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INTRODUCTION

Phospholipids have long beeén comceded a struct-

"ural role in membramnes. Indeed, the membr#ne owes its basic,

‘liquid-crystalline, protein-accommodating, lipid bilayer

structure to the amphipathic character of these-lipids and

to their vari#ﬁle degree of udsaturation.” To this funda-
mental architectural function, wg}ch is'beiné more clearly'
understood eachAyear in terﬁs ;f detailed molecular motions
and asymmatrit; assdciationszﬂ,‘ one must add several other
allied'structural‘functions. These depend at least in part

ﬁn the polar head-groups of the lipids and relate_to par-~
ticular enzyme or transport activitie; whicﬁ they complement.
A case in point is the phosphatidylserine' - requirinag N§+ - Kf

adenosine triphosphatase of erythrocyte“membranes.3

Cardiclipin (CL), like other phosphoglycérides,
probably piays a strﬁ;tural role 1n‘biologicgl Pembranes.
However,. one might deduce a more specific use for this 1lipid
from the faét that 1t 1is located almost exclusively in
membranes carrying out respiration and oxidative'phosphory-
lhtion.k_6 Recent solubilization and reconstitution studies

on the inner mitochondrial membrane have in fact shown that

cardiolipin 1s intimately associated with “components of both

.gye electron tranaport7’8‘and oxidative phoaphorylation9

processes, Optimal reconstitution of membranes displaying

-



e

phosphorylatingiactivity r;quires addedwca%diolipiﬁ;g There
is good reason ﬁherefore to suspect that CL‘p}afs amxiﬁpoftant
structufal and activating role in yespiratory membranes
although it is not yetlpossiblé\to explain the nafure of
its participation in detail. |

The present thesis focuses on the metabolism of L
lipids in E. coli and other Gram—negative'baéféfia. More
specifically, it concerns the elucidation of a pathway
impl;cated in the tqrnqver of the metabolidallyfrelated . _S
"polyglycerophosphatides, ﬁhosphatidyl glycerol (PG) and CL. K
This study waé prompted by the fact that comparat%vely little
was‘knoﬁn about the enzymes governing polyglycerophosphatide

metabolism in E cofi. In animal cells, this metabolism

. occurs in mitochondria and is fairly we&ll understood because

of the recent studies of Stanacev et gllo'll and other
workers.lz’13 Also, in the light of what was stated previously

abput the possible function of CL in membranes, one cannot

help but assign particular significance to the fact that the
turnover of coliform ﬁolyglycerophosphatides is closely related
to the energy state of the cell. Indeed, when the energy
supply or metabolism is defective in E. codfi and othef
Gram-negative bacteria aﬁqh aé when the culture_reaches.the
stationary phase or when the cells respond to respiratory or

14

phosphorylation inhibitars™ , CL levels increase at the

exﬁense of PG. The situation ig reversed when the energy



14 Jhis inferestihg phenomenon could well

éupply is abundanf.
be related t§ an importait regulatory mechanism coupling
respiratory 'and phosphofylafing activiéies‘§o strucéurai
changés in the_méﬁbrane resulting ffom pol;;lycerOPhoqphatide
iﬁigrconyersions. It therefore became 1gportdnt to know what
these 1nterconversions.implied first of all, in terms df.the \

&

reactions and types of enzymes involved.
f ‘ .

e . . /

The réview of the'literature;to follow, p;esents
-material which-relatgs.direcély to the particular interests
of this thesis, namély, the metabolism and function of lipids
in E. coi@ with particélaf emphasis on some of the degradatiQe
enz?ﬁes involved. Since the present 1nvestig£tion-didrlead
to the.characterization of a particular type of phosphoiipase
D attacking CL sﬁecifically; detailed attention has been
given to this lipolytic enzyme and the different properties
it displays depending on 1ts source. For the sake of clarity
and simplicity,'an exhaustive review of the literature dealing
more generaily with bacterial 1ipid research is not given.
For a ﬁroader evaluation oflthia field, the reader may wish

to refer to several complementary reviewa.14_16

A. ‘Phoaphoglyceride Species of E. coli

The cell envelope of E. cofi contains the entire

lipid complement of the ce11.17 ‘The lipids are composed



\\\

Y : . | : :
\ygainly‘of phosphogly;eriqes which are 1ocated.iq both the

L

outer and inner membranes of the cell envelope. The

phosphoglyceride compositions of the cell wall-outer mem-
"brane and cytoplasmic membrane fractions are similar althouﬁh

the phospholipid content per milligram ofAcytﬁplasmic mamn-

brane protein is almost twice ﬁhat of the outer‘layers.l8

The same results -have been described for Safmonella

typhimurnium by Osborm et 5;.19

(i) Phosphatidic Acid

Phosphatidic acid (PA) is the praeurao? of all the
various phosphoglycerides of E. cofi, but is present only
bl

14 The main function of.this.

in trace amounts in the cell.
minor phoéphoglyceride is to'sérve a8 an intermediate in 
phospholipid biosynthesis. That fhis lipid is of the

sp-3-configuration has been determined by the reaction of
ifs deaéy;ated—deriyati#e with ggéglycero-BthOSphate:NAD

oxidoreductase.zo

(ii) Phosphatidylethanolamine

3
p

Between 70 and 80%Z of the E. cofi phospholipid
consists of phosphatidylethanolamine (PE). This major phos-

phoglyceride is metabolically staﬂiﬁla and its function in the

cell envelope 18 thought to be mainly structural although it



mary

is required for other purposes as well, For instance, PE 5

acts as a cofactor in the synthesis of the core region of

lipopolysnccharide.21 PE haa also been shown recently to

be involved in the reconstitution of E. cof{ membrace par-

ticles and fn the reconstitution of nitrate reductase act-

ivity in these particles.zz-

(iii) Phosphatidylglycerol -

As the second majof phosphoglyceride of E. cofi,

-~

FG, an acidie lipid, comprises from'S ~ 15Z of the total
phospholipid. Unlike the stable PE pool, the PG pool is

metabolically active and the levels of this lipid"in E coli vary

in accordance with the levels of'CLla as discussed in a later

section. The main role of PG in the cell envelope would

(3

appe;r to be structural but it is also a requirement for
the'functioﬁing of the fhospﬁoenol pyruvaté phosphotransferase
system f;sponsible in part for the uptake of hexosé.sngars.za-zs
Two enzymes comprise this system - quymé I and '‘Enzyme II.
Enzyme II confers sugar specificity with respect to the_ 
tfansferring of pﬁosphate from pﬁoséhoenol pyruvate to various
carbohydrates and exhibits a strict requirement for PG.23

Accordingly, dest;ucgion of the PG in isolated bacterial
»

membrane preparations by added phospholipase D has been



repdrted:tb inhibit the vecforial phosphorylation of -
mefhylglﬁcdaide.26 Thére is;;hoﬁevgr, some disagreemént ﬁith
these results. Long and Dittmer could ﬁot substantiate the
épecific hydrolyéis of PG in‘vesicles'ﬁy phospho;ipase D

agd suggested that some other component‘of the crude phoa-
pholipase D preparation ns&¥ inhibit_;ranaéort'in the mem-

brane preparstion.27

(iv) Cardiolipin

"

The .remaining 5 - 15% of the E. cold phosphoglyceridé

) _ o
consists of CL, the stereochemistry of which is such that A

it contains two sn-3-phosphatidyl moieties per mo‘lecule.28

Q‘r
This strongly acidic pﬂ%spholipid_is thought to serve

mainly a structural function in the cell envelope.

<

]
!
i

{(v) Other Phosphoglycerides

The cytosine-containing liponucleotide fractiom of
E. cofi has recently been isolatedzg and was shown to'contain
almost equal amount? of CDP - ;nd dcﬁf'— diglyceridiz. The
total amount of cytosine liﬁonucleotide in E. coli cells was
low, consistiﬁg of about 0.04% of the total lipids. In this
respect, E. coli cells différ from some mammalian.tiaques
such‘as beef livef30 and rat pineal gland31 in which only

CDP~diglyceride was detected.



-

\ s Phqsphatidylserine (PS) ie alao present in E. coll

32-34

o .:Q

' &
ﬁp minute amounts as an intermediate iu the synthesis of PE
The presence of phosphatidylglycerol phosphate (PGP) in

E. coli has been reported by some worker333;35 but othetss4

including investigators from this laboratory did not detect

this lipid. Another minor phosphoglyceride is acyl phosphatidyl—

glyce:0136'37 which accumulates when PG is incubated with

particulate fractions of E. cof{ under energy-free conditions.

This iipid has also been characterized in extracts of E. coldi

—

38
as a q}nor component,.
~ .

-

B. -Biogyntheeis of Phosphogiycerides in €. coli

Phospholipid bilosynthesis in E. cofi, as it is
now.understood; follows the'péthways shown in Figure 1.
Much of the basic work in this field has been performed by

Py

Kennedy and coworkers using cell- fre; systems. Under the \\\\
most common analytical conditions, uea;ly all d& tﬁe bio-
synthetic enzymes are found in the particulate fi&ction of
bréken éells. Some enzymes, such as CDP-diglycefiﬁe:
L-gerine phosphatidyltransferase and the enzymes of fatty
acid blosynthesis are recovered in thé 8oluble fraction of the
cell but ‘are most probably in close association with th;
inner membrane in vivo.14’39’40 All the other enzymes in-
volved in the blosynthesis of the phosphoglycerides are local-

ized in the inner cytoplasmic membrane.41’42 It 1is approp-~

g e e JER—— - ————— e
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| |
riate to underline the similar lipid composition of inner
and outer meﬁbranesls and,tha'complecely asymmetric dis-
tribution of the biosynthetic enzymes. This calls for a

‘translocatlon ofgphoapholipid'from inner to outer membrane.43

(i) Synthesis of Phosphatidic Acid

Sn~-glycero-3-phosphate (GP) is the form in which
the glycerol moiety is incorporated into the phosphoglycerides.

This cﬁhpound is therefore the key precursor of the E. colfi

phoépholipids. The stepwise acylation of GP by glycero-

_phosphate acyltransferase and momoacyl glycerophosphate:acyl—

transferase produces PA.44 The selective acylation of GP

is thought to be the step at which the asymmetric distribution
of fatty acids in the phospholipid molecule is achieved15
as most naturally-occurring phosphoglycerides are aafurated

at the l-acyl position and ﬁnsqturhted at the 2—acyl_position.45

The acyl donor in the synthesis of PA can be either
the‘thioeater of acy1 carrier proteig(ACP)or Co% as both fun~-
ctioﬁ in cell extra;ta.' However, there is a greater specilf-
icity:towards the acylation of l-acyl 1§so PA with unsaturated

acyl groups when ACP thioesters are'aubstratea.&6 Also,

-with'acyl CoA synthetase being inducible,47 it 18 likely that
this enzyme 1s involved mainly with the incorporation of

‘exogenous fatty acids.
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in E. coli, diglyceride and monoglyceridé can be
phosphorylated by the action of diglyceride kiﬁ;se to form-@¥
PAZAS-SO This, however, would'imply thg presehce éf a
mata§olically,active }ool of digljceride in E.émkiJ:ﬁich haa. .ﬁ‘ﬁ
yet to be faund.?p Therefore, in E. eoLL,tﬁé de novo synthesis :kw
of PA wguléhappe§}'to invoive only the pathway using ég— v

glycerOfS;phosphate as tha intermediate.

(ii) Synthesis of CDP-Diglyceride

Y
»

CDP-diglyceride plays a central role .in the bio-

i o .
synthesis of membrane lipids in E. qofiby acting as a donor !

of phosphatidyl residues in the biosynthesis of PS§ and PGP51"53”

and of CLJSA The enzyme system which catalyzes the synthesis

of CDP-diglyceride from CTP and PA 1s located in the

55,56

particulate fraction of broken E.coli cells. Actually, there

are two analogous forms of activated diglyceride; CDP- and

dCDP-diglyceride, both of which turn over rapidly in vivo.zg

1 .
Raetz and'Kennedyzg have shown that dCDP-diglyceride is a

better Qubstrage in the synthesis of PGP and that CDP-diglyceride
is a better substrate in the synthesis of PS. &herefore,,it
may be possible that the specificity fodeCDP or CDP may be

at thé basis of a'fegulatory mechanism for the synthests

of phospholipids. Also, Raetz and Kennedy suggest that be—l
cause the levels of cytosine liponucleotide relative to PA.’

are very low, the conpversion of PA to CDP-or dGﬁP-diglyceride

may be the rate-limiting step in phosphoglyceride synthésis.
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(111) Synthesis of Phosphatidylserine - - N

CDP-diglyceride: L-serine phosphatidyltransferase
‘ kPS'sﬁntﬁetaee) of E. coli differa‘froﬁ“other enzymes of
)’phospholipid synthesis in thﬁ; it may be found in the”solkgle
fraction of broken cellss2 tightly bound to ribosomes.57 If
the cells are gently lysed, however, a good part of the
activity is recovered in_the'washed particulate fraction.l4

t v b s
. Accordingly, Ishinaga and.Kitoéo conclude from their studies
-~ that this enzyme is loosely sssociated with the membrane inm -
vivo but is probably removed from the membrane as a result

of harsh fractionation procedures.

Since.thg PS synthetase is associated with the mem-
brane, it 1is possible that the envelope phosphoglycerides
interact with this enzyme. Indeed,~£shinaga et al have found
that CL aétivates while PG strongly inhibits the activity of
this enzyme.Sé This may be the basis for another regulatory

-mechanism affectiﬂg PS and PE syntheses. . Therefore, it is
possibie that PS and PE syntheses are controlled by the
products of the other phosphoglyceride pathvay, namely PGand(m.l

PS syntheﬁaae ﬂ;s been purified over 100-fold and
its prop;rtiea have been'studigg by Raetz and Kennedy.59 They
suégest that there is a phosphatidyl-enzyme intermediate in-

volved in the syntheais of PS since the formation of PS from

CDP~digylceride and L-serine appears to be reversible in vitro.59
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(iv) Synthesis of Phosphatidyléthanolamine

Phosphatidylaefiﬁe deéarﬁtxylaae is the membrane-
bound enzyme tha@’cataiyzea thg synthesis of PE from PS. The
activiéy oflthig enzyie iaﬁmuch'gtgater than that of phoé—
phitidffterine synthetase52 which explains why PS dtes not
a¢cumulate™in vivo. This decarboxylase from E. cof{ has been
purified to near ﬁomogeneity by Kennedy and coworkegg. 60,61
The purified enzyme is inhibited by reagents that attack
carbonyl'gropps which suggest that eithg\wa pyridoxal phosphate
moiéty or a kéto—acid may be involved in the décarboxyiation

reéction.ﬁl

(v) Synthesia of Phosphatidylg}ycerol.

