP, 0.2 mM;
A

TP, 1.4 mM; MgClz, 10 mM, palmitic acid ‘0.1 mM; oleic acid,

0.2 mM; E. coli sonicate, 3 mg protein/ml, snrglycero—B-
phosphate-U—IEC 0.2 uC; (Sp. Act.l0uCi/umole). Triton-X-100
- was added to a final concentration of 150 mg/ml. Incubation

was at 37°C for 30 minutes in the presence of added dipalmiti#

(1.4 mM) or in its absence. Lipids were extracted by method
of Blighfand Dyer {109) separated in system C and counted by
method C.
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Discussion

'~ From the results in Part A, it could be)deduced
that unden,oun conditions-not all the diélyceride moietyiof'
phosphoglycerides ;as-synthesized via the acylationaof
Sn_glycero—B-phosphate This was supoorted by the fact
that the unacylated glvcerol moiety of PG was more hlghlv
labellpd than the acvlated moiety Addition of ATP and
Mgt accentuatedathis effect, To explain these results
he out'forﬁand several'postulatee (cf. discussion of Part‘A).

One of these Dossibilities was that part of.
the diglyceride ‘moiety was synthesized from a small molecule
precursor other .than sn—glycero -3~ phosphate and we visualized
the p0531ble operation of the acyldihydroxyaoetonephosphate
oathway. Our‘attempts to demonstrate the occurrence of this
pathway in E coli were unsuccessful. -Perhaps under different
conditions its functioning;may be eventually demonstrated
although other workers have indicated that DHAP is an unsuitable
acyl acceptor in E. coli (72 ). |

Anothen poseihility‘was that the diglyceride
.hinase pathway might function to form an unlabelled pool .of
phosphatidic acid. The peculiar effects of ATP plus Mgtt of
.decreasing the extent of labelling in the diglyceride moieties
of phosphoglycerides could be conveniently explained on this
basis. Although we could demonstrate the preeence ‘of this

pathway in E. coli 015, unlabelled exogenous diglyCeride did

not produce the expected decrease in labelling of diglyceride

fl
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‘moieties by snuglycero—3-phosphate-ﬁ-;hd. Possiﬁly the -
diglyceride was not added in a suitably “m@Cellized:.
form‘altﬁgugh under similar.incubAEion conditions we were
able to show formation of PA from lhc.diglyceride derived
from E. coli. The idea that iﬁ broken cells diglyéeride
kinase forms:' a ﬁool of PA unsuitable for incorpdration'into
more complex lipids has to be considered as an explanation,
It can be-édded heré that the cpnditions used.to detect
‘diglyceride kinase in E. coli have not been shown to be
suitgble for convefsion of PA to other phosphatides. Perﬁaps
in intact cells under-suitable conditions diglyceride kinase |
‘may serve ggme role in scavenging exogepous'partiaily ac}Iated )
glycerides for the formation of phospholipids.
| It would appear from‘the'résﬁlté of this section
that neither the operation of the acyldihydroxyaéetonephosphate
pathway nor the diglfceride kinase pathway qould account for '
the- uneven incorporation of sn-glycero-3-phosphate in
phosphatidylglycerol under our conditions. Even if the
diglyceride kinase pathway were implicated,'qne‘would still
have to demonstrate a mechanism for fﬁfmation of unlabel}éd
diacyl glycerol‘frecursor.‘ This is the object of our'studies

described in section C. -
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PART C ' : o

Studies on the Metabolism of Polyglycerophosphatides in

E. c011

-Introduction

Results presented and described in Section B
indicated that endogenous diacylg%ycerol precursor wa; not
formed via the acydihydroxyacetone phosphatelpathwdy under
the experimental conditions chosen.- Also, deopitc the
presence of diglyceride kinase in E. coli, addition of

unlabelled diglyceride in the presence of ATP plus Mgt™

did not affect the. labelling of phoobhatides by sn-glycero-
3—phosphate-U-lLC as might have been cxpected if an active
PA pool had formed; It was tentatively concluded that under
our conditions diglyceride k;nase-was probably not iﬁplicated
in the incorporation of Eniabelled diacylglycerol moieties
into, phosphoglycerides of E. coli. It is conceded howeven,
>_that this enzyme could still be involved in forming an
active PA pool under more appropriate conditions not easily
definable at this time. These negative results, and the
fact that diglyceride and PA nepresent very small endogénous
pools in E. coll, led to the consideration of another

possibility, namely, that unlabelled diglyceride moieties

were being generated during incubation from endogenous

-



a2
\, .
ph§sphoglycerides.; Such a mechanism if shown to occur
could explain the uneven distribution of label in the
glycerol moieties of PG provided that its response to ATP
-plus Mg could also be demonstrated. .

Previous work indicated tﬂgﬁ whereas PE is a
relatively stable lipid in intact E. coli (83 ) PG and CIL
display moderate turnover rates. However the-mechanismksy
of breakdown and interconversiocn of polyglycerophosphatides
remains largely unexplained. For these reason5'¢e chose to
invéstigate pbséible mechanisms of hydrolysis of PG and CL
with cell homogenates. These studies led to the discofery
of two hipherto undescribed pathways implicating poi;élycero-
phosphatide metabéiism in E. coli and point to a possibly

important regulatory mechanism involving Mg?t and ATP.
" Materials

PG and PE, for use as chromatographic standards,
were obtained as described in Part B. PG, labelled
approximaFély 70-75%¢ in the unacylated glycerol moiety was
obtained by incubaging E. coli cell-free prevparations with
sn—glycero-B-phoéphate-U—th as describedlfor Table VITT.

. (Tetrapalmitoyl) bis PA was purchased from
Serdary Research Chemicals. This compound seﬁarated as a
single phosphate containing, iodinemstainablg, component

&~ : [

Lo

EaN
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in systems F and G. Its infra-red spectrum (cf. Figure

17B) revealeF'absorption at 3200 and 1600 em™L possibly

signifying some hydroxyl group content, likely due to )
water. of hydration. .

Labelled acylaggngﬂ?was prepared by dissolving
10 mg of 4C labelled PG in O.5‘ﬁl trifluoracetic aéid
containing excess palmitoylchloridq (100 mg). -The reaction
was carried out at, 50°C with stgrring for 1 hour. The |
triflﬁoraeeticracid was removed under reduced pressure in
a rotary evaporator. One ml of water. added and lipids
were extracted by the method of Bligh andjDyer (i09).
Acyl-PG was then purliled by sequentlal chromatography in

/”’;ystems B, D and F. The 1nfra-red spectrum of thls c ompound
(cf., Figure 17A) indicated that it was devoid of free
hydroxyl groups.

Beef heart CL and scdium phosphatidate were
purchased from Geﬁeral Biochemicals Inc. 32p-labelled CL
was obtained from 1 litre of E. coli-B, (ATCC 11303) cells
cultured to the stationary phase in nutrient broth
containing 5 mCi of 32P—orthgphpsphate (New England Nuclear),
isolated and then transferred to a starving medium (5 percent
saline) for 3 houfs. Thighlatter stép was reported to increase
the levels of CL in E. coii (82). The labelled CL was
isolated by Bligh anq’pfer extraction (109) of the cells and
successive preparati&e thin layer chromatography uéing

systems D, F and I. The isolated material yielded GPGPG as

B
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‘the sole labelled rroduct of mild alkaline hvdrolvsis,

&
dnd was 1dent1flpd by naper chromatography with svstem 1.
\ Phospholinase D wis purchased from Calblochem,

b

. and phospholipase C was nrenarpd as described in the metheods,
\.‘ .

_Ip‘a rt B.

" fnzyme Preparation for Studies on Phosphatidylglycerol

- Metabolism

F. cnl1 Ol% cultureq were rrenared as previouslv
anscrlbed in the General Methods. The cells were suspended
in 25 ml of 0.07 M phosphate buffer, oH 7.4, contalnlng
0.0l M cvsteine hydrochlormde and sonicated for 15 one
minute periods in ice. Whole cells were removed by centri-
fugation at 5,000 g for 10 minutes and the supernatant
obtained was anntriﬂuged at 30,000 g for 30 'minutes. The
particulate fraction, washed once and resusvended in cvsteine-
phasphate buffer, gavg a protein concentration of 1z mg/ml

as determined by the method of Lowryv et al {108).
¥

Fnsyme Preparation for Studies on Cardiolipin Metabolism
F. coli 015 rell-free homogenates were prenared
" a3 described in the General Methods. The suspension was

diluted with 0.07 M phosphate buffer, oH 7.3, to give a
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protein concentration of 7 mg/ml.. E. coli B (ATCC 11303)
was purchased frem General Biochemicals Inc. as a frozen
sediment of ,cells obtained frem a culture in the late log
phase' Tt was treated as described for F. coli blS‘end
the suspension was diluted in buffer to give a protein
“connentration of 36 mg/ml.

- The extraction, chromategrdphic anelyses,'and
staining of intact lipids, as well as mild alkaline hydrolysis
of lipids and chromatographic analyses of the products

obtaired were performed as described in General Methods.

Acetic Acid Hydrolysis of ILiopid and Water Soluble Samples

The products were hydrolyzed in a boiling water

l

bath for twenby minutes with 90 percent acetlc acid accordlng

to the method of Coulon-Morelec et al (126)

a

Hvdrolysis with Phospholipase D

Phosphollpids were hydrolyzed with Phosphollpase
D according to the method of Yang et al (1l27). Phospholipase
D, prepared from'cabbage, was obtained from Calbiochem Inc.
7.0 mg (containing 35 units) was dissolved in O.4 M CaCly -
and P.2 ml nhospholipase_D preparation and was incubated at
25¢C for 30 minutes. The reaction‘was stopred by the additioh

of 0.1 ml of 1 N hydrochloric acid. The lipids were extracted

Q;
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by the method of Bligh and Dyer (109} after removal of
the ether by evaporation at 40°C. Lipids were separated

in systems B and F.

Fster Determiﬁation

>
The number of ester groups contained in aliquots
of the unidentified lipid, PG (from E. coli) and commerciél
cl, was‘determined using the method of Antonis (128). The

dried lipid (containing 0.5 to 4 ueq ester) was dispolved

solution (1.0 ml) was added, stoppered shaken and allowed
to react at room temperature. After 30 minutes reaction
time 6.0 ml ferric perchlorate solution (l.Zumgﬁ ferric
pérchlorate) was added, stbppered, shakeq, a;d allowed to
react 30 minutes in the dark before reading the absorbaﬁce.
at 515 nm using a Coleman Junior Spectrophotometer. A

standard curve was prepared from a working standard of

tributyrin (99% pure) containing 10.25 mgm/25 ml of chloroform.

Infra~Red Analysis

Phospholipid, dissolved in chloroform, was
layered between two sodium chloride discs for analysis with

a Unicam SP 200 infra-red spectrophotometer.
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Results

Metabolism of Phosphatidylglycerol

1. Formation of an Unéharacterizeg_Lipid

Previous results in this laboratéry had shown

that when PG is incubated with_cell-free homogenates in the‘
presence of anionic detergents‘anduCa++ ( 86) it is attacked
by phospholipase A to'yield the characteristic lyso derivative,.
Purified phospholipase A of E. coli was also shown to attack
readihrth;s lipid. Other workers showed that in £he presence
of Mg™ and nonionic detérgent,.E. coli preparations will
transform PG to CL via a transphosphgtidylation reaction

( 80). .Dr. Cho of this laboratory was able to confirm the
functioning of the latter pathway using conditions specified
'by Hirschberg and Kennedy ( 79 ). It is apparent from these
results that the metabolism of PG in broken cell preparations
is highly depeﬁdeht on‘&&ﬂditions such as type of cation added
andrﬁhe charge on the substrate micelles increased by detergent
addigion. In the present study we aimed initially at conditions
which might allow hydrolysis of PG by phospholipase D activity
and cﬁosé therefore incubation csnditions which are known to
favour this reaction. Acéordingly, the test was made in the

presence of ether,.Catt, and acetate buffer pH 5.6. Under
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these conditions no evidence for the presenée iof phosphollpaee

D activity was obtained. When conditions were.modified slightly
and the>test was carried out in the presence of phosphate-
cvsteine buffer, oH 7.4, 1Q ‘mM CaClz and ether, PG was readily

_ converted to a major, less polar, -compound -having the same
mobility as CT. in chromatogrephic system D. ‘Two other minor
prodicts were also detected. The major labelled component |

was not stainable by Pericdate-Schiff or ninhydrin reagent
indicatieg the absence of vicinal hydrqul and free amino groups.
| The compound was eluted by ﬁligh and Dyer extraetion
(109) and subjected to mild alkaline hydrolysis. Part of the
water soluble product was analyzed. directly by paper chromato-
graphy and identified as -GPG. The remaining portion was
hvdrolvzed in 90 percent acétic acid and theﬁ.analyzed by

paper chromaﬁography The product in this ease was glycero-—
phosphate and glycerol (cf ‘Table XVTa ). It was‘falrly

ev1dent from these results that the ‘major incubation product

was other than CL and consisted of a PG derivative containing
‘no extra polar entities euch aslh&droxyl or aminoacyl groups.

The unknown substance, designated lipid X, was likely semi

lyso bis PA (acyl PG) or bis PA.

-

5 Studles on the Tdentity of Lipid X

(a) Chromatographic Analyses*

'Lipid X, isolated by preparative chromatography
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Table XVIa

' o Ve ! ' )
Chromatographic Analysls of the Deacylation Product of Lipid-X

Rf Value Obtained in
Various Systems

Substance ‘ 1 . =2 3 N

Dlglycerophosphorylglycerol 0.15 - .05  0.58

(GPGPG). | .
Glycerophosphorylél}cero— - - - .,/ 0.20

phosphate (GPGP)* ' | |
Glycerophosphate {GP) 0.28 . 0.18 .23 0ﬁ26,
Glycerol (G} 077 0.72 o 0.77 '
Glycerol-1l,3-diphosphate (GDP) - - - *0.05
Glycerophosphorylglycerol (GPG) O.kk  0.57 .15 0.67
Deacvlated Lipid- X | | O.El 0.56 .18 0.64
Deacylated Lipid-X further - - \‘ - 0.26
Hy?i%%§BGQTWIth 90% acetic acid z;a;§m ' - 1 Qtzg

*‘Rf value obtained by Chang and Kennedy ( 63 ).