The two enzymes that catalyze the convetsion of"
CDP-diglyceride to PG have beén partially purified from

v

the particulate iraction;of brofen E. cofi cells.SB’62 ‘Phos-
phatidylglycerol ﬁhosphate is thuught to berzgeintermediate
in this reaction althbugh it ‘has yet to be found®dn E. CDLL
§3-g1ycerol—3—phosphatg; CMP phoaphatidyltransferase has a
atriect requirement for added Hg or'Mt;H and is entirely
dépendent upon gddéd CDP-diglyceride for activity.aj This
enzyme ia'relatively inapgtive when co;bared to PGP phosphatase
which wduld explain why PGP;does not accumulate in vivo.
PéP phosphatase also has an absolute téﬁuirement fot added

Mg++ and has a high affinity for its substrate PGP.62
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(vi) Synthesis of Cardiolipin

Esflier work on the synthesis bf CL in E. coli
suggested .that the.phospholipid wﬁs formed according to equ-~
.ation (1)_§ince unlaﬁelled CﬂP—dibalmitin stimulated the
syﬁfﬁesis qf CL from'PG.54 However, subseé;eut studies.have
shoén that CDP-diglycefidé does sfimulate CL synthesis, but
most probably through a détergeng éffﬁct or as an.allosteric‘
effector since it does not éct as a phosphatidyl donor.63

« : N

{1) PG + CDP-diglyceride ~——» C(CL + CMP

(2) 2P —s C(CL.+ @lycerol
The work of Rampini et alealwith intact cells indicated that
E.thL could synfhesize CL under conditions of energy
depletion. On this basis they prOposed a pathway for CL
synthesis invol#ing transphosphatidylatf&d‘Vith two moles
of PG. Lusk and Kennedy65 have also'founé:;£at after pulse
labelling cells with tritiated glycerol, the metabolism of
PG involved the cleaving of the labelled glycerol from PG.
Stanacgv and Stuhne—Sekalec66 were the first to show with
a ée;l-free system that CL can be formed from PG in a reaction
not depéndent on CDP-diklyceride. It ig now evident that the
synthesis of CL in E. cofi ocecurs via equation (?) since
ﬁirachbérg and Kennedy63 found that an eqﬁi;olér release of

glycerol resulted during the formation of CL from PG.
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. These results héveAbaen corroborated by Hostetler é£_££13
and by Tuiaitis aﬁd.cnxmn.67 The CDP-diglyceride pathway
may still operate in vivo when high'cdnqentrationa of CDP-
diglyceride are present as Hostetler et al havé suggested13

although this has not been confirmed,
" 4

C. Turnover of Phosphoglycerides in E. coli and the Effect
of Culture Conditions on this Turnover

Work perfo;med by Kﬁnfer and KennedyBA'and coéro—
borated by other reséarcher568-7l‘has'shown that while PE
levels in normally grow:{ng E. cobi o cells- (i.e.,expone.ntialiy ’
growing at 370) remain stable, the other phosphqlipids
undergo rﬁpid turngover. The minor phosphoiipids Euch as
PA, éDP-diélyceride, PGP and PS are metabolized rapidly siﬁce-
they are intermediates in the biosynthesis of the major

phosphoglycerides.

One expianation for the turnover of PG is its
conversion to CL.63 However, Kanfer and Kennedy34 found
that there was a nét losa of label from the total lipid
fraction that accompanied urnover of labelled PG. Therefore,
the converaign of‘PG to CL may not be the only metabolic |
fate of PG. Kennedy et al have since repofted that PG
contributes ‘to the syl;thesis of oligcsaccharides - in E. gou.”
Thiy found that lqbel lost from the PG and CL fractioms in

exﬁonentially growing cells appeared in a group of oligo-
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saccharides composed of glycerol and phospﬁoriq acid in

equimolar amounts and of glucose as the only héxose sugar.

Another metabolic fate of PG may be the formation of acyl PG,_36

alfhough more work is required'io elucidate and assess the

significance of this pathway. ~

Preliminary work by Benns and'Proulx73’74 has shown

that the turnover of CL is via its hydrolysis by the action of
M ] . . . ‘\\
a phospholipase D, They found through studies involving the

14

incorporation of U'- (7 'C) - s - glycero - 3 - phosphate into

PG that the label was distributed unequally between the acyl-
9 ‘ '
ated and nonacylated glycerols of PG. 1In order to obtain this

unequal 153&1 distribution, there must have been an en-
larggment)ﬁf a pool of endogenous, non-labelled phosphatidyl
precursors. Since CL causeﬁ a slight siimulation of the
incorporation ofsn.-glycero-3-phosphate into the unacylated

[

glycerol molety of PG, this indicated that phospholipase
D action on CL was supplying an alternative pool of PA.”'
Further studies on the hydrolysis of CL by phospholipase

D from E. coli form the basis of this thesis.

Changes occur in the turnover of these major
phospholipida 1f the culture conditioﬁs ére altered in any
of several ways. LfE. coli cultures are allowed to grow
to the s{rj;onary phase, there results an increase in ‘the

CL level33’75’76 and a corresponding decrease in the PG
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33,34,75

level. Along with these two changes comes an

lopropane fatt& acids which is accompahied

by a decrease in un aturgted fatty acids;76—78 PE 4

increase in cy

levels do mot change.

The conversion of PG to CL observed during growth
1s also seen in cells which have_beéome unable to phos—‘
phorylate ADP because of various factors. For imstance,

growth of cells in the presence of peniqillin,75.cyanide,7g

80 81,82

colicin K; -dinitrqphenol,so phenethyl alcohol,

formaldehyde, toluene,_chléroformso or sodium65 results in
this increased conversion of PG to CL. E. cold infected

with bacteriophage gives the same re3u1t579’83

as does

64
growing cells in a medium lacking an energy source.
f;;ﬁtment of E. cofi with levorphanol, a morphine analogue,

results in an Iinecrease in CL levels and a decrease in

both PG and PE levels.8

Alterations also occur 1in the phospholipid met-
abolism of E. coll wﬁen cells are grown at temperatures
other than 37°. Bright-Gaertner and Proulx70 found that there
is a lower turnover rate of PG and CL when cells are shocked
at 10°. PE did not turnover at all. oOther effects of cold
included an increase in the total 1ipid phosphorus, a higher
degree of fatty acid unsaturétion and a lower content of

cyclopropane fatty acids.70 These results confirm the
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eéflier work of DeSiervo-> who.Tound'thgt when cells were .
grown at 270, there was also an iﬁcreﬁse in the total
lipid phosphorﬁs and a decrease in the turnover of CL. .-
The phospholipid composition of E. coldi undergoes different
changes when grown at higher Eémperatureg. Bell et _lSS
found that the relative r;tes of PG and CL synthesis
(éspéciéli? that of PG) increases when temperature-sensitive
mutants are grown at 400. This increasé was believed'to
be due to the increase in the activity of glycerol-3-phosphate:
CMP phosphatidyl transferase at that temperature,ss
| -

-

It has been amply shown that EE levels remain constant
under normal conditions. In a few cases, an unusual accum-
ulation or turnover of this 1lipid has been shown. TFor inqtance,
ﬁarbu gg‘gisz noted an apparent conversion of PG and LL to
PE in cells that were éreated with phenylethanol. The same

obgservations were made by Bell et giss while studying the- %
phospholipid metabolism of a temperature-sensitive DNA —‘
initiation mutant of E. cofi at the restrictive temperature
of 40°. Golden and Pox;ell86 alsc found a marked turnovér of
PE in amino acid-starved E. coli cells with a genetic

lesion in RNA control. Other'vorkersa7 have found that there
is an increase in PE synthesis when filamentous E. cof4 cellg
were Iinduced to produce septa, These results may indicate

that PE synthesis 1s related to cell growth and division and

- that pools of this normally stable lipid change only at .
\“-—-’
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these times.
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-Okuyama and Nojima. An acild phospholipase A

D. Catabolism of Phosphoglycerides in E. coli

‘Several types of phospholipase A, have been located

1
in E. coli.. Scandella and Kbrnberg,s8 purified s membrane-

bound, alkaline phospholipase Al that appears to be the

same enzyme first observed by Proulx and Fungag’go

91

and

1
detected in whole cell homoEenatesgo and in E. cofi, sphero-.
g ?

has been ¢

ﬁ‘lﬁats-gz Dol et _a_i_l-_g3 have designated two kinds of phospholipase
Ain E. coli , a detergent—resistaﬁt and a detergent-sensitive
t&pe. Further work on the positional specificity of the
detergent-resistant phospholipase A :hoggd that this enzyme

94
had both A1 and A2 activities, the A, activity being similar

1
to that purified by Scandella and Konmerg.ss More evidence

is now needed to confirm the existence of a distinct, highly

specific phospholipase A, in E. cofi . Dol and Nojima were

94

1

not able to show that the Al and A2 were separate enzymes;

Albright et al alsc found both A, and A, activities 1in the

— 1 2
cell wall and could neither establish nor preclude .that there
‘were two different enzymes involved.95 Bermard et El?6—98

have, however, reported .that both the high-speed supernatant
and particulate fractions of broken. E. coli cells contained

only phospholipase A, activity. In the light of most of the

2

present evidence, their conclusions seem incorrect.
EY
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A

The purified phospholipase A, of E. cofi also ,

1
" contains lysophospholipase activitygA and might better be
~ . : .
. designated phospholipase B. However, a separate lysophos-

pholipase has recently been purified to near—homogéneiﬁy

by Doi and Nojima.g9 This enzyme hydrolyzes l-acyl-GPE, - *
2-acyl-GPE, l-acyl-GFPFG, , and l-acylglycerol
‘ 95

but does not attack diacyl ‘phospholipids. Albright et al
have detected three types of lysophospholipase ﬁctivitieé

in E. cofi. There is a lysophospholipase A, activity in the

1
cell wall thac‘seema to be associatéd.with the phospholipase

Al' There is also a lysophospholipase Al in the membrane and

cytosol and a lysophospholipase A2 in the inner membrane.95

A PG—épecific phospholipase A present in the cytosol fraction
: : 4 .

has also been described.93’95

E. cofdi also possesses Lipase activity.lOO The

enzyme (s) involved hydrolyzes triglycerides, diglycerides, A
, monoglycerides and simple fatty acyl esters at an alkaline |

pH and requires Ca++ together with'detergents for activity.

In crude homogenates, the level of lipase activity towards

trioleoy}glycerollis similaf to the level of phosphalipase

88

A activity. Doi and'Nojima have confirmed these results

1
and gave genetic evidence indicating that a single enzyme

is associated with triglyceride and phospholipid hydrolysis.101
It seems from the foregoing that E. cofi 1s well equipped

with lipolytic activities capable of coﬁpletely hydrolyzing
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phospholiﬁids-and triglyceridgs to water-soluble products

(c.f. Figure 2). A phosphodiesterase that-catalyies the
hydrolysis of glycerophosphorylethanolamine to sn-glycerol~
3-phosphate and ethanolamine has also béen found in E} colt .97
Whether several distinct lipolytig énzymes exist or whether

relatively few such enzymes account for all the lipid

hydrolyses noted ih éell extracts remsins to Be clarified.

All of these studies have shown the presence of

lipolytic activities in cell extracts. Audet et glloz have

recently revealed phospholipase Al activity in growing

"E. coli cells. However, levels of this activity were

significant only in one E. ¢0fi strain examined in which

-

the structure of the cell envelope was less stable than

in normal cells. This fact, plps other evidenceas’92

suggests that it is adverse conditions that triggers

102

phospholipase Al activity in vivo. In normal cells

L]
phosPholipaseJkl does not function in the turnover of en-
dogenous lipids but may serve for the degradation of ex-

ogenous lipids.

E- fPhoapholipase D -

Phospholipase D 18 a phosphatidohydrolase that,
until five years ago, was thought to exist only in plants.

It has since been detected In bacteria and in mammalian cella.
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' (1) In Plants ) ) o ... T ~ A

Phospholipase D has been‘purifiéd extensively from
cabbage leaves}QB -106 Thié.gnzyme catalyzes the hydrolysis
of the terminal phosphodiester-bond'é@Aphosphagidylcholine
(PC) as well as of lyso. Pﬁ 107 E, éS and PG and has been
given the systematic name, phospha;idylcholine phos-
phatidohydrolase (E.C. 3.1.4.4, ) The ﬁroduct of the ﬁ
hydrolysis of the diacyl phosphoglycerides by phospholipase
D is PA. Lyso PC is hydrolyzed to cyclic lyso PA and
choline.107 '%nzyme_activity requires added calcium ilons
and ether. Ether is required either to solubilize the
lipid subStrate.or to change the hydropﬁilic nature of the
_enzyme. The phosgholipase D that has been purified is a
soluble enzyme106 althoug£ phospholipase D act ' ty has
been found associated with plaatids in an in oluble form 108’109

Purified phospholipase D ffbm.cabbag exhibits
transphosphatidylase activity as well as phosphatidohydrolase
activity. 105,110 This activity is invelved in the transfer
of the phosphatidyi group ofIPC to either methanél, ethanol,
2-propanol, glycerol, ethanolamine, choiine-or serine.

When glycerol i1s the acceptor, béth isomers of PG ar;
formed while in nature only the sn-l-configuration of the
unacylated glycerol is found, go it is possible that this

transphosphatidylase activity does not occur in vivo.

Since enzyme activity is lnhibited by p-chloromercuribenzoate,



-2

a phosphothicester linkage may be involved in a phos=-

105

phatidyl-enzyme complex. The transphosphatﬁdylaae
L] * .

activity of commercial phoapholipase_n from cabbage has - -

also been shown to catalyze the formation of CL in = reaction

for which PG acts as the donor and acceptar of the phos-

phatidyl molety. 6'6

There is some evidence that different enzymes br
different sites on a single enzyme may be responsible for’

the‘base—exchange and phosphatidohydrolase activities.

v

Calcium has been found to stimulate the phosphatidohydro-

lase activity while inhibiting the transphosphatidylase =

acgivity.lll Recently, Saito et 2;112 have shown that the

two activities in commercial phospholipase D from cabbage
. .

dg show different characteristics. For example, the

transphosphatidylase activity has a pH optimum of 9.0,

requires calcium ions (optimum concentration being 4mM)

and is inhibited by . hemicholinium-3, a non-competitive
inhibitor of ethanolamine and choline incorporation into
phospholipids. The phospﬁatidoh&drolasé activity has a pH
optimum of 5.6,‘requirea calcium {ons for activity.(optimum
concentration being 28mM) and is not inhibited by hemich-

olinium—3.112

Phospholipase D from peanut seeds has been purified

to a high specific activity.113 The enzyme requires

Ay
-2

~

N,



calcium ions and ether for activity and has a pH optimum’

~of 5.6 although it is unstableé at acid pH. Work on the

amino acid composition has shown that the N-terminal group

is glycine. Holecular welight determinations ranged fronm

22,000 o 200, 000/§egending on the method of measurement

used.l13 Peanut seed phospholipase D hydrolyzes P0113

and will attack CL if the diethyl ether is ‘replaced by

deoxycholate.ll.4 Besides being present in cabbage and

peanuts, phospholipase D has been detected in a wide

'
variety of plants.log""ll5

(1ii}) In Mammalian Cells

It is only recently that tﬁZ phospholipase D

L

activity of mammalian cells was reported. Sait nd Kanfer
were the first to discover this phosphatidohyfirolase getivicy

in solubilized rat brain preparations from particulate
fractions.l"l6 Further ﬁorkll7 confirmed that PC is hydro-
lyeed to fo.rrln PA by these pre'pa.rations. The.‘ﬁﬁosphatidohydrolase
activity has a pH optimum of G;O.Q Calcium ;one stimulated

the hydrolysfs but were nqt-essential end could be replaced
by magnesium 1lons. Diethyi ether strongly inhibited the
reaction as did p-chloromercuriophenyl sulfonate but

«

dithiothreitol could overcome this inhibition which suggests

.the_involvement of a sulfhydryl group in the enzyme—

substrate complex. The same preparations that show

Kl
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phosphatidohyhrblase;uctivity also have transphosphatidylase
117

sctivity disglaying“afpﬂ optimum of 7.2.