L)
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with systems B, D and F was subjected to further analysis
using several other chromatographic systems (cf Table XVIb ).
Tn systems D_and F it cochromatographed with commercial
tetrapalmitoyl bis PA and labelled acylated PG and could

be easily distinguished from PA, PE and CL. System A

revealed that Llipid-X was free of neutral‘lioid,contaminantSL

Earlier work ( 84 ) had shown that PG sometimes separated
erratically into two components depending om salt forms or
tﬁ%\presence'of PE in an‘extract. When Lipid-X was mixed
‘with PE plds PG -and re—chnonatographed in system D it .
_separated ae a distinct comoonent of unchanged Rf value.
"Onithis basis and because the.unknown substance did not
stain with periodate;Schiff reagent, Lipid1§\COuld not have‘
been a form of PG which separated erratically.  /Indications
~ at this point were that Lipid-X was in fact bis PA or a
olose analogue. Chromatography in system G revealed however .
‘that Lipid-X ran more slowly than bis-PA or acylated PG
and- had an Rf value reported for semilyso bis PA (lla)
Its identity as bis PA could not be precluded on this
evidence alone since for a tetra—acylated_compound the fatty
acid comp051tion might be expected to affect its mobility.
Unfortunately we had at our disposal no authentic ‘bis-PA
.and semilyso b;s—PA standards of different fatty acid

'composition.
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Table XVIb

Re Values of Lipid-X and Related Phosﬁholipids

for Various Chromatographic Systems

Chromatographic System

Phospholipid - D .F ' G- " H

Lipid-X . .68-.714 - .72-.8Y4  75-.94 .69-.79
oL . 7h .35-.40  0.40-.50 .81
PG 37 35 . .53, .60
acylated PGL. °  .70-.7%  .81-.88 . .77-.81 -
 Bis-PA%, o 77 97 T .po
PA .- .05-.15  6.09 . .9
PE . ° 52 1 - .51 .03 0.50

L

e

1 acylated PG= phosphatldylglycerol acylated as descrlbed in
Methods Part C. :

2 bis-PA= tetrapalmitoyl bis phosphatidic acld obtained from '
: Serdary Co.
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-

(b) Adetic Acid Hydrolysis of Libid-X

Phosphaﬁides cehtaining in their polar‘moietdes
an l';ydroxyl gr‘oﬁp viciﬁa’l to the ‘i)hosiahate ester', such as
PG for example;;hydrolyie in 90 percent'acefic acid to
yield diglyceride and a ﬁhpephemonoester. This method
used by Coulon-Morelec_et al (126) in tﬁeir identification
of CL, could in theory serve to distinguish betweea such
.compounds as bis-PA or 2'acy1-PG'which wouid not hydrolyze
and 3V-acyl-PG which would breakdown to dlglycerlde and
lyso-PA . Success with this method however would be highly
dependent on whether cyelic phosphate formation or'acyl
,migratign_could be prevented. The procedure deeigned by
Couloh-Morelec et al has'not.been'apbiied to a large variety
of coﬁpounds'but with a %imited number of lipidé;tried by
them, cyclization could be avoided if 90 percent.aceéic,acid
'rather than glacial acetic acid were used.

c When L}pld -X was aubjected to hydrolysxs using
the procedure of Coulon-Morelec et al llttle or no water-
soluble products were obtalned and about 20 percent of‘? “
the label was found in diglyberlde (separated in system A).
The remalnder of 1abelled 1ipid had the«same Rye value as intact
Lipid-X in system F. Since about 25-30 perfent of the label

in the glycerolphosphdrylglycerol backbone structure of

st

~
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Lipid~X belonged to: the sﬁleycero-B—bhosphate moiety,

.it follows that acetic acid hydrolysis had proceeded to o - '.ﬁji
near completlon  Yet labelled lyso PA could not be identified

as a product. It ig likely therefore that hydrolysms resulted

in cyclic lyso PA formation.- The latter substance could not

»

be identified for lack of authentic reference material.

(¢} Treatment of Lipid-X with Phospholipase C and D

Phospholibases C and D are often used for the

Ly

elucidation of phosphatide structures. In theory hydrolysis
of Lipid-X with these enzymes and identification of the

produdts should allow a choice petw€EH~the two possible

stquctures, namely bis-PA and semi lyso bis-PA (acyl-PG). -

Unfortunately Lipid-X was found to resist prolonged- (3-4 h)
‘ treatment withiphbspholipase C or D as did our acylated PG -
preparation. No structural information could be derived

". byruse of these enzymes. a

(d) Infra-Red Spectrometric Analysis of Lipid-X

(.
i

The infra-red séectruh of Lipid-X (ef. Figure
17 D) is quite similar to that of commercial bis-PA (Figure
17 B) and CL (Figure 47 E) especially in the region (3200 cm™ 1)

indicative of free hydroxyl groups. Thls absorption band was
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Figure 17., A - Infra~red spectrum of acylated

14c-phosphatidylglycerol.

B - Infra-red spectrum of commercial
tetrapalmitoyl bis-phosphatidic acid.
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Figufe 17. ¢ - Infra-red spectrum of phosphatidylglyéerol.

D - Infra-red apectrum\of Lipid-X.
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E - Infra-red spectrum of beef heart cardiolipin.
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much stronger for PG (Fifure él than for the nther phos-
nholipids analvzed. ‘Thvlacvlated PG prerared as de;crjbeH
showﬁd no.absnnntion in this region.

The water absorntion band at 1600 em™ % wies stfnnﬂ
in the rommercial n"e“aratgén of bis~PA but was lacking gn
the gmertra of Linid-Y_ PG, acvlated PG oand T, |

Fram these scans the mrerence of i'vres hviroxv]

Frouns irn Tirid-Y indicates that it is a semi~lvseo bis-PA

rather than a fully acvlated bis-"a

(e)  FEster and Phognhorous Content of Tinid-¥

Results shrwn in Table V1T  poyeral for Lirid-=X
an ~ster/vhosphor~us ratio of 3.4 a value slightlv higher

than ~xperted for acvl-PG. PG oand C7T also analvzed as

contrrl-samples gave the ex—~erted ratiss of aprroximately 2.1

Conclusion

n the basis of the results nresented it arpear-
that F. ~oli unden sneciiic conditions can form an acylated

Jerivative of PG, likelv ac—wl-PG. MNefinite identification of

Iirid-¥ was curtailed by the difficulty of obtaining sufficient

amounts of chemirally rure material. Radiochemical nurity ot
the comnound was however established and a tentative identi-
fication was made mainly on the basis of chramatngraphis

analvses of the intac€ lipid and its deacvlated darivative.



(140)

Table XVIT

-

Micro equivilents
of Phosvnhornus

Bhasnholinid Der mg
Tinid=-YX 0.5
G 1.3
ol ' - 1.28
- v

Phagnhorous and Fster fonterts of Tsolated Dhoébholioids

Micromoles
Fster/

of ester ©

ner mg Phosphorous
1.7 3L
2.5 1.9
2.7 2.2

N
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Since these findings although interestihg did not offer any

solugions to theﬂ:}eﬁtions”pOSed in Sections A and B further
.ideﬁtificaQiifzg/ Lipid-X and studies on its mechanism of
fo;mation were not pursued. Since no energy supply is‘needed
for the ﬁeaction it can be surmised that thebformation'of
acylated PG likely involves a transacylation reaction between
PG and a suitable acyl donof, poesibly PG itself or another

phospholipid.