Taki Eg.gl;lsihaye\also reported the presence of

. phospholipase D activity in - rat brain homogenates. Incubat-

ion of labelled homogegétes'yith 10mM Ca++ at’ pH 7.6 result-
ed in the formation of labelled PA. The activity was

very low, however.

Rat brain microsomes contaln a lysophospholipase\

D that hydrolyzes alkyl- and alk-l-enyl phospholipids.ll9

“ .
Whereas magnesium ions are required for activity, calecium
ifons are not and iphibit at higher concentrations. This

activity, therefore, does not appear to be related to

++ ' : :
the Ca -~ gtimulated phospholipase D pf rat braim.

(iii) In Bacteria

‘-.Prior to the gtudies described in this thesis,

phospholipase D activity.had been detected in only one
' 120

, type of bactégia. It was Ono and White who first

discovered an active phospholipase D in Haemophifus

paraingfuenzae that specifically hydrolyzes CL to PG and

+4+ :
PA in the presence of added Mg . This enzyme does not
1!
attack other phospholipids such as PE, PG, PS, PC or

methylated phosphatidylethanolamines. It differs from

¢ ‘ -
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™ remains in the supernatant after ultrasonic disruption of.
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plant phospholipase D in that it has a pH optimum betw en

¥

7.5 'and 8.0 and is inactive in the presence of added

-

organic aolvents or calcium ions. The detergents SDS,

[}

TweenZZO and héxadecylpyridinium chloridé are ﬁtrongly
inhibitory while the detergents Triton, deoxycholate and
Y : . ® ’ 120,121
Sarcosyl had@llittle effect on the enzyme activity. RN
“yost of the H. parainfluenzae phosphiokipase D activity is

found in the membrame fraction although some activity

the cell. This enzyme has.aiso been found to function in

the normal turnover of the polyglycerophosphatides'of this

'organism.lzl Work by Astrachan122 on the mode of action of-'

this cardiolipin - specific phospholipase D revealed that
it is specifically the bond between the pﬁosphhte and the:
central glycerol at the sn-3  position ofsCL that cleawves.

(Figure 3).

.

Two other types of bacteria have now been shown to

produce phoépholipaaé D in the culture medium. ' One is

Stlﬁeptomycu hachatjaenaulm and the other, Co!gynebacteuum

0U46124 125 The latter bacterium produces a toxin which, in
. sheep erythrocytes, hydrolyzes sphingomyelins and 1lyso PC'

releasing free choline. This phospholipase D activity

~ has been partially purified and has been found to be active

; ++ 125
at pH 8.0 in the absence of both Ca and diethylether.

—The phospholipase D that Stmeptdmycea hachijoensis prod@céa

Fp

rd
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Figure 3, - Bond Specificity of Cardiolipin- Specific Phospholipase
' D from Haemophilus paraingluenza. (119)

B
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has élso{ﬁegn.purifled. fhe eniyme has a molecular weight
of 16;000, an opﬁimal pH of 7.5, anéris ;timulated by ethyl
ether, Tritdn X-100 and Ca' & but is inhibited by sodium
dqdecyl sulfate. This phosphat#doh&dfolése has a broad
substrate specificity in that it hydrolyzes PE, PC, CL,
PS, lyso PC and sphingoﬁyeli# 1iberating the corresponding

123

bases.

TheAHuehbﬁhituA pa&aLnﬁEuenzde phsépholipase D
differs from these two bacterial enzymes in that it is
found within‘the cell rather than outaide. IE ﬁlso has
a requirement for Mg++~and an apparently strict‘substrate
‘ specificity.‘.This s;rict-specificity for CL 1is é‘distinguishing
feature and makes the sysﬁ%ﬁatic name phoé#hatidylcholine
phoéphatid derolase obviously inappropfiate. .A new name
may have to be suggested taking igto gccounf this specificity
for CL to distinguish it from the plant and other phos-
pholipases‘D.l22 Since the enzyme has not been purified and
its subastrate specificity has not been rigorously determined

©

with synthetic ana;ogues?it is difficult at present to
justify the use of a systematic name such as‘gg—;,B-dipPo—
sphatidylglycerol-sn~3~phosphatidoehydrolase. Conse{uently,
.a trivial designation such as-caraioliﬁln - gpecific or

cardiolipin-hydfolyzing phospholipase D wili be used

throughout tﬁe rest of this thesis.
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AIMS OF RESEARCH

1. io,fu;ther charaéﬁerize the cardiélipin—hydgolyzing

| ph:fpholipase‘n of E. coli extracts in terms of its

mode of aéiion, substrate specificity, cofactor and

PH requirements as well Qs its subcecellular }localization.
2, To-idvestiga%e in.particular an ATP acti;at on of

this enzyme,

3. ‘To determine the effect of culture age on the levels
and on certain of the properties of this enzyme.
“\
4, To survey a number of organisms for the presence

of this enzyme, \
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< MATERIALS AND METHODS

A. Materials

The following bacteris were obtained from the
Amer;can Type Culture Collection: Escherichia coli B ( ATCC 11303),
Satmonetla Zyphimurium (ATCC 13311) , Proteus vufgaris ( ATCC 13315),
Pseudomonas aeruginosa (ATCC 10145) , Siaphylococeus awreus
(ATCC 12606) , Baciflus cereus (ATCC 14579) and Bacillus
subtifis (ATCC 6051). 'Saéchmomge_gé cereviseae ( ATC&: 2338)

cells were obtained from the same scurce.

E. codi B cells grown commercially in a high peptone
medium to the late stage were puréhaaed.as a frozen sediment
of cells from either General Biochemicals Ine. or Grain

Processing Corp.

Dithiothreitol (DIT), Tris (hydroxymethyl) amino-
meétane (Tris), nucleotides and ﬁhospﬁoenolpyruvate were
purchased from Grgnd Island Biclogical Co. and/or from
Sigma Chemical Co. Phospholipids such as beef heart
cardiolipin, phosphatidic acid (sodium salt) and phos-
phatidylethanolamine wege obtained from Genmeral Biochem-
icals Inec. Fine chemicals as well as common chemicals énd
solvents from various sources were of the purest grade

possible. Chloroform was redistilled prior to use.



PSC sol&biliier, (8—146) - aden&hine‘triphosphate anh

32P) - adenosine triphosphate were procured  from

:’y-‘(
Amersham/Searle C&. whereas all ﬁther radiochemicgls were
obtained from New England Nuclear Corp. 6u1ture reagent;
suth as bactopeptone aﬁd feast extract were purchased from
Difc§ Co. Silica gel G_wéa a ﬁroduct of Macherey Nagel

-

and bo.

B. Methods

(1) Growth of £, coli Cells

Stqck culﬁures of E. coli B were maintained on
agar slants. One liter cultures were g}own in large low
' form erlenmyer fihéks at 37° with constant shaking. The
nutrient broth containéd-per liter of distilled water;
15 grams of bactoﬁeptone, 1l gram of yeast extract, 20
grams of glucose and 5 grams of sodium chloride. Cells
were nermally grown to the late log stage (7 hours) as
was determined from a growth.curve. The purity of the
culture was checked by the Gram stain and by plating on
MacConkey dnd citrate agars. Cells were harvestgd by
centrifugation at 4,000 x g for 10 min. in a Sorvall auto-

matic réfrigerated centrifuge (model RCZ-B) at 4°.

{ii) Preparation of Celi-Free Homogenates of E. cofi B Cells

Fresh Encoli B cells prepared in this way were
"Ny
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suspended in 9.0 ml. of 0.1 M potsssium phosphate buffer -
pE 7.3. The cell ﬁuspe;sion was then aonicated‘for-four,
oné minute periods on 1ice using a Bilosonik II Ultraso#icator
(ﬁrouwill Scientific Co.) at a set;ing‘of 60 watts. Between
sonicdtions, the auspension.waa'allowed to cool so that the

temperature never exceeded 8°. Centrifugation at 3,000 x g

for 10 min. at 4° removed unbroken cells. Supernatant fractions
“ﬂfrém'thérééil4free'soaicateﬁ were obtained by‘centrféugatiqns
at 17,000 x g (in a Sorvall centrifuge), 100,000 x g and/or
200,000 x g (in a Beckman L-2-65B ﬁit;acentrifuge)'as

designated for each experiment.

Alternatively, E. co0fi B cells that were grown
commerclally were used. Cell-free homoggnates of these
cells were obtained as described for freshly prepared cells
but in this case there was usually a greater loss of mat-
erial to the 3,000 x g'debris,’possibly because of membrane

aggregation.

) &
The protein concentrations of these and all other

. enzyme preparatlons were determined by the method of LownyEE_ELHJG

({11) Preparation of Cell-Free Extracts of Various Organiems'

-
The various bacteria, Saflmonella Zyphimurium, Profeus

. vulganis, Pseudomonas aeruginosa, Staphylococcus aureus,
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Baciflfus cereus and Bacillus 5ubti££b were grown for

. 6h. in 1 1L£ar cultures of the medium described previously
for the growth of E. éélir. The bacterial cells were 4
harvestéd by-centrifugatiqnt_suspended in d.l M.potaséium-
phogphate buffer pE 7.0 and sonicated for 4, one minute

periods on ice. : e

Saccharomyces cerevisdeae cells were grown for

23h. at 28° in 1 liter of medium containing 10 g yeast
: 127

extract, 10g bactopeptone and 20 Tﬁe veast

cells were then harvested as abowe, resuspended in 9.0

ml., 0.1M phosphate buffer pH 7.0 ahd were homogenized 7

with a Braun homogenizer usin bead size of 0.45 - 0.55 mm

‘and a bead to celk volume ratio of 3 to 2. Cells were

shaken for two, 2.5 min., periods while being cooled with

dry ice.

Unbroken feast and bacterial cells were femoved

A

by centrifugation at 7,000 x g and 3,000 x g respectively
for 10 min. at 4° and'%he cell-free extracts were diluted

with buffer to give finai protein concentrations of 4.0 mg/ml.
o

-

Crude rat 1iver mitochondrlia were prepared by the

128

method of McMurray and Dawson™ ~  but in the absence of

0,1mM ethylenediaminetetraacetic acid (EDTA).
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cells, enzyme‘ﬁésays) by the method of Bligh and Dyer.lzg

(iv) ?Extraction of Lip;ds
Lipids were extracted frfm various sources (i.e;,

To 0.9_v61ume df the ﬁqueous‘suspénsipn of.bioldﬁical

—
méteriél was added 2 volumes of methanol and 1 volume
of distilled chloroform. -After mixing this monophas;c
mixture at room temperature, 1 volume of each of chloro-
form and water were added. 'This ﬁiphasic system was then
centrifﬁged and the lower ghloroform layer was transferred
to an evaporating flask éging a Pasteur pipetté. ‘The top
aquecus phase w#s washed once with 2 volumes of chlordform,

the chloroform layers were pooled and the lipid extract

was evaporated to dryness.

With large extraction volumes involving more than
8 mg. of tissue protein, theamo;ophasié systeﬁs were mixed
for 30 min. periods and the biphasic systems for 5 min.
periods. With smaller extracﬁfﬁn volumes (eg. 4mg prPtein
in a volume of 2.5 ml.,) mixing was done on a vortex mixer

for 20 sec. periods.

(v) Separation of the Phosphoglycerides

§ilica gel plates, 0.5mm thick, were made using a

slurry of 55g. of ailica gel G and 110ml. of water.

AN

N

¢
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ﬂ
Pﬁopphoglycerides wexe separated on these..plates using one
of the following three systems (or a sequential combination

of the three);

]

System 1 ~ chlorofornm: methanol: 7N ammonium
. hydroxide (60:35:5 by volume)
System 2 - chloroform: methanol: glacisl acetic
: acid (65:25:8 by volume)
System 3 ~ chloroform: methanol: water

(65:25:4 by volume)

The Rf values of the various phospholipids in each of

these systems are givenrin Table 1.130 The silica gel
-piates vere usually activated'at 110° for 60 min. Seforeruse.
However, in the case of system 3 better separation between
the CL and the PE was obtained when the plaﬁmf:ESRK\\~—////
activated for only 15:Qin. at 110°. For routine analyses

of the phosgholipage D assay, phospholipids were separated

on silica gel G plates with system 3. Tﬁe scan shown in

Figure 4 illustrates the separation of PA, PG, PE and CL

in this system. | //

Mild Alkaline Hydrolysis of the Phosphoglycer
the Separation of the Water-Soluble Products

(vi

In order to further identify the phospholipids,
they were degraded to their water-soluble products by the

‘mild-alkaline hydrolysis method of Marshall and Kates.lél

The dried 1ipid eamnple was dissolved in O, 5 ml.

of methanol' chloroform (3:2 by volume) which was then




Rf VALVES OF PHOSPHOLIPIDS AND THEIR DEACYLATiON PRODUCTS
IN VARTOUS CHROMATOGRAPHIC SYSTEMS '
o N

e
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"TABLE 1

LT
t

T SYSTEM -

1 z 3 7 5
PA 0.08 0.58 0.00
PG |.0.52 0.56. | 0.32
PE 0.38 0.35 0.40
cL 0.55 0.95 0.68
GP 0.29 | 0.27
GPG 0.46 | 0.64
GPE 0.63 | 0.22
GPGEG 0.15 | 0.50

s



i

" FIGURE 4

Separation of phosphoglycerides with system 3,

~The figure is a tracing of radioactivity on

a8 chromatoplate scanned with an Actigraph\III

(Nuclear Chicago Corp.) gas flow monitor.

e

.
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incubated et room temperature for 15 min. with 0.5 ml.

of 0.2N methanolic NaCH. The water- soluble products were

¢3 ed by the addition of lml of methanol: chloroform

1 4 by volume) ‘and 0.9 ml. water with mixing (ie. a Bligh
and.Dyer extraction). This biphasio‘system was centrifuged
for‘imin.af 600 x g and the upper aqueous phase was extract-
- ed with a Pasteur pipette. foe upper ph;se oas neutralized
with 0.5-0,5 ml. of Dowex =50 in the presence o€ 1X
‘phenolphthaloin. The neutrdlized upper phase was made

slightly alkaline with 1.5 M methanolic NHAOH and was the\
I

evaporated to dryness. E?is waﬁnﬁsoluble fraction was then
dissolved in methanol. water (10:9 by volume) to spot.

-

The water-soluble products were separated by'
~ \ ‘

‘ascendin chromatography on Whaﬁman #1 paper in either or

both of 2 gystems:

System 4 - 90% liquefied phen{ié water (20 5
by volume giving a nal phenol: water
- proportion of 5:2 by weight)

S&stem 5 - 1M ammonium acetate pH 4.5:95% ethanol
(35:65 by volume) (ref. 50)
‘'The Rf values of the water-soluble hydrol&sis products of

the phosphoglycérides are given in Table 1.

rd

(vii) Detection and Identification of'the.Phoaphoglycerides
' . 5]

The 1ipdid combonenta separated on silica gel pla;eh

“

YRR AR e
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were revealed routinely by briefly exposing the plates to

1odine vapours., The iodine _was then removed by. aeration.

B Nitrogen-dontaining phospholipids were identified'
by spraying the plates with s solution of Ponceau red, which
was made by dissolving Zg uranylnitrate and 0.05g Ponceau

// red in one 1. of 0. O1N'HCL. The' Ponceau red could be temoved

) from the lipid components by Bligh and Dyer extraction

————

since the dye remains in the aqueous phase.
Phospholipids-nontEUﬂng "free amino groups (eg. PE)
were also detected by spraying with 0. SZ ninhydrin in

acetone:butanol (1 1) and then heating the plates at 110°

for 5 - 10°minutes.

-

. ‘ e
Phosphate-containing lipids were identified by
p .

“,spraying with Hanés—Isherwood reagent132 and then developing
the plates at 110° for 20 minutes.
Phosphoglycerides containing vicinal hﬁ‘roxyl
groups (eg. PG) were detected by spraying the plates with.
1£3eriodate - Schiff reagents as indicated by_Baddiley et 51.133
This consisted of first spraying the plate with 2% sodium
_metaperiodate. After 10 min. tﬁé plste was transferred to
a tang of sulfur dioxide, then sprayed witncschiffis
reagent(and was tgen rejé%§osed to sulfur dioside.' Only'one

4



T3
L

‘baz--' e

' M-)

E. coli lipid gave a positive nauve color when treated in this

manner and this component corresponded to PG

?o detect labelled oompouods, chroma;oplates and
paper st:ipa were scanned with an-Kctigraph';I; gas flow-
~detector (Nuclear Chicago). Alternaoively, labelled
compounds were identified by autoraéioéraphy-on Koﬂak'(no
" screen) Blué Brand x—ray-fiim. Films were developed using
Kodak‘developer and fixer. | |

(viii) Preparation of 32P-Labe-11ed'Cardiolipin*- : . |

.

Al liter culture of E. coli was incubated to the

)

stationaty phase (16h.) at 37° with the*addition of 5m Ci of

5332 4fq The cells were .grown to the stationary phase in

-

A . -

order to inorease the level of cordioiipin.?5‘76 Alternat-
ively, cardiolipin levels could be raised by transfer:ing
cells at the 1ate log stage to a saliue medium for .2h,
", before finol harvesting. 134
Lipids were extracted from tﬁe harvested cellé'oy
the method of Bligh and Dye; with threeé washings 'of the
-aqueous phase. The medium was thon neutralloed;,aterilized
and fresh glucose was added. The oedium[wga then inoculated
7

with a 5ml. broth culture of E. coli~B and another 1ipidp

fraction was obtained as stated above which was pooled with the first

¢ . . “a
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The total lipid extract was saparated by . TLC

"in system 1. This system sebarated any labelled orthophoa—
phaéé, minor lipids such as PA or acyl‘%G and most. of the
PE from the .labelled PG and CL.which ran close together.
These latter twﬁ phosgholipids were éxtractéq as-oné frac-
tion which waq-then run in sysfam 2. . The Cﬁ brand thaf was
extracted from system 2 often contalned an unidentified
lipid that was determined to be-an artifact: produced during
chrbmatography. This compound ran at the foliowing Rf

values in the sfstems:

“

System 1 - Rf=20,77,
"System 2 - Rf=0.96 and
System 3 -~ REf= 0.70

-

The mild alkaline hydrolysis-product of the compound ran’

at an Rf of 0 77 in system 4 and corresponded to no known
lipid. Mild alkaline hydrolysia of whole lipid extract did.
not\pfoduce this fast running component. The CL was there-~
fore purified by re—chromatography in system 1. "The

32P) 1abe11ed CL was usually pure at éhis stage.g:The_

( .B)—labelled PE and PG . fractions extracte@ frog
systems 1.gndl2 respéctively wére purified-by chromatography
"in system 3. The purities of theae three ( P) -labelled
phoaphoglycerides‘Fere checkedjby aubsequen; Pild-alkalihe
hydrolysis and paﬁer chromatography of the water-soluble

———

products in either system 4 or 5.
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Lipid phosphorus was determined by the method

of Bartlett.135

f{ix) Liquid Scintillation Counting’

E

4

Liquid scintillation counting was performed in

s

udiepoaahle_polyethylene iials with a Beckman LS 133
spectrometgﬁg Material fram‘TLC plates was counted without
prior elution.in the followiag scintillation fluid:

58 of 2,5 =~ diphenyloxazole‘ia one 1.' toluene mixed with

100 mi. methanol aad 3.5_ml; glacial acetic acid.136

-

Material from paper chromatograms was counted by cutting

appropriate areas into sufficiently large sections and é?

-

b

standing these sections in the vial. Counting of both

(32P)— and (140),— isotopes was 'according to the channel's

\\\ .

*

ratio method,

{x) Dbilalysis

Seamless cellulose dialyaia tubingJ(average diameter

dry, inflated 2 0.7, 9') was prepared for- uge by the method

described by HcPhie.l:s,7 5 ml. aliquots of E. cofi prepara-~

tions (40mg. protein /ml.) were dialyzed against three
changes of 3°1. of 0.1M phosphate b&ffer-pﬂ_710 éﬁ 4°

¢
for 18 hours. N
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(xi) Ammonium Sulfate Fractionation

k]

tracts were obtained-by the sequentiai addition of the
ré&ﬁired amount of ammonium sulfate to 5ml. aliguﬁts of
cell extract (aﬁproxiﬁatély 30mg. protgin/ﬁl.) to obtain
- the following peréent.saturateﬂ ao%utions:_S(é: 501,~75i

| and‘Iooz: Tﬁe a;ounts of ammonium sulfate necesdary to

obtain these fractions were calculated from the nomograph—“
138

d?“&i Jeso. Protein preciﬁitations were at 0° for 15 miﬁt
and ?he.pH of the solution waé_maintainéd af 7.0. 'Precip-
itates were obtained by Cenfrifugatioﬁ at I0,000'x g

for.lo min., at 40, were washéd'three times with an ammonium

sulfate solution of the same concentration and were_then

dissolved in 2.0 ml. of 0.1M phosphate buffer pH 7.0.

(x1i1) Calcium Phosphate Gel Fractiomation

Calcium phosphate gel p:eparedAfrom calcium oxide

;nd phogphoric acid by-tﬁe-method of Swingle And Tiseliusl39_
was donated by Dr. D, Williamson. Calcium phosphate gel

pH 7.0 (4.0 ml.) was added to_# 1 ml. aligyot of E. coli B
cell ‘extract (dpprgxiéately.aomg protein/ml) prepared im

imM phosphate buffer pH 7.0. The suspension was stirred occas-

ionally on ice for 30 min. and was then centrifuged at 5,000 x g

. for 10 min. at 4°. ~The 1mM ﬁhosphate buffer protein fraction

\.
Aqu

Ammonium sulfate fractions of E. cobi B cell ex-" .

S



1 - - \ .
was decanted and kept. To“tpe calcium phosphate pellet
. U . _ -
was added lml. of 1M phosphate buffer pH 7.0 and a IM

phosphate buffer protein fraction and a caléium phosphate
“ . ~ .

gel pellet were obtained as described above.

-t 1

Y
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RESULTS AND DXISCUSSION

A. TIdentification of Phquholipasé D Activity in E. coli
Extracts _ i

\ v

.

Iﬂ the initial stages of this study conditions

for studying cardiolipin hydrolysis-wgre arbitrarily chosen

although preliminary work had in&;::;;E-zh;EEﬁirement

73,74

for ATP. As the results in Figures 5 and 6 show,

CL was not hydrolyzed by the cell-free spniéatg of comm-
ercial:E..caii B whgn EDTA was'addedlfo‘the assaf.'

Wheﬁ H;+§16ne was included, a élightlhydrolfeis of CL
was observed. However, significant hydrolysis was observed
ohly in the presen;e of both n§+ and ATP. One of‘the
hydrolysls products co-cﬁromatographed wifh authentiec

PA in systems 1, 2 and 3. T§e‘other r;disactivg spot
reacted p;sitively with periodate - Schiff stain and co-
chromatographed with pure E. cof{ PG in the same systems.
The labelled CL ran together with beef heart CL but
oc;asionally contained a slight\hﬁﬁhg; (leas than 1—225

32

of (T"P)-labelled PE.

The identity of the enzyme hydrolyais products

of CL were further verified by analysis of théir deacylation



FIGURE 5 -

Autoradiograms of lipid products obtained by
incubating (SZP)-labelled CL with homogenates

- of commefciale. coli B eells in theyprasgnce-
(A) EDTA *ATP and (B) “Mg**+ aTP.’ |

Deveiopment was'first_in the horizontal dirqééiqn
with system 1 and then in the vertiecal diéection
with‘syétq# 2. The gsolvent f;on;s &ere‘the'
‘extremities of the autoradiograms. The basié
assﬁy’cbﬁtained in Zml., 0.;M potassium phos~-
phatéﬂbuffer pH 7.3 as solvent and diluent,

E. coli cell—f:eehsoﬁicate (3.9-4.0 mg protein)
and Sunmoles of (32P)ecardiolipin (59,000 DPM)
dispersed in buffer by sonication. When specified,
2.8 mM ATP, 10mM MgCl, and 30mM EDTA were added.
Incubations were for lh. at 37° and reactions

were stopped by lipid extraction.
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FIGURE 5 (B)
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FIGURE 6

A}

"Autoradiogram of lipid products obtained by

incubating (32P)—cardiolipin with homegenates

_ of commercial E. coli B cells in the presence

F 3

++ :

of Mg and ATP. Development was first in the
horizontal direction with system 1, and then
in the vertical direction with system 3, The

solvent fronts were the extremities of the

'Eutoradiogram. The assay conditions were the

same as those described for Fig.5..
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;
products (Flg.-7).' Mild alkaline h}drolyaiﬂ'of the total
lipids eitractéd from 1ncubatibn mi;turea confaining-ATP

and Hg++ yielded dif(slycerophdsphoryl)-31ycgrol, glycero-
phosphate and glycérophbaphorylglycefol as the 1abélle&
prqducts.’ Thg identity of these compounds was ascartained

by co-chromatography with the deécylated products of pure

E. cold CL, PA and PG réapectively. Oécasionally a slight
contamination of the labelled CL by labelleﬁ PE resulted in

the detectiqn of trace amaunts.of glycefOphoaphoryiethénolamine
(GPE). BExcept for this occasional PErcontaminant, the oﬁly
1abélled'deacylation product'obaervéd.from'the total lipid
extracted from incubation mixtures containing EDTA was

)
di-(glycerophosphoryl)Tglycerol..'

The ATP-stimulation of CL hydrolysis by extracts
of commercially obtained E. cofi B could not be readily
duplicated with extrac#s of freshly grown E. coli B cells.
As ;he_results in Tablé 2 show, the addition offﬁégneaipm alone ~
proﬁﬁced maximum hydrolysis of CL wheﬁ fresh celia were used.
No hydrolysis ocmnfed‘with ATP alone and the additicm of ATP
plus ﬂg++ showed the same effect as Mg++ alone. However, if
the extract from fresh E£. cofi. B cells was frozen:and thawed
several times, little hydrolysis bgmn#éd in ghe presence’ )
of added M3++ alone. Enzyme"acﬁivity in this case was

c : +4+
dependent on both added Mg and ATP. This ATP effect

wa‘é, however, more marked if commercial E. cofi B cells were ,uaed-.

b
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Autoradiogram of deacylated 11pid products -
ohtained by incubating 32P-1abelled CL with

E.cofi homogenates in the presence of (A)

EDTA.and (B) Mg** + ATP, The assay conditions

were the same as those described "for; Fig. 5

L]

~ FIGURE 7.
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These results eeteblish unequivocally, for the
first time, the ‘presence of a phoepholipaee D in E. cofi.
This enzyme hydrolyzes CL the.products being PA and PG.

Similar activity has been detected in cell -free eonicetee
L ] 1

of Haemoph&tua pmunﬂluenzae ‘under slightly different

conditione 120 121 In both eases{ however, ddded Mg

is a requirement for enzyme activity and both enzymes
. Y X

~

are active at a similar PH (7.3 in the;ceee of E, cal&and ’.

7.5 id the case of H. pa&a&nﬁtuenzahl ATP did not const-

. itute a cofactor requirement for H. «parainfluenzae enzyme’

although in-this case the effect of nucleotides was not

.tried The -enzyme from H pana&nﬁtuenzae was similar to

the enzyme found in freshly prepared E. cofi B extracts.

However, as the results summeriged in Table 2 show, ATP

»

stimulation of phoepholipase D in E. eo££ sonicates was
\
demonstrablebin fresh preparations that had been frozen and

thawed or in preparations from commercial celle that were

obtained in a frozen state. This treatment l}gsly de~
creased endogenous levels of ATP or else revexsibly in-

activated an @enzyme reqniring ATP in vivda.
- ° S .




B. Studies on the Propertias of Crude EtgaLt'ﬁhospholipase D

-

(1) Optimal Conditions for the Hydrolysis of Cardiolipin by'

"#\‘1\ Phospholipaae D
-

As,F%gure.B shows, the hydrolysis of CL. by the

_cell-free sonicate.of commercial E. ¢ofi B cells was linear
up® to iS min., of incubation: The rate of the reaction was
aiso linear with protein concentrations up to 400 ug of
protein (Fig. 9) Results in Figure 10 indicaéé thatpﬁ
hydrolysia occurr@bniywithin a narrow pH range.. _The'.

. curve diaplayea opﬁimum at pﬁ'ﬁﬁo while no activity

whatsoever pcmnxed selow pH 6.2 or above pH 8:0. The

enzyme activity. at etfﬁef pR 7.3:0r 7.6 d4id not change 1if

Tris~BCl buffer was substituted for phosphate buffer.

As the Lineweaver-Burke plot illustrated in Figure 1I™

shows, the Km for ATP is Squ.'q”Thé oﬁfimal concentration ™

of ATP ﬁ;s found to be about OLSmM‘but_no‘inhibition
| occurred with highef concentrations of up to é.Qmﬁ under the
‘assay conditions used (Figure 12). Maximal hydrolysierbf‘

CL qccurfd.at concentrations of,M3++ that were 8uoM or
'higher}while nernzyme activity was 6bse;v§d in the absence

of Mg++ . The Knm- for Mg+f‘waa 5.0nM as determined from the

.

Lineweaver-Burke plot in Figure 13. Under optimal cofactor

conditions, the rate of hydrolysis of €I, increased with

8

¢
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FIGURE 8

Time course of the hydrolysid'of ca:diolipin‘by

'E. cofl phospholipase D. The incubation mixture

A

contained 4n 2ul. final volume, 0.1M potassiun
phosphate buffer pH 7.0 as solvent and diluent,
Aumoles of (S2P)-cardiolipin (20,000 DEM) ¥
sonicated in_buffer, 2.8 mM ATP, 10mM Mg++ and
E. coli preparations 0.4 mg protein). -In the
control,-SOmM EDTA was subétituted for the'H§+T
Incubations were at_37° and the-reactions w;re )
stopped by 1lipid extraction;' In this study and‘
for-all othér agsays éxcept.when indicated
phospholipids were aeparateﬁ with system 4,
The radicactive bands were then acraped into *
vials and counted. -

-

* cell-free extract of commerc;al cells

r
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FIGURE 9

The effect of protein concenfration on' the
hydrolysia of cardiolipin. The enzyme assay
was the ssme as that‘deécribed for ¥ig. 8.