Cardiolipin Metabolism

One major difficulty in attemptieg to demonstrate
a mechanism of breakdown for CL had been the isolation of
sufficient labelled substrate from E. coli or other sources
to carry out detailed experiments. Attempts to obtain highly
labelled material by tritiation of ox-heart CL failed because
of radiochemical and chemical decomPOSition. Using a method
based on a report by Rampini et al ( 82 ) that CL levels
greatly increased when E. coli cells were. starved we were
able to isolate sufficient 32P-—labelled CL (6.4 x 106 DPM} to
"allow its extensive purification and the pursuit of detailed
experiments.

Ong other'faetor.which curtailed advancement with
the problem of CL breakdown Wae our experimental approach:

itself. We reasoned that addition of anabolic cofactors

=

/ﬂjD ' ' kN
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such-as ATPF would not be required for a reactinon that in
_ fsct ipvolves hydrolysis. This treasoning was reinforced
when White and his collaborators (129). reported hydrolysis

of CL to PA and PG by Hemophilus.Egrainfluensae under rather

simple conditions i.e., in the presence of noﬁionic detergent

and Mg++ Adopting their conditions, however we were unable

to definitely demonstrate phospholipase D activity in E. coli
preparations. It was then decided to use reaction mixtures

'similar to those which allowed‘uneven laBelling of the glycerol
moieties of PG by sn—glycero-3—ph05phate-q-lhc.‘ Accordingly
conditions described for Table VIII were chosen and after ‘
1noubation, 11pids were extracted by the method of Bligh and
Dyer (109).

When aliquots of 1lipid extract were analyzed by
thin layer chromatography in system T, the following results
were obtained (Figure 18): little or no . hydrolysis 0ccurred
with heat- inactivated enzyme (A) but extensive breakdown
resulted when both ATP and Mgt were added to fresh enzyme
preparation (C). In the presence of Mg+ only, hydrolysis
was much less extensive (B}, Essentially the same results
were obtained with E. coli 015 and B (A?Qb 11303). Component
1, Ry 0.05-0.08 cochromatographed with authentic PA and
component 3 {Rg .35-.40) cochromatographed with PG and CL.

when aliquots of lipid extract were.subjected

to thin layer chromatography in system I, the following

1
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Figure 18. The incubation mixture contained in 2 ml, 7 mg
of E, coli Ol5 sonicated cells,32P-cardiolipin (20,000~
40,000 DPM), 10 mM Mg** 0,07 M phosphate buffer pH 7.3 and
either no ATP (B) or 2.5 mM ATP (A and C). Incubations
were for 90 minutes at 37°C. Lipids were separated in
system F. Figures are tracings of radioactivity on

~ chromatoplates scanned with Actigraph ITI. _
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results were obtalned (Plgure 19): heat—inactiVated enzyme
was devoid of actlvity (results not shown) whereas w1th the
" fresh enzyme in the presence of Mn++ only (A) there was little
activity detectable by the scannlng technique. In the presence
of Mntt plus ATP hydrolysis was much more extensmve (B) Results
obtained with Mg 'with and without added ATP also 1ndlcated
the necessity of nucleotide addition for marked hydrolysis.
Agaln E. coli O1l5 and B showed identical resnlts Component
2, (R 0.60-0.65] cochromatographed with PG and stained with
periodate—Schiff reagent . Component 3»(Rf‘0.83—0.86)
cochromatographed with PA and CL. When component 2 was eluted
- by Bllgh and Dyer extractlon (109} and subJected to chromato-"
grgbhy in system F, it cochromatographed with PG and moved much
.higher than PA. The component yielded a single spot with
either iodine or pprlodate-Schiff stalnlng Component 1,
Figure 19 B remaining at the origin was not 1dent1f1ed (ﬁ
when aliquots of lipid extract were analyzed an
neutral system D, the following results were obtained (Flgure
20): heat- inactlvated enzyme caused no hydroly51s (A) + with
fresh enzyme and Mgt {B) or mntT (C) alone hydrolysms occurred
only to h small extent In the presence of ATP plus Mg++ (D)
or Mntt (E) hydrolysis was extensive. Component 1. (Rf 0-0.05)
could not be readily identified in this system. -When PA as
a calcium salt was applled in this system most of the material
remained at the origin as a circular spot, however a. portion

of the sample streaked up to an Rf value of 0.65.2 Component 2 (Rg
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7~ Figure 19. The_ incubation mixture contained in 2 ml, 32 mg
of E. coli B, 38P-cardiolipin (20,000-40,000 DPM), 10 mM Mn™+,
0.07 M phosphate buffer pH 7.3 and either no ATP (A) or 2.5 mM
ATP (B). Incubations were for 90 minutes at 37°C. Lipids
were separated in s¥stem I. Figures are tracings of radio-
activity on chromatopliates scanned with Actigraph III,
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Figure 20. The incubation conditions were as stated for
Figure 19. (A) ipactivated enzym$+in the presenc$+of ATP;
and Mgtt; (B) Mg"' only; (C) Mn’ ' only; (D) Mg = + ATP;
(E) Mottt + ATP. Llipids were separated in system D. Figures
are tracings of radioactivity on chromatoplates scanned with
Actigraph I%I. ‘
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.25-.30)cochromatographed with PG and steined with-periodate-
Schiff reagent, whereas component 3 (Rge .5) cochromatographed.
"with CL. When component 1l was eluted and rechromatographed
on silica gel H with chloroform,-90 percent acetic acid -
methanol 30:2:4 v/v/v, it cochromatogrephed\with PA (Figure
21 A) and moved euch higher than the reported value for
CDP-diglyceride (130)., When an aliquot of total lipid extraet,
obtained from an E. coli B ﬁreparation'incubated with Mn*+
plus ATP, was chromaﬁogrephed in this last system (Figure
21 B) only one hydrolysis product was revealed (component 2
Rf 0.65) which cochromatogrerhed with PG and stained with-

periodate-Schiff reageht. Component 3 (Ry 0.88) cochromato-

graphed with CL -and PA. | . ' . , \
] N
_ When aliquots of lipid extract were subjected to '

. mild alkaline hydrolysis and then analyzed by paper chromato-
graphy with phenol-water as solvent the following results |
were obtained (Figure 22): with heat-inactivatee enzyme (A)
no hydrolysls occurred}and only GPGPG could be 1dent1fied
whereas with active enzyme in the presence of Mg++‘only (B) ’
or Mot only {C) hydrolysis. occurred to a limited.extent.

In the presence of ATP plus Mgt (D) or Mn** (E) hydrolysis

\\

-was,extensive'and twe additional water soluble products were .