IncuhacionS'weré for 15 min. at 37°.
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A

FIGURE 10 .

the.effégtfof ﬁH_on the hyd;olysi% of cardigli;in.
The incubatign mixf;re contained in Zﬁ;. ﬁiqél
volume ,4:nmoles (32P)-card161ip1n (20,000 DPM)
sonicated in appropriate buffer, 2.8 mM ATP,
gﬁmM Hs e and é coli cellfree sonicate. In
e pH range 6. 2-7 6, 0.1M phosphate buffer was

used ‘as solvent and’ diluent.JEBelow this range
the buffer was 0.1M acetate and above this range
the pH was maintained with 0.IM Trie-HC1l. The
latter buffer was also used at pH 7.3 and 7.6

in place of the phosphate buffer. Incubations

were for 15imin. at 370.
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FIGURES 11 and 12

Effect of ATP‘concentfation oﬁ the ?nté ;f h&dfb;ysiﬁ
of CL by E.cof{ phospholipase D. The assay )
conditions were the same as those descfibed fﬁr:
Pigure 9 éxcept that increasing coneentrdtions'

of ATP were used.
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(i~ /mg/min) -
wn

.EBffect -of Hgﬁ' concentration on the
fate of hydrolysis of cardiolipin by
E. cofi phospholipase D, The assay
conditions were described in Fig. 9. -



’

substrate EOncentration. ﬁowever the kinetie'parameters"
-could not be aocarately detetmined in this'eaee becauee‘of
an apparent inhrbition of the enzyme at ﬁdgher eupetrate‘
concentratione (Figure 14) ~ An extrapolated vmax value
of 64pM CL hydrolyzed per min. per mg protein was obtained. —_
Experimentally the Vmax value was obtained at 5 ‘8mM eubstrate.
,a';The unusua}_kinetibs may be due in’ part to insolubility of
the eubetrate which at higher concentrations probably
aggregates iﬁto.larger micellar atructuxea; a'pyen;menon
which would decrease rta aeeessibility to the enzyme and
could prevent enzyme Rh}exing with remaining nonomeric
substrate, Unfortunately, as will bde illustrated ehortly,
dispérsion of £he substrate with detergents did not 1mprove”
the assay conﬂitions;since the'enryme”was sensitive to

-

surfactants. ' ok

(i1) Effect of Nucleotides

'L’WhEn various nucleotides were teste& with dialyzed

F ]
preparations, ATP and ADP stimulated the reactiion most

.|i~

effectivq;y (Ta§se 3). GTE, CTP and UTP were “leas etim—

N,
ulatory. ' CL was’'not hydrolyzed when ATP was substituted

Y

Y .
by TTP, .any of the mononucleotidesd or dinucleotides other

/

than ADP or by cyclic AHP or phoaghoenolpyruvate. These .

results indicate a marked preferenee by the enzyme for ATP
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EFFECT oF NQGLEOTIDES ON PHOSPHOLIPASE D ACTIVITY

IN DIALYZED ENZYME PREPARATIONS

M |

R

':'\TNucl“eot'i‘dé' ‘ : Cardiolipin Hydrolysis
' . ' : pu/min/mg
ATP ' ;o | 60
GTP ‘ ' S | 35
s S 17
uTE. B 13
TP R S o .
_ ADP SR . ':‘ix\ s ”
LGDP . . T S B
. cop | a L g "
A %.UDE . T R o,
e .= .0
| eup -  ' py SR
cup 0 _
- UMP | : - . oM 7
' CYGCLIC AMP | ) S 0 |

'PEP

.\_
o]
.

+

\ &

The aaaﬁy conditiona ﬁere lhe ;ame as oee described
for Figure 9 except that a dialyzed E“ coli cell-free
extract (0.4 mg protein) was used and the above !

nucleotides (2.8mM) were substituted for ATP.The cell- .

free extract was freshly prepared. - !
AT U g
* . . ’ -
)

LA
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E7 as nucleotide cofactor as well as the likely involvement

of.%dﬁhyla;e kinase in the kk\éol& ex;f@ct‘wh;éh would

expla;B\Fhe atimulationlby APP.Admnﬂaté_:&épgse activity
~ was slso dadqced"from.{he fact that in non—dialyzedlﬁre—

'paratidné;,ﬁgc;uoﬁida specificifyiwas not apparent and

alllfha f;;qﬁéie6tides except TTP could stimulate phos-
: phoii?gée;D—asti§ity edually‘well (Table 4). -

(111) Effect of Cations and Detergents -

E]

‘i ‘ :

A ;
L i . : :
As shown earlier, phospholipase D - mediated hydro-

iysis of CL is stimulated by increasing amounts of Mg*‘
' +
Mn ¥

up to 10mM (Table 5). In the presence of luM Hg++
- .

a

. ; )
further stimulated the enzyme although not to the same.

. : T+
extent as an equivalent amount of Mg . At a concentration

+ ' . .
%f imM, Co.’ stimulated phospholipase D activity but at

- ~a higher concentration there was a lack of stimulation

. ) ++ ’ : R
above that seen with ImM Mg . Of ‘the other. cations tested,

++ ++ +++ : >+
Ba , Ca and Fe showed no additive effect. Zn inhibited

++
enzyme activity by about 50X while Cu 'and EDTA causgled

‘complete inhibition. o
- e o

fhe three .detergents tesrga;'deium dodecyl sul-
. ] . -u ' .
“fate, sodium deoxycholate and Triton Xé;:B were all strongly
-inhibitory (Table Sf. T | o ‘Eﬁ ¢

T .

. D H'. ' N

L")

o

L

-
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’ TABLE 4

. EFPECT OF NUCLEOTIDES ON PHOSPHOLIPASE D ACTIVITY

WITH NON- DYALIZED ENZYME PREPARATIONS -

Nucleotide T Cardiolipin Hyd{olysis
_ pm/min/mg
ATR - ' - 60
'GTP ' - . s8
CTP o | ' 58 .
" UTP ) S : 55 &
ADP ‘ , L 51
CPP | , co- 19

The assay condition were the same as those described

for Figure 9 except that aifferenc nucleotides (2.8mM)
were substituted for ATP.

L
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 TABLE 5 BN

EFFECT OF CATIONS AND DETERGENTS oN E. coli PHOSPHOLIPASE D

Additive ' Relative Activity

Triton X 100, 0.07% w/v®

none (mo Hg++) L .- 0 @
Mg, 1 mM | - 1oo"
3 mM - 170 ~
10 mM 220
- Hn+h, 3 mM S ' 140 ‘
s 10 wM ' 150
fi:f*, 3 mN 150
10 oM ‘ 105
Cu ™, 1 my | o
Zn ', 1 mM o 27 ~\ ~
Ba ', 1 T a3
Fe '\, 1 oM 45
ca v, 1 uM : | | 43
EDTA, 30 umM . 0
Sodium Deoxycholate, 10 mM 9
Sodium Dodecyl éulfate, 20 mM 6
8.

P

The incubation mixture contgined in 2wl final volume,
0.1 M phosphate buffer, pH 2.3, 4 nMoles of 32P-labelled
cardiolipin sonicated in buifer, 2.8 mM ATP, 1 mM Mg** and
- E. coli cell-free sonicate (0.4 mg protein), The basic
‘asaay'was complemented with the - above additives of dea- .
cribed concentrations. The rellative enzyme activity of -
the basic assay was 60. The cell-free extxact was not
dialyzed. ' -

- - | R PRt
C . S oo
; . ‘ . ‘ o e _ 2
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(iv) Substrate Spégifioity of the Phospholipase D of E. COL@

{

.
T

The phospholipase D in cell extraots‘oftcommeroially
obtained E, cofl B cells did not hydroly:e either PE or ¥ .
PG under conditions allowing CL hydrolysis (Table 6)
Neith€r were these phosphoglyoeridoo attackod by varying
those conditions. For exanple, no'RA was produoed from
either PE ' or PG at pH 7.0 in the presence of Mg * alooe,
ATP alone or without either cafactor. - Varying the pH |
from 4.3 to 8.0~also had no effect. When Mg++‘wos replac.d -
by CoH-over this same pH range, no phosphalipase D hydrolysis
&Hf PE-was observed. All-of the results io this study wefe

duplicated with preparations from freshly grown cells.

H
‘

(v) Subcellular Distribution of the Phospholipaae D in
EJ cofi Cells™

In the case of freshly grown E. cofi B cells,
the phoapholipase D was found in the-supernatant fractio
affer centrifugation at 100,000 x g and 200,000 x g (Table 7).
No activity whatsoever was observed in the 100,000 x g debris.
and only slight actiylty-was oetected in tthZO0,000 x g
dobria. However, the enzyme activity_decfeasod with success-
ive cent; ngation steps so that éhe 209,000 x g supernatoot
contaiﬁégfonlf a third of the activity originolly present

in the 3,000 x g 'supernatant. This decrease in

enzyme octivity'cou1d°poaaibly'be due to gﬁé loss of some
) : "

L]
*
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TABLE 6

Suhstrate Specificity of the Phospholipase D in E, cofi

‘ Cpndifions ' Z Initial Counts

'PE PA | P6 PA | cL PA PG
1
~ 4 ' )

without Mg or ATP S8 .2 99 1 98 1 -1

++ ' i
Mg 97 3 99 1 70 13 . 17
arr . Loy 3 97 1 fer 17 2
Mg+ ATP | o8 2 |98 2 |68 14 . 18

. 3
pH 4.3 98 2 | 98 2 98 1 1
5.0 97 3 | 98 2 98 1 1
. -
6.2 B 98 2 | 97 3 98 1 1
7.3 NETHE fes 2 [T om o
8.0 92 2 (S 98 2 98 1 1
.// - r . hl.

) ; -
a : ‘J

The assay conditions were the same‘ag those described for Figure O~
. except for the buffers which were varied to obtain different pH.
These buffers are those stated for Figure 10. Where indicated
20,000 DPM of the substrates were used upon sonication in the
appropriate buffer: (32P)‘-Cl Sp. Act. 2,2 Ci/mole), (32p)-PG
(Sp. Act 0.86 Ci/mole) and (32p)-PE (Sp. Act. 4.65 Ci/mole).
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- TABLE 7

' gubcellular Distribution of Phospholipase D Activity
In t. coldi B Cells '

E. cofi B Subcellular fraction ' Total Activity

mM/min
Freshly 3,000 x g supernatant - 25
Grown * 17,000 x g debris . .0
100,000 x g debris 0
100,000 x g supernatant 13-
' ’ 200,000 x g debris -1
200,000 x g supernatant . 8 v
Commer- 3,000 x g supernatant - 20.
cially -+ 17,000 x g debris 1
Obtained 100,000 x g debris- - 1
* 100,000 x g supernatant =~ 17
200,000 x g debris - 1
200,000 x g

supernatant 1

The aséay<conditions were ‘the yame ag-thoge described
for Figure 9. All subcellular ‘fractions wePe._assayed
for activity using protein concentrations of 400 ug.
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required cofactor or protein to’ the debris or_ to autolyaia

. At any rate,'thia component would have to be non- dialyzahle

. aince reaulta illustrated in a later aectiqn show that no

loss of activity is observed as a consequence-of dialysis.

Further work on the reconstitution of the subcellular *

fractions will have .to be dbpa to clarify this point.

A similar distribution of phospholipase D activ-

1ty was aeen with commercial E. cofi B cells, Ttace

'activity waa observed in each of the debris fradtions but

the major part o% the actevity rema}ned in the supernatant

: ffactiona. Again, centrifugat*on decreased the phoapholipaae

D activity as only one half of the activity in the 3, 000 X g EE
supernatant, remained after centrifugation at 200,00{ X g. S w
It aéama that although freahly‘growﬁ cells and commercially

obtained cells had a differéﬁt,requiremeaq for ATP, the dis-

. tribution of the activity was identical in both these

sources of enzyme. his'meana that if ATP activation in-
volves an enzymatde hemicallmodification of phospholipase

' the enzymea'promo ing this modification are distributed
in the cell in a manner aimilar to phospholipase D (i.e.,they

are also soluble).

it

(vi) Fractionation of Cardiolipin - Hydrolyzing Phospholipase
D Actdvity from.E.leoZI Extracts

In preliminary experimente, ammonium sulfate fract-

L &
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“{fonation was tested as a meané‘of purifying the phdsphoi-
ipase D acti#ity of E. cold ., The ?nly aﬁmdnium sulfaté'
fractioﬁ to contain significanf phospholipaée D’acti?ity
‘was the 36-Sdf'saturated'fraction (Tabié'&). This fraction:
'comﬁriséd only AOX‘éf the origihal prote%n but unfortunately
tﬁe spacific activityiof the phospholipaée D was only
abou;rdne half‘bf the corresponding valuelfor the enzyme

in'thé 17,000 x g supérnatant of commercial E. cofi B cells.

Similar results were obtained if  the protein ig
thig 17,000 x g sﬁpernafant was fractionateﬂ fromacaiciﬁm;;ffﬂ.
phosﬁhate gel by sequéﬁfiél elution wiﬁh'incfeasing qon-  N
centrations of phosphate buffer (Table 9). All of the
phosﬁﬁolipaaé D activity was found in the fréc;ion eluted
éith 1 M buffer. This fraction contained only-302 of the
original protein but the apecific'activity wasg again about
one thir& of the original activity. This loss of activity'
was prevented ‘if the fractiomation waa'perfofmeﬁ in:the

presence of dithiothreitol. 1Im this‘caae the specific
activity of the phospholipase D in the 1 M buffer fraction
was double that of the original value. Glycerol was also

*..effectivé in protecting the enzyme activitf althoughnot to

‘ the same extent as DTT. : -

\

The results of these studies indicate that E. cofi.
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Ammnium Sulfate Fractionation of Phospholipase D Activity
" From E. 0,0-a

“—l
Amponium Sulfate Fraction - Protein Concentration  Specific Activity _
(X Saturation) mg <, PM Hydrolyzed/min/mg
. 0-35 22 S 6
36-50 . 56 f . 35
51-75\ SR s

~ .
76-100 - 36 0

' . - ‘ '
The assay conditions described for Figure 9 were used. The starting mfsterial
,was 140 mg. protein of the 17,000 x g supernatant of commercial E. @ B.cells.