&

identified, namely GPG and glycerophosphate (GP).
Quantifative results expressed'in Table XVIII

indicate that under optimal conditions (ATP plus Mg®™ or
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Figure 21A. The material remaining at the origin (component 1)
in system D and derived from conditions sfated for Figure 20 D
and E was eluted by acid Bligh and Dyer’ dxtraction (109) and
pooled. It cochromatographed with phosphiAtidic acid in the
system described by Marshall and Kates (1307 igures are
tracings- of radiocactivity on chromatoplates scarmned with Actigr

Figure 21B. Total lipid-extrach obtained under conditions '
stated for Figure 20 D was chromatographed in' the system
described by Marshall and Kates ([L30). Figures are tracings
of radiocactivity mn chromatoplatels” scanned with Actigraph III.
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Figure 22, Mild alkaline hydrolyses products of total lipid

extracts .obtained after incubations of E, coli B sonicate with"

P-cardiolipin, Conditions were similar to those described
in Figure 18 (A) enzyme in the presence of ATP + Mgt (B) Mgt

" only; (C) Mn"only; (D} Mg*+ + ATR (E) Mot + ATP. Water soluble

products were separated by paper chromatography with phenol
water (5:2 w/w) as solvent, Figures are tracings of radio-

,activity on chromatoplates scanned with Actigraph III.

oo
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-Table XVITT

Hydrolysis of 32P-Cardiolipin by E. coli B Ho&ogenﬁf@s

DPM Recovered in
Each Deacylated Fraction

 Conditiods cL - PG PA
Heated Preparatiomdt ATP + Mg™™ 10,600 50 - 50
Fresh Prepafétién + Mgtt ' 6,éoo 400 ' 300
Fresh Prepération + Mntt 6,900 500 4,00
Fresh Preparation + ATP - 6,900 900 - 1,400
Fresh Preparatiom + ATP + Mg*t 4,900 . 2,300 1,800

Fresh Preparation + ATP + Mntt 5,100 2,100 1,800

A .
Incubation conditions Wwere .as stated for Figure 21. After
extraction lipids were deacylated, separated by paper
chromatography in phenol-water system 1 and areas of the
chromatogram corresponding to each phosphodiester were cut
into small ‘strips and counted by method D.

?
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o)

lef*) about 45-50 percent hydrolysis occurred in 90 minutes

at 37°C. Considérable-breakdown.aléo occurred in the presence
of ATP a}bne‘indiCating the presence of endﬁgenous cations.
In the absence of ATP hydrolysis féll to less than 10 percent.’
ﬁecgvaries of total counts varied between 80;90 percent and
'////:;re in the lower fange when ATP was absent. Possibly a‘ |
parallél hvdrolysis by the chbined action of phoépholipase
A and lysophqspholiﬁase on CL tooF place resulting in a complete
degradation to phosphodiesters and this would account for some |
_loss'ofactivity.J/Aitérnqtiyély'degradation of PA to diglyceride
.and inorganic phéspﬁate may'have-also occurred and would account
hot_only for loss of activity but for the fact that recoveries
of PA were usually lower than those of PG. - >
_ ' The Water.soldgle products of t reaction were
not count'ed. . L - - }'&) | \
Preliminary resulfs not shown indicated that Ca’* '
could not replace Mgt or Mn*™* and that 2.8 mM CTP in the

presence of added Mgtt or Mn'™ was ineffective in stimulating

hydrolysis of CL.
Conclusion

From the data presented in this section, it can

be concluded that CL .is hydrolyzed by E. coli preparations

- ' {fé;l '
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via phoéphOIipéae D activity. The lipid subétrate specificity
of the ehzyme has not.been determined. To date results in
this laborﬁtor& have.indicated that PE and PG are qtpgcked by
phqsphﬁlipaSe A rather fhan this enzyme, however, the';ffect
of‘ATP on the'hydrolysis of these substrates has not been
‘gssessed. It is apparent however that E. coli %héspholipase D
‘has a requirement for both divalent catioﬁ and ATP. . The
precise involvemenﬁ of‘these-cofactors in the hydrolysis

reaction requires further investigation.

5
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GENERAL DISCUSSION

‘The biosynthesis-of the various phospholipid
classes found in E. coli, beginslwitﬁ,the commoh precu;sor
sn-glycero~3-phosphate and follows a single pathway up to :
the production.of CDP-diglyceride. What regulafes the |
incornoration of at least 75 percent:of this CDP-diglyceride
into‘PE and the remainder into PG and CL has not been studied
extensively. It is known that CIL can be formed.from PG and
io the absence‘of-an enérgy eource. Also CL levels are

increased in the stationafy phaselof growth or under conditions

where available energy is at a minimum (31 ). .

A sur&ey of fac;ors that affect the incorporation
of_sn-glycero-Bfohosphaﬁe'into the three major phospholibids'
was -done with a cell-free homogenates. It was fouhd that
under our conditions labeiled snfglycerOmB-phosphate incofporated
mainly 1ntp PG components The fact that PG is derived-ffom
two glycerophasphate unlts does not account for the high-
percentage‘incorporatlon into this l1lipid. This prefereﬁllal
incorporation was not due to lack of available L-serine as
the endogenous level of this precursor was found to be adequate
for maximal incorporation of sn—glycero—B—phosphate intc PE.

As expected, ATP and Mg ncreased the acylation of sn—glycero—

3jphosphate with the resultant increased incorporation .of:

»
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vt

o

this precursor into all the lipid classes. In the presence

of oﬁtimal concentrations of palmitoyl CoA, the addition of

-\ATP to the incubation mixture was,shown to stimulate incorp-

oration of labelled snmglycero-j-phosohate 1nto PG but in

such a syStem PE and CL were not- affected This ATP effectl_

" on PG in the presence of added palmitoyl-CoA was quite

_unexpected'and not readily explicable on the-basis of the

L

The oossibilitv that ATP and Mg ‘were stimulatorv

by Dositive modulation on the CDP—diglycerlde sn—glyoerd;

of 1nrorporation into the diglvceride moiety should have

1ncreased also but’ it was found that 1nrorporation into the . f

7ud1g]vcer1de moiety was in fact often decreased »This 1nd1cated

that the precursor diglyceride formed from snuglycero -3- ohosnhate'
‘was oeing diluted with diglvcenide. moieties derived from an

endogenous source and that the effect of ATP was to increase
]

,the availability of this unlabelled Urecursor

The possibility that:ATP and Mg ‘were inactivating
the CDP diglvcerjde L-serine nhospbatidvl transferase ‘is_ -

unlikelv if one cOnsiders the small decrease in labelling of

PE Q7mpared to the large effect on the inoorporation into free..
. - . - " . M . . .

./ c. -

“p



. glvcerol moiety of PG.
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Tt also follows from thie-thaﬁ any;
nroﬁuction of endogeno‘s dilecepide moieties_did'not_have
aﬁy marked inhibitory effects oh the synthesis of labelled
diglvceride moietiea. Alt ough‘therefpould result from
phis production a -dilution of-the labelled diglyceride

nrecursor, the transferase enzymes,weﬁe ppobabiy not satuf-;p_ i ’
ated with resbect to liponuc1eotide.r gbnsequently the

decrease in labelling of diglyceride-moieties of PE and PG : /f
was not very_grgat or did n¢£ consistaﬂply occur.

j ‘
Our results are iniagreement with those of

. Tho;ﬁ-s\ et al (131) who concurrently found that ATP stimulated . \

the incorporation of serine and sn-glycero-B—phosphate into

-the phosphollpids of E. co: -ooli by increasing the endogenous

pool odeiglycerlde. They explained this effect of AT? as .
. i n{s' . .

an increased diglyceride kinase activity but provided no
definite-proof that this enzymelwas actually involved. In

our experience the addition of cold diglyceride, in the

presence ,of added ATP ShOWed no effect on the incorporation

of snmglycerOHBTphosphate into PE and PG although it was s

&
- established that. diglyceride klnase is present in our strain of -~

f
E. coli There exists the possibllity that the diglyceride

added ‘was not in-a proper micellized form for its incorporation

into phospholipid Also a mixture of rac 1,2 dlpalmltln and

1,3 dipalmitln was- used whereas it is known that diglyceride \

kinasé :is stereospecific:fpr ‘the sn—l,z isomer.