. ‘The specific activity of the phespholipase D in this pr aration was 7¢ pM
CL hydrolyzed/min/mg protein. \i

4
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TABLE ‘9

1)

Calcium Phosphate Gel Fractionation of Phosphoiipase D Activity

s

Protein Fraction Protein Concentration Engyme Activity =
< : : . pM CL hydrolyzed/min/um
17,000 x g superﬁﬁtant_of _ ) ) ST
commercial E. coli B cells - 30 . 70
‘ ‘ ' . . W .
1 mM buffer fraction o 6.8 K 0
1 mM buffer “fraction+ DIT : - 6.8 | 0
. ) AJl " ) -'
-1 mM buffer fraction+ glycerol ‘ 6.8 A 0
| ‘ &
1 M buffer fraction *9.4 . .37
1 M buffer fractiom«+ DTT . 9.4 . ‘1351
~1 M buffer fraction+ glycerol ¢ 9.4, . 80
calcium phosphate gel after : ’ o ) )
‘-.elution with 1 M buffer 13 . : 0

The assay conditions described for Figure 9 were used. Where
indicated, dithiothreitol or glycerol was added to the calcium .
phosphate gel and to the buffers to a final concentration of
0.5 mM and 20% respectively.

e Q.
S .
¥
- l/) -
) .
* {
L —
A
. ' &\ B =\ . B
\c‘ .
s 7 M
! ui.. '
ke . o
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found {n H. paﬁaénﬁtuenzae.lzo’lzl.‘Both enzymes are depend-.
. . . . . . at . W .
. . ) + .
ent on high Héhh concentrations, the Km for M%* for

the H. ,paliainétuenzae.-pho'spholipase D t;a;rig, 1.3mM and
the corresponding value for: the E. coli énzyme being S5mM.

.Since the cﬁlbulated.soiuble Mg*+ concentration in E, bé\//é f\
is AﬁM,lbo the enzyma could function to near maximum cap-

acity in vivo. Indeed, high Mg ** concentrations arq re-

quired_by ;thar'E. cottenzymes such as DNA pclymef&seléll

142

or. tha amino acid-activatiug enzygea. The divalent éation

requiremant of both. phospholipaaea D could be satisfied »

to some extent by Mn ' uqd‘Co e (s;imulation cf phos-
pholipase D by Co +was also oBsefved fﬁr the en{;mg from
Streptomyces hachijoensis) . 123 ghe fact that Ca+++h‘as no
gffect on the bacterial enzymes clearly distinguishes theae
+ from the pla%t phospholipase D, Also, thg PE optimum of
5.6 for the plant enayme differs from that for both the’- <@
E. coli enzyme which is 7.0 an& the H. parginfluenzae

enzyme which is 7.5.

The E. cgqld phoapholipase D exhibits the same strict
Qpecificity for CL as does the enzyme from H. pana&nﬂiuenzae.
Neither PG nor PE was hydrolyzed eithqr under the conditions -

for CL hydrolyaia or under altered conditiona. Metals such
++ e w -~ .
as Cu and Zn markedly inhibited both enzymes as did-

-h

EDTA and sodium dodéeyl sulfate.” However, Triton X-100

oS

. /' ’




. — .
‘end sodium deoxycholi%t both had 1itt1e effect on the

H pa&a&n6£uenzae engyme ... and could Ve ‘used -to
e

solubilize substrate. _ This fact nay aeceunt for
the apparently greater activity of the H. pa&a&ndtdﬁnzae
phoéﬁﬁolipaaeﬂh:“This latter enzyme has a specific activ—l
ity of 20aM CL hydro}:yzedlmin/mg protein whil,e the E. coldi

eéayme dieplays subetrate inhibition and thus maximal -

Ny

" values are more than 100 fold smaller than those for the .
H."panaiﬁktuewiie, enzyme, Because oflthe required
differences in’ aseay proceﬁurea and the substrate inhibition
however, the activities of both' these enzymes could not bam

‘be ‘accurately compared.

< ’ -
]

‘In their studies on the cerdiol%pinfspeeifie

phospheliﬁase D of H. parainfluenzae s Ono andHNhitelz;,aid."

not describe any nucleotide dependence of ‘the enzyme.
. f ) -
However, they did Ri:d from in vivo ekperimenf“tﬁﬁt’th‘
F .
inhibﬂmors 'of oxidative phosphorylation, 3,3’ , 4,5 \\_,/

tetrachloroealicylanilide[—-TCS) agnd yparbonyl cyanide m=-

[
chlorophenyl hydrgzomne (m-CCCP) blocked the hydrolysie

| ]
of CL, 143 Therefore;- phoapholipaae D activity in that
: bacuuium appears to be linked to energy metaboliem. In

E. coli, a defig;te requirement for ATP has been ehown'

/ 5 P g,

; under certain conditions and thié requirement can.be °; J"#
SRR N
aatiafied g;gy by ADP- and- ATP. the ADP acting through .
- . : . ) n
. . .n .‘ [-w . R . j r

e
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the prbbhble nadiation of adenylate Einasa.
\ )
; The cardiolipin—hydrolyzing phospholipase D
}

from E. co£4 appears to be a soluble enzyme. being found in
the 200,000 x g supernatant'frqction. In this respect it

“differs from the H. parainfluenzae enzyme which 1is 1bcated‘

in the 25,000 x g debris ftaction.llg'

Ly
K

The £. cdold enzyme is recovered in the 36-50%"

-ammonium sulfate fraction and als¢ in the protein fraction

€luted from calcium phosphate gel with 1M phosphate

F :
buffer. . These fractionation procedureﬁ, as well as subecellular

*

aep&%ations, cause a decrease in tye specific activity of.
thgwﬁhospholipase D. BHowever, retention of activity after
calecium phosphate gel fractionatidn-is.achieved by the
additica of'glycerol as. was found for the purification

of peanut phosppolipase D.ll0 The addition of DTT during
:th§€ fiaﬁtionation';;ocedure also affords a further pPro-
tection of the enzyme implyiﬁg the-inv01VEmeﬁt of sﬁlfhydryl
groups in the stability of the phospholipaae B. The’ stéb-
ilizing effect of DTT on phospholipase D activity has been

observed for the cabbage enzymeflos

3 .

C. Further Investigation of the ATP-Requirement of the
"Cardiolipin-Hydrolyzing Phospholipase D of E. COZL

As previous results did show, _the phospholipase D

; L T
. Lo )
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) fron E.‘CO£i can be shown to have an ATP-tequirenent by

either freesing and thawing - fresh celle several times or

Z 'by uling conmercially grovn cells that are obtained in a

froian atste. By further defining the methode by which
‘an ATP effect could be shown in fresh eelle, it wag- hoped
that the mechaniem of ATP intervention could be elucidated.

.

-~

,k?(" The results in Table 10 show that dialyeie of
freeh cells by iteelf did not enhance the nucleotide
dependence of the phospholipase D, .Host of the egdogenousnl
nucleotides were removed by dialysis. As a cbetfol,

200,000 DPM of (32P)-7-Afb”here-dialyzeﬁ under the same

- conditions as the ce11~e:ttec€‘and 92% of the‘lebel was .

1 .

B

- a]jmin.preincubation in the presence of Hg prior th;he

B

lost to the dialyzing buffer. Such dialyzed preparat%&re

could develop a nueleotide requirement when subjected to

‘additiou of substrate. Preincubation ofmundialyeed prepar-

.ations in the presepce of Hgfffor.longer perioP¥ Che.,lh.f
‘ ; . T

at 37° or their storage for periods over a ﬁeek at 4°

¥

Vproduced,eimilar results, Preinifbation without MéHf did

Bot p%pducejen ATP .effect. Therl was considerable loss of

. _ ‘ o
- activity (approx. 70%) -however, if preincubations at 37
. bere prolonged for an hour or more but shorter preincubations

were effective only with dialyzed preparations, The loss of.

: ) )
activity 1s probably due to general proteolygia . - - i —
- ‘ ‘
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Q\tudy of thé ATP-Requ:lrement of the Phospholipaseln

\ .. in Freshly Prepared £. ¢0fiL Cells
. ' . . - L . N
Treatmént of Enzyme : Assay Conditions -
) Mgt Mgtt+  ATP
Nl o (X Hydrolysis)
¥Without ‘Dialysis or A
Prsincubation . > 36 - -
Dialyais ‘ ) 6 - Al@
Dialyais + Preincubation: .
io,r 15 min.: with Mg*+ - 5 s 1
*eincu‘bation for 60 min. ,
© Without Mg 13 15
Preincubation for 60 min. ,
“With Mg*¥ : 3 14

! Ca . ‘ - 1 Lt
- M [ .

\ <

The assay was the same as that described for Figure 9. s
Where indicated, before the assay, the 17,000 x g super-
natant of an E. coli B cell-free extract was subjected
to either dialyais’and/or preincubation for either .
15 min. or 60 min. or both. When preincubation was Sy ‘,L
performed with a&ded ].OmH Mgt ,; Mg ++ was ‘not added

5 for the assay. The cell-free extract was freshly prepared.

.




..attacking phospholipaae D and othcr proteins. ‘The phos=-
pholipaaa D activity of dialyzed preparationa was not stable
and most of the\activity was lost within a week even at

- 0° otorago. : |

Another attempt to elucidate the mechanism of .

ATP atimulation consisted of trying diffetent conditions

i'which would abolish the ATP effect in commercial cells,.

To do thic, the- 200,000 x g supernatant of sonicated

‘counercial E. cofi B cells was preincubated under vari?us

conditions and was then subjected to ammonium sulfate
fractionation. The 36-50% saturatcd fraction was retained

" and was assayed for ccrdiolipin—hydrolyzing phospholipase
D activity with and without added ATP. |

" As the results in Table 11 show, the phospholipasei

.D_acti?ity in the 36~50% saturated ammonium sulfate fraction
required ATP for activity as was the case for;the high-speed
supernatant fraction of the commercial cells. _Howevcr, if
the 200,000 x g supernatant fraction was preincubated for
15 min. at 37°‘with'either_ATP alone-or Hg++ plus ATP
befote the addition of substrate, the corresponding 36-50Z
ammonium sultate fraction did not exhibit an appfeciable
ATP effect. ircincuhation of' ' the hiéh-specd supernatant
fraction with Hg++ aione completely eliminated phosé

pholipase D activity.



. . Copditions affectin
e Y  ** Phospholipase D from Commerical

' ‘Conditions Enzyne Aﬁtivity
- ' PM CL. hydrolyzed/min./mg. protein
® : — )
: | Mg Mg™Y ATP
. £
200,000 x g supernatant of E . . ‘
commercial E. coli B cells (A) y 5 55 3
36-50X saturated ammonijum . o a
sulfate fraction of (4) 3 38
36-50% saturated ammonium .
i, sulfate fraction of (A) pre- : ' '
incubated with ATP . _ 21 29
36-50% saturated ammonium - -
sulfate fraction of (A) pre-
incubated with Mg++ 0 0
36-50% saturated ammopium
sulfate fraction of (A) pre- ) :
incubated with Mg*®+ATP . 22 5 28
) i

Cardiolipin~hydrolyzing phosphviipaae D activity was assayed under the

standard conditioms. When indidﬁtedﬂzﬁ“mgl'ﬁrotein of the 200,000 x g
'7supernatant of sonicated commercial E. cofi B cells was preincubated
{for 15 min. at 37° with 9mM ATP and/or 34mM Mg** . The 36-50%
'saturated ammonium sulfate fraction was then obtained and 400 ug

preotein was aassayed for activity in the presence of either Mg++ or.
- Mg*f+ aTP, : -



v

To\further 1nveutigate the role of ATP in the

phospholipnae D-catalylad hydrolysis of CL, 1abelling of

. the 200,000 x g supernatant fraction with ( G)—‘or ( : P)-Y.f.-.'_

- labelled ATP was attampted (Table 12). However, in either

case, relatively 1ittle label, was incorporated in the

36-50! ammonium aulfaté fraction after,incubation with.the‘

" corresponding labelled ATP. Since this incorperation was

not appreciable'and because of the expehse of Iabelled "

ATP, this line of investigation was Qdﬁciﬁded; ,

,i::ggﬁfe was no labelling by ATP of either Ci or itQ.
Hydrolysis products under the assay conditions used.fof
phospholipase D. The ‘label from 5—30uﬁi'o£7<32P)4€7-AIP‘
was not found in any of these phospholipids.after iﬁcub-
ation with cold ATP, Hg+* and a cell-free extract undef
the usuval assay concentrations. |

\\.. .

The results of Table 10 show that the Cf-hydrolyz-
ing phospholipase D in cell-free éxtracts of freshly prepafed
E. cofi B cells can, under certain coudi£ions be made to
exhibit a Tequirement for ATP. Removal of endogenous ATP

by dialysis alone had no effect on enzyme activity. However,

. a nucleotide requirement became evident when dialysis was

conpled with & preincubation period of 15 min. at 37°.

. These results auggest the preaence of active and inactive

".\\.
. -

Pl

" forma of phospholipaae D.

o
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'TABLE 12

Attempt to Label a Phospholipase D-Containing . -
Protein Fraction with Labelled ATP

'
\

" Protein Concentration Cofactor DEM in 36-50% sdturated
(mg) - .ammonium sulfate fraction
W - 25uct(%p) - ATP . 926
v ' L . -
O M- 1383

N

Aliquots of the 200,000 x g supernatant of sonicated
conmercial E. coli B cells were preimcubated for 15 min.
at 310_iith either 25uCi of 'y-( 2P)-ATP or luCi of

(g-1 C)-ATP, The 36-50% saturated ammonium sulfate = =~
fraction was .obtained and was counted in PCS.solubilizer,

»

s
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f:fgk_.; Tho f.et that dialy:od onlyno waﬁgnot stinulatod
Hiby added- ATP is notovorthy. Ono can anggeat aeveral exn
_:planationo on - this baoio. One possibility is that ATP

'doao not act as an ailoatofic offootor or if it does. it
:bindo very tightly to- the _engyme. So iong as the en:yno

{s saturated with endogenous AT? in this way. an exosonoua"
ATP requirement would not ba demonstroble. An alternative
explanation is that ATP diroctly oe:veo in the ohenical
modification of the onnyné.fernylationlor phoophofylation)
or is in some way indireo;if_involved.in a proceéss producing
a relatively long lasting offeot“on the enzyme confdrmation.
Tho preincubationistudies seem-oo indicate tnat there is

a Mg++ - dependent; progably enzyme catalyzed inactivation
of phospholipase ‘D which can be partially reversed by ATP

- addition. The non-reversible inactivation is probably

-,

due to autolytic proteolysis. ° -

P The reoults in Table 11 unfortunately do not el-
iminate any of the abowe mentioned possibilities. -'When
extracts of commercial oells were preincubated with either
ATP or ATP plus Mg +, the: phOSpholipase D found in the
suosequent 36=-50% aaﬁunated annonium suifate precipifate
did not require ATP. for activity. Preinonbation may have
resulted in a tight binding of ATP ‘aot removable by ammonium

_Bulfate precipitation or it may havo favored a prooess



similar to adenylation or phosphqfflitian.

v . } . L . . \
Y

The ammonium sulfate pchiﬁitnﬁa of. non-preintubated
supeQn;tant'did rasponﬁ to ATP aﬂdition;'~This res#lt in-
dic;tes that either the effect 6! ATP‘is'éilostaric or there
is co-prgéipitation with phoapholipaae D, . of an enzyme
system using ATP ‘as aubstratg which serves to activa:e the
'phospholipasa D. As can be apprqeiatqd, the pilet exper-
iments which were designed to halp revesl the‘mechanis?
of ATP aetion were not completely successful. fhe‘reSulta
are compatihle with a tight bindiug of ATP to the enzyme
or & chemical modification of the enzyme resulting from -
the appfopriation of an ATP group. In either case it is
cléa:,thac the enzyme exists in an active and inactive

form and that the engzyme is in some way ATP regulated. g

D. Breakdown of Cardioclipin by Tranaphosphatidylation in
E. cofi Extracts

’

[

Evidence summarized in Table 13 reveals that.CL
breakdown occurring in dialyzed cell-free homoggnatee or-in
the 100,000 x g supernatants of E. coli cells greatly
favored PG production over that of PA when glycerol was
added to thé medium. The ratioc of PG to PA inergased.with

increasing concentrations of glycerol.'”_w



-92-
' c . TABLE 13

\

'© ¢ ERffect of glycerol on cardiolipin-spacific phospholipase D
N ‘ - eof &y cell-free preparations ‘

R Y

‘Conditions - : .Cmigt:a Recoverad Ratio of protduct counts

as products - phosphatidyl glycerol
(A) o ‘ phosphatidi¢ acid '
% . e .
wg, ATP | 1070 W
Mg’ , ATP, 1% glycerol 1100 o 1.6
‘ug™", ATP, 4% glycerol  1230° o 2.2
Mg’ , ATP, 10% glycerol 1690 - ‘ 2.7, -
 (B)
ug*t A  ss40c . ‘ 1.5
Hgt* s ATP, 47 glycerol 5500 : 2.9
?
(C)
+4 . -
Mg , ATP, 4% glycerol -0 ) ' .0

(A) The incubation mixture contained in 2ml, 2.8 gM ATP, 10mM . Mg+,
. dialyzed cell-free E. cali.B sonicate (2.8mg protein) 0.1M phosphate
buffer pH 7.3, 32p-labelled cardiolipin (6700 DPM) and glycerol
as gpecified. Incubations were for 30 min, at 37°,

| (B) The conditions were similar to those in (A) excépt that the
100,000g x 1 h supernatant of E. cofi B (3.4 mg protein) and
9700 DPM 32p-labelled cardiolipin were used.