~

\
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Nevertheless there is no evidence that the -
‘diglyceride kinase reaction and its stimulation by ATP and
Mgtt provided the endogenous diglyceride for the synthesis ¥
of‘phospholipid, in'thoin case as in Qﬁrs. The fact_ls only |
.very :low levels of endogenous diglyceride are found in
E, coli and on this basis alone‘diglycepide kinase involvement
would have'to'be dismissed unléss'avpathway for generatingd
this lipid was claarly shown to ‘operate under our conditions
used for the incorponation of sn-glycero-j-phosphate. The
1nd1cations were that there was indeed an unlabelled diglycaride

precursor of some sort and this generated a search for its =~ -

identity.
. ] J

The acylation of dihydroxyacetonqphosphate prior |
\1 .

to its reductlon to lysophosphatldic acid\has been shown to

occur in mammalian systems and could supply, if operative‘
under our conditions, the unlabelled diglyceride moiety for - = .@ -
synthesls of both PE and PG. We tried several neans of | m
demonstrating this pathway and found no evidence for its
gexistence in E, coli. )

ﬁnllke PE which is a stable pool in vivo, both
-CL and PG display moderate turnOVer involving mechaniesms no}rﬂ\;/
fully-eldoidated,(sj). Therefore these lipids were chosen as
possible snppliers"of diglyoeride precursor. Phospholipase C -

,activity on PG could perfonm_such a function but the ‘conditions N

o
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necessary to.demonstrate the presence of thlS enayme i.e.
ether and calcium WOuld make this acﬂgéity unllkely under
our usuai conditions for incorporation of sn-glycero-3-
phosphatet Nevertheless we examined.this possibility using .
the particulatqvfraction only. We found quite unexpeotedly
that in the presence of ether'and cat pg did not degrade
to diglyceride but was transformed into an acvlated PG which
sgparated iike CL in the usu;l chromatographic systems used.
This acylated ﬁG has not been described previohaly in F. coli
ané repreeents a new pathway for the conversion of PG. | -
Slnce wur discovery and identlflcatlon in E. coli
of a reaction formlng acylated PG further work has been done

in this laboratory to study the conditions which affect the

production of this compound. Dr. K S. Cho found that calcium

and ether are absolute'?esglsltes for demonstratlngfthls

activity. If Mg++ and non-ionic detergent are present instead

of’Ca and ether PG is slowly converted to CL as was reported

by others ( 79,80 ). In the presence of catt and Triton-X-lOO

ﬁG ia converted to.lyaophosphatidylglyqerol via,thg action of
l.phospholipasenA. .The fate of ﬁG'as-it turns over in vivo P
could be depicted by the following reactions which have been

eluc1dated in vitro
é PG —> cardiolii)in + glycerol* (1)
PG ~———> fatty acid +. 1ys.'o PG (2)

PG + Px——> acyl PG -+ lyso PX (3)

1 .D ;.
NN

. ‘ o | I 3 -
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-‘The first reaction involving a transphosphatidy-
lation is reasonably well established now. It is interesting
that CDP—diglyceride stimulates this reaction but acco;ding to
Hi:schbergland Kenﬁedy.(79) this liponucleotide does not |
serve as substrate.l Verj iikely5the stidulatory effece of
CDP-diglyceride is due . to its detergent properties. .A;eord—
‘ingly in our experimente we noFed that whenever a'detergent -
was added to an incubation mix%ure the.ameunt of CL formed:
was. always appreciably 1ncreased " This Qas certainly the
case when palmitoyl CoA (c. f Figure 15) or other detergents
were present . However that’reaction 1 occurs in v1able cells
-is only weakly supported by the fact that whenever low energy

conditions prevail the CL content increases (31}). Thls would

rnot be the case if CL synthe31s requlred CDP—dlglycerlde as

a substrate.- There is 1n fact no direct evmdence 1nd1cat1ng

the .occurence of reactlon 1 in vivo. . _ -

Again the evidence 1n favour of reaction 2 1is
N f

fderlved mainly from experlments u51ng cell free preparations.’
Since there is a lysophOSphoglyceride. -acyl CoA acyl trans- '
ferase in-E. coll ope could picture the occurence cof a cycle .
) 1mp1icat1ng this enzyme and phospholipase A in the partlal
turnover of  phosp oglycerlde acyl groups. There has been one’
cleim to this efqgct (132).alth?ugh results by Brdght-Gaerener
and Proulx (86) ‘f;.nd oy Wakil et al ‘(133) have failed to

indicate shch afpartial turnover mechanism in intact cells. 'ff'

.

[.
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Present indic&tions from our‘laboratoryras well as.ﬁiom-
.otﬁér'groups_(Bl) are that phosphélipase A is active iny‘ﬁi
in cells which are damaged or subjected to ad#efse éoﬁditions
(93).lf136"100ati0n'in COlifOPms on the exterior membrane

of the cell enyelope (lBh) make this .enzyme quite suitable
for a séavenger role.L  P . | : : gi

%

As for reactlon 3 the ev;dence in favour of a

. :slmple transacvlatlon is Stlll fragmentarv. Recent results

by D Chn indicate it is indeed acyl PG that is the product
of this reaction. Conflrmlng our own results he found that
the formation of acyl FG requlres ‘o ATP and free fatty acids

'arq)unsultable as substrates. 'The reaction could be pictured -

—

as ei£her involving twb'molecules of PG or 1 molecule of PG ?ﬁ
plus another low energy (acyl donor) ester as substrates. At
'thls point we would llke to suggest the p0331b111ty that the
synthesis of acyl PG is catalyzed by phospholipase £3. The work-
_of Doi et al (92) and Berﬁard et al (91) indicates that
phospholipaséﬁA of E, coli can cataiyze ester_hydp?lysis as

well as transacylation much gs the lipoprotein lipase-of

rs
-

post~heparin serﬁms .