(C) The conditiona were similar to ‘those in (A) except that the _ '
17,000 x g debris of E. cofl B (4mg protein) were used.

7

e
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. T

jiGlYCQfOl vaa - the only acceptor to £unction 1n thio trana—
pholphntidylation raaction (TabTe 14).“ Normal CL hydrolysis
to PG ond PA via phoapholiplle D notivity occured when
oithor aorine and. CTP or u—slycoropholphate were added to
tho nasay. In the presence. of odded othonolamino. CL J
breakdown was inhibited completely. No labal appeared

{n the PE fraction when either serine or ethanolamine

‘was odded.

~To foother show that CL breakdown can gﬁso occur
via tiansphosphatiojlation with glfcerol. dialyzed,-cell—f;ee
E.-cbli Btsonicates ﬁere incubated with labelled glycerol
‘ . -
under various conditions (Table 15). Subsequent analysis
of the end..o_g"e;OS phospholipids showed tha.t when ‘MgH'
~alone ﬁas-odded some 1abe1‘appearéd in the PG fraction.
The amount of 1aoe1 foynd in this phospholipid’increased
when Hgf+ plus ATP were added to the incubation. No
radioactivity was detected in either the PA, PE or CL fractions.
N . :
These result% reveal that, in E. coli extracts,
bfoakdown of C. can proceed via a transphoaphotidylationr
causing an apparoqt reversal of the cardiolipin synthase

[

reactioﬁ:
4
Mg , ATP

cardiovlipin + glycerol ——————=-—3 2 phosphatidylglycerol

The transphosphatidylase activity appears to be specific

L]
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L R " TABLE 14
) B!!.ct of Various Acceptors on the Transghosghatidzlase
B Activity of EJ_g_q_g. Extracts

Conditions Counts recov- Ratio of Product Counts

. ered as prod-’ PG/PA
\;cts -
covplete 1070 ‘ 1.4
‘*J‘slycerol 1290 _7 2.3
e’t‘:hanolm_ninel - 0o 0
serine +CTP .~ 910 - 1.1
© DL-g-glycero- 950 - 1.3

phosphate -

- The incubation mixt:ure was identical to that used in Table 13 (A) .
When specified,- -edther 5% slycetol 4% ethanolamine, 5.0mM :
N aerine, 1. SmM CTP o 31:&( DL-u-glycerophosphate was added.

LR
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TABLE 15 = = .
\oInoor oration of (}*¢)-6lycerol into Phospholipids Under
the Conditions for the Assay of Phospholipase D Activity -

N

ki

" Conditions Counts Recovereé
PA PG PE "~ CL
93 _815 81 17
70 2179 * 153 . 70

- phosphate buffer pH 7.3) dialyzed, cell-free
L B, cold Blgonicate (4 mg. protein) and 55,000
. DPM (1,3-""C)-glycerol,
- To !this assay, the fellowing components we:a '\\
, .added where indicated; 10mM Mg*+ and,‘or 2.8mM
ATP. Incubations were "for 30 min. at 37°

_The basic assay containzé in 2.0ml. of 0.1M

"
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‘.. 4
. .

oy Blycerol as’ neither serine. ethanolamine nor o - @
glycerophoaphate could act as acceptora. Hg—\\\nd efther

ATP or CTF were also required for activity.

Although the conditions used in these experiments

- also favour the conversion of glycerol to sn=~-3- glycerOphosphete,
the enzymes which mediate the synthesis of PG from this

compound are particulaee enz'ymes.14 Therefore, by using

the 100 000 x g supernatant fraction, glycerol could not

" have been incorpereted into PG exceptrthrough trans-—
'phOSph&tidélation. Also, phosphatidylglycerophosphate o=
could not be detected as an ietermediate which furtherx

indicetes direct involvement of glycerol.

It is unlikely that the transphosphatidylase

activitf is associated with cardiolipin synthase since
the latter enzyme is a parficulate enzyme63 and in these
experiments no transphoaphatidyleeion'wes ppserved using
tﬂe 17,000 x g debris.. Rather, this activity was present
in the 100,000_; g eupe;;atant and is therefore more
probably associated with the phosﬁholzpase D activity
1ecated in the same fraction. It is not uncommon that
transphosphatidylase and phoepholipaae D activities are oo
associated with the eeme eezyme.- Purified phoaehollpase

D from cabbage has been found to cause the phosphatidylations o
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Igof ethanol, ethanclamine and Blycerol by PC as wéll as to

catalyze the exchange between choline and 1’(:.]‘0-5

~

B. Effect of Cell Age on Cardiolipin-nydrolysing Phos~
pholipase D Activity in t. cold Cells

In E. cold cells, the amount of phospholipase D’
activity and' the effect of added ATP on this activity
varied with Fell growth. Bells“were harvested at variéus
\growﬁh stages according to the gtowth curve showﬁ‘in
Figurg;lS and the cell-free extracts of these cells were
assayed fot cgrdiolipin-hydrol?zing phospholipase D
Qctivity. As the resuits in Table 16 stow, no enzyme
activity was observed in the early log phase. Phos-
pholipﬁse D activity appeared in the mid log stage and
requited added ATP for maximal activity. In the late log
stage, .phospholipase D activity_feachéd its maximum and
réquired only.Hg++ £or_activit}. This éctivity decreased
. in the atatiomnary ptﬁgé but 8till was active with added
Hg++ alone. If ce11§ gtown to the late log stage, whe;é
© maximum phosphtlipase D activity was obaetved, were in-
cubated in saline solﬁtioﬁ for 3h. at 370, tht total .
phospholipase D activity decreaqu b§'651 and the enzyme

at this stage required ATP for maximal activity.

‘These results indicate that the CL-hydrolyzing
<

T

phospholipase D probably plays little or no role in the E.

cou'
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Effect of Cell Growth on Cardiolipin-hydrolyzing Phbs—\“‘

TABLE 16

4

‘pholipase D from E. C0IL

¢ ]

growth stage Culture Time Enzyme Activity
T (min) pM CL hydrolyzed/min/mg protein
Mg™ Mg¥++ ATP

early log 100 0 -0 :

mid log 180 3 © 17

late log 240 63 70

gtationary 420 50 . 58 ,
: « .

saline medium 11 25 -+

E. cofi B Cells grown to the required stage in 150ml. of
medium were harvested and cell-free extracts were obtained

as previously described.

These extracts were then assayed -

for cardiolipin-hydrolyzing phospholipase D activity with
the assay conditions described for Figure 9.

*

Cells from the 1ate-log phase were resuspended in 0.1M
saline pH 7.0 (150ml), were incubated for '3h. at 37° #

prior to assay.
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B : : h .-
cell in the early or'mid log stage of cell growth, The

enzyme exhibita maximum activity in the late log gtage

which may e:plain the low concentration of cardiolipin at

that stage when compared to PG.?‘A In the stationary

. phase, the @I, - concentration is known to increase at,the

33,34,75,76  (pien may be partly due to the

.

. | : Y
This conversion of PG to CL. is also seeﬂi?hen cells are

exﬁénae of PG
. / .
decrease in phospholjpase D activity at that stage.

transfer:ed to a saline medium in the case of both E. cofé %
and Staphytococcu agreus 134 Tunaitis and Cronan_67 have

studied €. cofi cells under conditions which promote CL
aynthesais andﬁfound that thefﬂgirease in CL was not due

cc an‘increese in CL-synthetase activity. They suggested
éhatfthe lack of an energy requirement for this eccyme

and the presence of large amounts of celiular Eé accounted
foc'this inccease in CL synthesis. However,,fesults shown
here indicate that cL-hydrolyzing phoscholipase D activity
decreaaes greatly under energy-starved conditions. Also,

the enzyme at this stage requires ATP fo; maximal activity

and since the medium is energy-free, this enzyme probably
exhibits very little activ y in vivo under those conditions.
Therefore, the relative increaae in CL under starved ?
conditions may be due to a decreaae in cL’ catabolisd

rather than an increaae in its‘synthegia or perhaps .a

combination of both.
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CB. Dcmnmence of . Gardiolipin-nydrolysingfPhoqpholipase D .il
Activity in Bnctoria

A ]

tho cardiolipin-specifio pho

, was hydrolyzed by cell free extracts of three other Gram-

cou ‘ c'.L' -

negative bacteria= Sa—tmoneua xyphx,mulu.um , Pn.o/teué vutgm
and Pseudomonas ae&ugznoaa (Teble-l?). As would bde 1
expefted from the results'#ith freshly grown E. colicells,
ATP did not stimulate breeﬁdown in these extracts but

they all had a'similar requd:ement for uﬁ*‘. No hct;vity'ﬁae

. : }
detected with sdded ATP, Ca = or EDTA alome.

Cardiolipin hydiolysds was not observed in qu’Af‘
the Gram—-positive bactefie tested (i,eqStaphyﬂocaccuA aureus ,
Bacilfus cereus oxn Bae.-t.u;u,é Aubuuél or in. Saccha}zomycu
cerevideae or inm rat liver: mitochondria under the standard
asgay conditiona. Neither could-aotivity be detected in these
orgmﬁemﬂ using: increased protein ?aliquots ;-L‘ of up to
4mg or incubation times of up to 30 min.o Phdgoholipese D

activity was not observed 1n any of the organisma testedwl

in the’ p;eeence‘of added Ce *,\AI?_ornEDTAgelone.(Table 133

The identity of the hydrolyais producta obtained

by incubating cell- free homogenatea of E. cozi Sa£mone££a
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'TABLE 17 - . .
Hydrolysis of Cardiolipin by Extracts of Varicus Organisms

L

oy Lo

Organism . N N PK Gardiolipiu Bydrolyaed
‘ug™* | Are ‘nga'+.ATp "QAT* EDTA

Satmonella typhi.m[guam’_’\ 60 R 65 0 0
Photeus. uuzga&ia | "5;163 0 64 0 0
Paeudomanaa ,aen,‘_uginasa. 136 . 0 38 - 0 ' '0
_Eachehichza'ﬁozi‘j" e | o 73 0 0
Bacillus cereus B Y I 0 0 0
Bauum aubum o 0 0 o 0
Staphyzococcub q,wce.ub | 0 0 0 0 ) 0
Saccharomyces ceneviseae | o 0 0 0 0
Rat 1iver mitochondria 0 0 0 0 0

The standard incubation mixturelcontainegzin 2mi., 0.1M
phosphate buffer pE 7.0, 2-4 nmoles of (°“P)-cardiolipin
(Sp. Act. 2.2 Ci/mole). aonicated in buffer and cell-free
extracts of the various organiams (0.4 mg protein). When
indicated 2.8 mM ATP, 10mM Mgh® ., 10mM C#+*and 30mM EDTA
were added. Incubatione were for 15 min. at 379, The cell-
free extracts were freshiy prepared and non-dialyzed._ ' - -
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zyphimuiiam,'PmoteuA vulgaris and-PaecﬂomonaA aenuginoAa'
wichl(BzP)-laBellec CL are r:veaied in Figure 16. Gompcnentskl
1, 2, and 3 were identified respectively as PA, PG and: CL

sy cochromatography with refere;ce lipids in systéﬁ 3.
Also.s;fter elution and deacy¥#;ion-of‘these compcnencs

from the assay with the S, tgphimunicm extract by mild alkaline
-hydrolysis,-compcnencs l;-Z.and 3 were identified as corres-

ponding to glycerophosphate, slycercphosphatidylglycercl and

ai-(glycerophosphoryl) glycerol. (Figure 17)

Resulty illuetfeced'ic Figure 18 corroborate those
just presented. Hhen whole lipid excracts of active incub-
ation mixtures were subjected ta mild alkaline hydrolysis,
the producte obtained were the same for each Gram-negative

bacteria and were- 1dentica1 tc GP GPG and GPGPG in system 6.

For all four Bacterie containing cardiolipin-
‘hydcolyzing phospholipaee;ﬁ'chere was a similar pH reguire-
ment (Table 18) -Actiéity ﬁae detected only at pH 7.0 with
little or no activity seen et pH 6.2 or lower or at pH 8.0.
Phospholipaae D activity could not be detected in cell-free
_extracts of Staphytococcu& auaeua or Sacchanamyceé
'cethLéeac in the pH range teeted (Table 18) In the case

.

‘of szaphy£ococcua auneua hydrolyeis of either PG or CL .by phos-

‘"#fpholipaae D activity could not be detected at pH 4.4 in the pre- -

P i
-;yiscence of eithcr Hg alone, Hg plus ATP or Ca+ alone although
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.&'iilﬁfggiﬁf | Scans of radioactivity of the hydrolysis
- Nigure 16

B

(a) 3 cheuchxa e.ntlf,,, (B)Su-tmoneua .
g \xyphimunlum. (c) Paoteua uutga&iband (n)

i PAeudouwnu ae&ug&na&a. -The 1ncubation
‘ - mi:uure eontainad 1n 2n1., 0 IH phoaphata

- %o o products obtainad: by ‘Incubating (32p)- 1aha11=d‘”
S e r_cardiolipin with call-frea praparationn of ‘

buffat @E 7 0 2?# nmoles of. ( 2?)-cardiolipin“ -
(Sp. Act.x 2 2 Cilnola) aonicated in buffar_

IOnK Hg

N“em

S 2 8 .mM ATP and hall-free
axtvacta of the varioua o:ganisms (D 4 mg
@ Ineubations were for 15 min.