The role of acvlated PG rivatives_fouﬁd in -
bécteria (135,136) and mammalian t:féﬁe (112) remains obscure.
Do these substrates arise simply as bydproducts of phosphollpase
A acthlty or are they formed to satisfy a spec1f1c role of

the membrane? Olsen and Ballou (135) pursuing the work of

\ -

{
¥
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ames (114) identified sn-3-vhosvhatidvl-sn-11-(3t-acyl)

glyrerol in Salmonella tyohimurium, found this subétance

to turn over at the_moderate'rafe ch&racteriééic.of PG.
This turnover involved comrlete svnthesis and br;akdown.
ronsequently the éomnbund is not a transient'anabolic
precursor to gthefﬁéubgtances and ddes not serve in anv :
spaeclal way fo;rthe tempénary storage ofkaévllgroups. At

anv rate, acyl PG occurs.in.Salmogella jxphimgnium_as a

'very minor cnmﬁonent and ﬁence the‘importance of thisi

‘substanc® in Fnterobacteriaceae will likelv remain unknown

. foar some time,

Since the uneven incorvnoration of sn-glvcero-3-

phosphate into ?é was favouréd‘wﬁ;n ATF and Mg++ were présent
in the medium similar”obnditidns-wére chosen to'studv the = - ° -
hvdrolvs1s oP CL bv E. co. coll Dreparatlons . Tt was found that
ATP plus Mg+ or Mn* st:mulated the conversion of CL to PA
and this rep"e§§nts a second pathway for E. coli hltheﬂto
undescribed in the literature.
Thefconversion of L éo Eﬁ and PG can be renresent-

ad by the following scheme:
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- Scheme V.

ngoz‘fHa
R2CO,-C-H
éHa -
-——eQ—ﬁy' LO(OH)
CH2~
HO-C—H
CH,ON
; .

PG

~ T

OH
|
Pc(oH)
|
Cw 3
H~C-0,CR

4
HaC-0,CR

PA

coli it is not yet known

whpthér hvdrolysis proceeds to form sn-3-phosphatidyl-sn~-

1'-glycerol i.e. whether the attdtk is at poSition 1 or 2.

Astrachan found that the cardiolipin - specific vnhosoholipase

D of Hemonhllus paralnfluenzae splits the molecule at position

2 to y1£1d sn-3- Dhoqphatidic acid a

1t-glycerol (137).

-

nd sn-3-phosphat1dyl ~gn-

Also regarding the E. c011 enzyme its

substrate specificity has not yet been systematically studied

althoﬁgh the variety of conditions used in this laboratory

for promoting hydrolysis of PG and PE have nét permitted the

detection of phospholipase D with these *substrates.

-
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Involving the phospholipase D activity of E, coli
we can now explaln the enigmas arising in Part A of this
. thesis. The PA formed from endogenous CL can be converted
to CDP-diglyceride which would dilute any labelled diacyl- )
glycerol precursor formed from sn—glycero-3-phosphate_u_1hc
The conseqence would be as was indeed found, the formation
of a PG pool which is more intensely labelled in the free
glycerol moiet;?than'in the diglyceride molety. Also the
incorporation lnto PG would exceod that into.PE. | .
As can.be'seon from Scheme fIthe cycling of

PG and CL in the presence of ATP and Mgtt would result in
an enrichmont of the label in the unacylote;”glycerol moiety
-of.Pg. Any PA formed from endogenous CL would remain un-
labelled as it oycles~through the‘polyglycenopnosphétides
and oonseqently theré would be no‘stimnlation in the
labelling of PE by these cofactors.

B It is 1nterest1ng to note that the sum ‘of the
reactiono of the PG-CL cycle is a phospholipase D attack on
- PG, On this basis different turnover rates for the glycerol

moieties of PG should be demonstratable in intact cells

under appropriate chase conditions. This has been definltely

shown with Hemoghilus parainfluenzae (138) cells but not yet

—_—
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Scheme VI . .
ATP o
| CL gy > ?A + - PG -
< a
' CTP ,
.<;;PP g )
y A\ 4 B
CDP-DG /

sn=3~glycero-3 P;Ull*c
g (2 steps) :

Py

V.
HoC-0,CR H-C-0H

I

i

l

1

. 1
2 1
R“CO,~C-H o H-C-OH |
' l
|

\

w

. n '
-1,
HpC Oame Peeee O-CH,
(OH) .
H C-~OH
] " HJC-OH - .
) o H C-0H o
. "L n :
HpC-0pCR; Hz:c_o_..zp-i—o-(l:ng
| Ts OH
RECO,~C-H ’ H-'(:J-OH H-C-0,CR?
. I . 0 ] . ‘ . . "_".i
Hzc-o-—'g— 0SCH, R?COp-C-Hp . .
~ (oH) S '
A /
N



(170)

. . . :
The stimulation of CL hydrolysis by ATP plus

Mg'H-

could be‘explained on the basis of an allosteric effect

or by an enzymatically cdtaiyzed chemical modification ef
phospholipase D 1nvolv1ng a phosphorylatlon or adenylylatlon
“The first p0351b111ty could be explored by kinetic studies |

in the presence and absence of ATP.' Allosteric enzyges

usually display-sigmoidal kinetics which are Characterietically
modified.by a modulator substaﬁce.- The second possibility |
would require the difficult task of isolating or preving
definitely the existence of acpive and inaetive forms of the

[

enzyme. ' o ‘ -
‘ .

The work of White et al indicated that the

conversion of CL to6 PA and PG catalyzed by H. parainfluenzae
extracts (129) occurred without ATP addition. It must be
added however that White et al did not test the effect of
ATP on this conver51on Also if one pictures p0531ble
actlye and inactive states of the enzyme. ATP addltlon

in vitro might not necegsarlly produce very 1ntense effects.
A1l would depend on the growth stage at which the bacteria
are-isolated and the energy supply at that g%age. anymes
prenared from cells depleted in ATP would likely contain

less activated enzyme and in such a case ATP might produce

a greater stimulation. That the H. paralnfluenzae enzyme may

.,requlre ATP is supported by the work of White et al (139)



" | C@n)

who described two pools of CIL withidifferent turnover.
rateié The turnover of the most active pool was inhibited -

u

by uncouplers of oxidative phosphorylatlon As with F. coli

e m—— L NS

factors which cause a decrease in the energv supply of

H. paralnfluenzae cells alsoc cause an increase in CT. cnntc"t
The stlmulation of CL hydrolvsls by ATP may be

of great significance with respect to control. of energy

metabolism. As ﬁas’pointed out for the'firét time by

Macfarlane, hL ié mainly associated with mmmbranné'carrving_

out resnirati%P and oxidative vhosphorvlation. Tn mitochondria

it is present in the inner membrane only (25 ) and in .

Salmonella typhimurium it is located mainlv in the cytoplasmic
3 - ‘

membrane of the cell envelore (léh) where respiratorv processes
occur. Thp prec1se funct1on ‘of this lipid is not completely
kncwn but one could nicturp its 1mportance as imparting on \\\\\\\l
the nmembrane a correct structural conformatlon such that the

’arrangement of electron carriers and phosvhorylation inter-

mediates is optimal for ATP fbrmation. Tnteresting work by

Racker et al (140) revealed that reconstitution of the

phocphorylatién process in lipnid-depleted mitochondrial vesicles

could be achieved ty addition of PRand/cr lecithin. Thc ¢
restoring activity of these two phgspholipids was grectl?
enhanced by concurrent addition of CL. ,Addition'of CL,

hcwever, was not tery effective in the abacnce of other

phosphatides.

’
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Besides‘faVOring the phoéphorylating process g‘
CL. may be essential-for respiration Phospholipids have
been cons;dered as the151te of blndlng of cvtochrome C | ’
'and Qulnn and Dawson ( 3h) suggest that 1f indeed oytochrome
C is assocmated with phOSphOllpld in mltochondria, then CL
mould fulfill the characteristics of the binding most
adeqﬁatelf. Tn short thoré is evidence that the preoence
of adoquate‘levels of CL in respiratory mehbrénes serve to
favour ATP production and tﬁiB/{é asoribéd‘to CT..maintain-
ing organizétioh of the electroo carrier system. IOuff'
discovery that in P _coli. ATP stimulates the breakdown of
CT may provide a(mpchanlsm for the regulation of ATP
productien. Onp can picture conformational Qﬁhnges in thpi”

mepbrane - as a likely result of CI1. hvdrolv31s,'and this

dwsruptlon of the electron carrier systpm could interrunt
resplratlon to produce a fall in AT®. Tn the extreme Pvent\\.
when nhosphorylatlon activity is npgllglble (as in the :
stationary phase ‘of the growth curve) CL levels are 1ncr9ased \\\\m'
by ohosnholipase D transphosphatidvlation actiuitv, and w1th A

this 1ncrease.;n cL, the cell.can be pictured as maxim;z1ngl

its effects to restore ATP levels. To hyﬁothesize further,

we put forward the idea that phospholipase D undergoes -

change in the presencp of ATP to alter its activity from one

of transohosphatidylatlon to that of hydrolysis with the .

“ultimate effect of decreasing the production of ATP due to
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dlsruptlon of the electron carrier axidativp phOSphorvlation
system leschberg and Kennedyts work (79) supports the
'reverse effect that occurs-in the absence of ATP, Such a-

worﬁ}ng hypothe51s for which we offer only preliminary’

evidence naturally invites much further experimentation

=]
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. phatidylethanolamine and phosphatidylglycerol

3)

", each phosphatide formed
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CLAiMS TO ORIGINALITY

"\ l . e
A detalled atudy was made .of the cofactor and substrate

frequirementa for the synthesis of phosphoglycerides in )

B. coli extracts an¢ of their effects on the le ela of
The.ipcorporaiion of sn-glycero-3-phosphate-U-1kc undér '
tro conditions was found to favour eatl
the unacylated glycerol moiety of phosphatidylg cerol
relative to acylated glycerol moietles in botl phos- .
This <,
' effecp could not be explained.by the known pathways for
de ﬁbvo synthesih ;f phosphoglyceride in E. coli.
-The acyldihydroxyacetone phosphate pathway was found .
nct to operate in E. coli under conditions promnting

formation.of phosphoglycerides and the enhanced 1abelling ’

- of the unacylated glycerol moiety of phosphatidylglycerol

\ng various labelled precursors.

L)

The observation in claim #3 led-t;/;he hypothesis that
formationiof phosphoélyceride‘could'proéeed by a partiai
‘é}ntheaia pathway making use of -an endogenous pool of
‘phosphatidjl moieties. Addifion,ofvamP plus Mgt
increased the availability and/or f;te of utilization

of this endogenous precursor, A search for the | d

metabolic route leadﬁng to the formation of an

b

|
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'endogenous_diécylglycerol moietigs led to the discovery
ﬁf two new pathways implicatigg-polyglycerophésphatides
in E. coli. | -
5) The-firét of -these pathways concerns the formation of .f
" an acylated phosphatidvlglycerol defivaﬁive partially
charéctefized_as seﬁilysobisphésphatidic acid. The
. formation of this substance requires Ca4+ but no eﬂergy
supply and thus fery‘likel? involﬁes.a ﬁr#nsacylation
ihplinating phoéphafidylglyéerol as ac}l acceﬁtor.\i'
6) The second of these pathways involvesrthe'hydrolysis of
caEAiolipin‘to phosphatidic aéid and.phpsphatidylglyceroi
5: via phospholipase D-like activity. This activity raquires a
added‘Mg*+ and is markedly stimulafed by ATP. Y 5;

7) Evidence as a whole supports the conclusion that

phosphosphoglycerides can be synthesized in E. coli by
a de novo process implicating the reactions described by
- Kenneédy and others. Once cardiolipin is formed, conditions

such as high'ATPfgppply would favour breakdown of this

lipid to phosphatidic acid as one product which could then

~
-

" serve for partial resynthesis of phosphoglycegidés.
. - /
. - . . / .
8Y From the evidence obtaingd in the literature and from

Y t iggropo ed/§;;/;;e first time,that

E. coli is perhapg,tyﬁicél of many organisms by being equipped ' *

with a phosp atidjlglycérol—cardiolipin cycle which is

,///////nndér ATP contrgiT\Hngmation of ATP is dependent on the

N
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Darﬁicular architecturg which cafdidlipin imparts tol ‘ X
the'réspirgtory mémbran 'Hydrolysi;-of_cardiolipin
! in the pres’en'ce. of excdss ATP would.disrupt; the fine
.org'anizatibn of the xlnemb.r'ane r‘Pqu;Ll;ed for oxid-atii_re"
phosphorylation and as é. consequenée wou_‘(d limit ATP
“production. - T " ' '
| 1
: !
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'
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ABSTRACT,

A detailed'study was made of the cofactor and
substrate requirements for the synthesis of phosphoglyceLIues,
in E,_coli extracts and of their effects on the 1evels of

each phosphatide formed. The incorporatinn of sn—glycero—B-
- -

o

phosphate—U-th under defined in vitro conditions were
found to fatfur greatly-the unacyiated glycerol moiety of
.phosphatidylgljcerol, relative to acylated glycerol'moieties'
in:hoth phosphatidylethanolamine.and phosphatidylglycerol.
This'effect could not.be explained by‘the knownzpathways fon ,
de novo synthesis of phosphoglyceride in E, soli' The‘

acyldlhydroxyacetone phosphate pathway was found not to

. operate in E, coli under conditions promoting formation

of phosphoglycerides and the enhanced labelling of the
unacylated glycerol moiety of phosphatidylglycerol by various

labelled precursors. Bvidence is give} that formation of:

phoaphoglyceride ‘could proceed by a partial synthesis pathway
making use of an endogenous pool of diglyceride moieties.
Addition' of ATP plus Mgtt increased the availability and/or
.rate of util{fation of this endogenous precursor.” A search
for the metabolic route 1eading to the formation of an
endogenous diacylglycerol moiety 1ed to the discovery of two

‘ new pathways implicating polyglycerophosphatides 4in E. coli
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" a whole supports the .conclusion that phosphosphoglycerides

” |

The first of these'péthways concerns the formation.of &n

"acylaﬁpd phosphatidylglycerol derivaﬁivé partially

characterized as Bemilysobisphosphatidic acid. Th;

formation of this - substance require§<Ca++ but no energy

_supply and thus-vary likely involvesaitransacylatiaﬁ‘
_implicating phqsphatidylgly erol as acyl acceptor, The

+ gecond of these pathWays involves the hydrolysis of

cardiolipln to phosphatidic acid and phoaphatidylglycerol

via phospholipase D—like activity.' This activity requires

¥
added Mg++ and is markedly stimulated by ATP Evidence as -

can be synthesized in E. - -coli by a de novo process implicﬁting

the reactions deacribed by Kennedy and others. Once cardio-

lipiﬁ'is formed, conditions such as high ATP supply would o
favour breakdown of this lipid to. phosphatidic acid as one

product which could then serve for partial resynthesis of

phosphoglycerides.
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