DR

5

'TH¢g7‘;
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Bigure 17
' {obtained by mild alkaline hydrolysis of

=107~

Autoradiogram of. daacylation products

component 1(3). eomponant 2 G:) and

‘*conponent 3 (A) illustrated “An ‘Figure lﬁn,f‘r; 

The products were. neparated on’ Hhatman

"‘b;ﬂNo. 1 papar with ethanol - 1u ammoniun
'{facetate pR 7.5 (65 35 vIv) (System 5) _
 5:as aolvant by the aacending technique.-,. .*
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Figure 18 ‘A'utc;'radioé-r‘am of deacylation products

~ - obtained by mild alkaline hydrolysis of
lipid extracts of homogenates of (B)
Escherichia cold, (63 Salmonella
Lyphimurium, (D) Proteus vulganis and
(E) Pseudomonas aexuginosa incubated

v with (32p)-labelled cardiolipin under the.
. conditidgs described for Figure 15.
Sapara-t:ion"of the water-soluble pfoducts
was with system 5. In (A) the incubation
mixture conta\.ined E. cofi homogenate and 30 mM -
EDTA. N _ | .
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& U TABLE 18

o S - -
. EBffect of pE on the Hydrolysis of Cardiolipin by

- ‘Extracts of Various Orxganisms
t ‘_ﬂq. f - l : :
Organism - f _u.‘;‘- PM Card;olzgin Hydrolyzed
5.3 5.0 6.2 7.0 8.0
Safmonefla Lyphimuriam 0 0. L4 75 7
Proteus vulgaris | 0 0 1 65 &
Pseudomonas aeriginosa - 0 0 2 42 " 1
Escherdichia coli -h>0 ' 0 Q 75 ] 0
i ‘ o .
Staphyfococcus auteus 0 0 0 0 0
Saccharomyces cereviseae 0 0 0 0 0

The ﬁsghy conditions were the same as thosdge descrtﬂéd for
'rigﬁzg 15. 1In, the pH range 6.2 - 7.0, 0.1M phosphate
buffef was used. 'Belod.this ranée the buffer.wgs-o.lu

. acetate and above this range the pH‘qas maintained with

L]

0.1M Tris-HECL. S s
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‘lfht'thie pH.eIdtheaie.of Cﬂ by traniphosphatidylation with

L8
eported to occur.sa 66

' PG has been .
R /
w1ch extracts from PkoteuA vuzgaa44 end Péeudomonaa
'-,aznuginoaa neither PG nor PE were hydrolyzed under conditions

.allowing the breakdown of CL to PA and PG (Table 19) or

* could hydroiysis of these two phospholipid euhetrates be

‘r"lobserved by 1ncreasin3 the incubation time to 30 min. or the

' protein eoncentracion of these extracts to A ng.

It appears from” these reeuize_thet there ie a

L typical‘phoapholipase D found in Gram-negative bacteria
that'hydtolyzea CL to‘PA and PG. Of all the organisms

tested for this activity, only the five Gram~negative hacteria

shown in Table 20 exhibit this enzyme activity.

This phospﬁolipase D activity was not detected in
the Gram-positive bacteria or in yeast cells or in crude

rat liver mitochondria under a variety of conditions,
. : ]
. In the case of Staphyfococecus auteus these negative results

were\euprieing 8ince this bacterium forms CL by tranephoe;

phatidylation with PG and, much like Haemaph&tué panaLuﬁzuenzae,
reeponde ‘to inhibitors of oxidative phoephorylation or
proton gradient fqrmation by accumulating CL.]'44




-113-

TABLE 19 S

--Suﬁitrate Sgécificitx of the Phosgholigase D from
Aoleus wvu Qtl dand Fseddomonas qeruginosa

I

Bacteria

pM Subatrate Hydrolysed

PE

PG

CL

Pnoteua-uu@gani4

< Pseudomonas aeruginosa

0

64
38
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_TABIE 20 & )
s
!
Orgmisﬁ _ K& " Phospholipase D activity .
Eachericiia cold +
 Proteus vulgaris . +
-, Safmonella typhimuaium +
Pseudomonas aeruginosa Y I
Haemophilus paraingfuenzae™ - & . .
‘ Staph‘ gzacae.cu.s aureus - ' '

Bmuzau.umzuu; SR .
Saachwwmyeu ce}ceuum -
>_ Rat li.vet m:!.tochondria L

‘ o
- result:s of Ono and whiteu? 118 ‘
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" The phoepholiﬁese D found.ie Salmonelta typh&mumium,

P!Lo.teué vulgaris and Paeudomomu ae&ugi.noaa cell~ free.
_extracts show cheraeterietics similar to the:E. coli enxzyme
1ngthat\they”exhibitea strict requirement for_Mg++ and are
aetive oely at about neutral pH,.theLpH optimum of the
E. eaL{ en:qu‘heing 7.0. Also, none of theee phosphatido-
“'hydtoiaeee‘tested acts on either PE or: PG, ATP does not
fstimflate=CL breakdown by any of these treshly prepared

rcell free extraeta of Gram—negetive bacteria. However, it
‘was- previoualy ahown that an ATP -requirement for the ‘(,
:tE} eol& phospholipnee D was displayed only by cell extracts

that had been frozen and ‘thawed. It is quite likely that

'the phOSpholipeses I of these .Gram-negative bacteria,

B ilike those of £. cofi and H. pa&a&nﬁluenzaeare involved Ln

‘ the turnover of CL. which occurs 1n reeponee to the energy

state of the cell. o .w“




©* CONCLUDING REMARKS
‘.(;! ’
| t'xya“preaent research has shown conclusively that
?.‘éo;i cell extracts coﬁ:ain a ﬁhosphclipgse D activity
that specifically hydrolyzes ESxdiolip;p.ﬁccordin; to th;
fdlloﬁing equation: L |

Mgt ATP ' o ' |
cardiolipin~—§-4———¢ phosphatidic acid+-phosphatidylglycerol-

.Récengly, work performed by AﬁQSt ggjgl::?fhaé 1ndica§ed
fhat a functional phospﬁblipaae D acting‘oh‘cp‘exista in
intact E( coldi cells. This enéyme‘activiﬁy;gouﬁléd with'f£é3
synthesis of Cﬁ. via the tjrapspﬁp_sphat.idy_:_l_.atioﬁ.ﬂﬁh':'_two moles

63

of PG has been tentatively designate%.as'ﬁhe polyglycerd—'

14

phosphatide cycle. 3 (Figure 19)

Sinqe the combined actions Qf these two enzyme:
activities are eduivalent to a phospholipase D attack on‘
PG, the activity éf this cycle in infact cells should resﬁlt
in a apafing cf’the §hosphatidy1 moiety of PG and a faster
rate of turnover of ﬁhé non-acylated glycerol moiety.

Audet et g&}as fouﬁd‘that the non-acylated glycerol moiety
of PG does indeedwturn over initially at twice the initiél:
rate of the acylated giycerol moiefy'in7growing-cu1thres‘

of E. coll B and E. cofi Ri9.
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'Tﬁetinvolvenenr of cﬁ-aoeoifio“phoepholipeee D

in the polyslyoerophoephetide metebolism of intact E cold B

' cells vis further teeted by eulturins oells in a complex

e

.<end degraded the CL-.to ap

,and PG. However, when Tri

medium with ( P)-orthophonphete end then traneferring the
cells to an enersy—free nedium. Under cheee oonditione. lev—
els of CL increaee et’the expenee of PG.GA When these

stdgved eelle were returned to the originel energy-rieh

-medium, PG 1evels increased while CL 1evele decreased.

Eowever. no PA eecunu;etion was observed. ‘ ' B

'The poeeihility that the PA formed from phosphol=

' ipeee D action on CL was completely ineorporeted into PG

was examined by incubating labelled CL with cell-free

E. coti B'exrrecte in the ebeence of detergent. Under

‘theee conditione, the GL epecifio phoepholipaee D was active

Ximately equel emounts of PA

n -100, ‘nhich‘ inhibite cardio-
1ipin-hydrolyzing phoepholipase D, was added to a mixture

of ATP Hg, s CTP, L~ eerine, a -glyeerophoephate, labelled
CL and cell-free extracts, CL was not broken down.r Rather,
PA was converted to PG, These reeulte show that PA produced
from CL breakdown can be re- incorporated into. the poly—-"

glycerophosphatides.

An alternative explanation for the 1eck‘of'PA

accumulation observed by Audet et al in intact E.coll cells
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is that GL‘in.not hydéolysed in #ivo'ﬁy:the.phosﬁhblipaae D
but instead CL . ia broken down via a transphusphatidylation
:with slycerol Renults given in this thesis have shown that
this transphoaphatidylnse activity is found in b:gtén )
E. coli cellu, veny likely asaociated with phospholipase D
Aabtivityjqnd is ayeci!iq'fdgiglycgrol as the acceptor,
'j/ﬂﬁ' |
'Bilidsﬁé-af.éllae\have also reported unequal rates "
~of turnover 1n the glycerol moieties of E coli PG. Their
*reaulta are compatible with a functional polyglycero-
~phoaphatide cycle althaugh they proposed a mechanism involffng~u
' an exchange between the non-acylated glycerol of PG and
'tfree glycerol.
- Rampinila? has recently confirmed the ;ésults of

Audet et gi concerning the funcé;;ning of the cardiolipia—’
specific phospholipase D in intqcf E.cofi cells. He fouﬁd_
th;t if cells were transferred‘ffom an energy—rich'qedium
to a saligf’ﬁedium and back to an energy-rich medium, thé'q
dy-that had accumulated in the saliqe mediuﬁ.wés_hydrolyzed
to Pé mainly. PA did not accumulate. They found, however,
that synthesis of PE and PG from (32P)-ortﬂophosphate
occured feadily under theae ébhditionsﬂand concluded that
any PA formed from CL must be rechannelledltowards the
éyntheaea of PE and PG. The author offered no proof tbh .
145

that effect however. Audet et al” did not observe an

incorporation of PA into PE undef.dn vitro conditions.



L lQYEIS'to ‘the energy supply inm the cell.l?r64 | ¢

1 ;:_:‘$; Soma control over this cyele may be exerted by

N i
At any - rate. evidence seems to indicate the involve-

ment of a functional polyglycerophosphatide cycle in
intact E. cold ceélls. Since the thSpholipase D exhibits
R

an ATP~requirement ‘this cycle would be under energy con-

'trol and would explain the rESponsiveness of PG and CL

“

the phoapholipids themselves. De Siervolég found that in

membrane preparations of Macnoeoccué Lysodeilticus , cardio-

lipin synthetaae was 1nhibited by its end products C and

;gljcerol. 'PE and PA were also inhibitory, PA being the

strongest inhibitor. In the case of CL-specific.phcspholi-

- pase D of E. coli the inhibitbry effects of phosphoglycerides

werefnqtﬂstudied. Bowever ethanolamine was found to be

iuhibitoiy. A higher level of control may be exerted over

this cyecle. Levels of CL-synthetase in E. cold remain con--

atantfﬁnder varying conditions even though PG and CL levels
67

3ﬁgj~change;' But studies here have shown that levels

of dgfdiblipin-specific phospholipase D change with cell
age. 1t is possible that coantrol over the levels of this

enzyne ﬁay élso influence the cycle.

.The CL-hydrolyzing phospholipase D is found not

only in E. cofi . 1Its presence has been reported in

-

AT et ey s e ———— e .
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Haemophilus pakainklueuzae120’121.andresearch Presented
-here has proved its occurrence in‘Satmotehta Lyphimunium,
Proteus vulgaris and Pécudohohaé acruginosa, Cardiolipin
synthetase activity has ‘not yet been confirmed in the three
latter bacteria so it is not certain whathar a’ polyslycero—

- phcsphatide cycla functiona in these organisns.: However in
'-iSaLmanettc typhimu&&umlsq turnover studiea have shown that
_‘ 1aba1 lost‘from PG is 1ncorporated 1nto GL. Alao. 1n H. pam-

cu.ualuenz i 121

GL accunulated and PG disappeared in the ‘membrane
ftaction wben inhihitora of phospholipaae D activity were

'added to the growth medium.u

&Y

-

in the case of the non-fermentative marine bacteria
-Péeadomonaé aenugtnaéa, only a slight amount of CL synthe-
tase activity has been observed by De Siervo and Reynolds.l48
-These workers found that in accordance with this low actiy=-
ity, thisfbacteritm also contained little or no CL. This
may explaiﬁ wvhy we found less cardiolipin-specific phos-
Pholipase D activity in Pscudomonas aerugiiiodd than in

gsome of the other bacteria examined.

‘The Gram-positive bacteria tested showed no CL-
specifiec phospholipase D activitj. This is gurprising
since Staphylococeus auneusis known to contaln CL synthe-

taae144 and the unacylated glycerol moiety of PG turns over
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“more rapidly than the diacylated glycerol moietylso as is

.'\{‘

the case in E. cold . Cardiolipin synthetase is also found
.in.M@enococaub £yéo&e£k£&cu5}§} Arglycaroi-raqairiagl

nutant offBacittuS aabtitis which was. ahown in the present

study to contain no CL—hydrolyaing phuapholipaaa D haa baan‘
. aeah to accumulate CL' and loaa PG in. pulae—chasa axpar—

imants undar conditions of glycerol deprivation.lsz

There are two posaibilitiaa'&hich“aaf'aacaant'far
tha failure to detect CL-specific phoapholipaaa D aacivity
in-Gramrpoaitive bacteria. The enzyme may “be 3ctive *in _
theae bacteria but under conditiona that differ from. the L

- _: _ Gram—negative enzyme although variationa in the aasay condi-~

tiona-wete tested in this study. The other poasibility
.\ - is that GL ia nothegraded by phoapholipase D action in
: thea: bacteria. Lillich and Whitels2 did find however,’
?'that in their glycerol requiring mutant of Bac&ii&A subtifis,

CL:counts-were rapidly lost to PG when glycerol was added

to 31ycerd1-deprived cells.~ This would indicate that CL
is being degraded by a transphosphatidylation reaction

involving i glycerol as acceptor. The enzyme involved nmust

\

be quite different from the cardiolipin—specific phos-

s pholipaae D activity detected so far only in Gram-negative ‘

bactaria.‘ In rat 1iver cells, CL degradation appears to

involva the 1yaodomea in which acid hydrolases  degrade

153

o Cli to yiald watar-aoluble products and free fatty acids.
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‘The studies presented here have shown that the

_1cL-speoi£ic phospholipsse D of E. cold is regulated by

'-_'ATR K Hawever, the means of this regulstion haafnot been

'rkoither sn allosterio effeot by ATP or an ensymatically
‘ X

‘liestaly:ed ohomionl nodifiostion of the phospholipase D.

1t lppesrs ~that the snsyme exista in an .

‘?[sctivo snd inaotive !orn and. that the.;sctbnmioninvolves

o 1,\:\ L

. L (
Alternatively the ATP could be indirectly acting on’

"some modifier. In order to distinguish conclusively be-

tween those possibilities, the phospholipsse D will ﬁsve‘}

to be purified Fbr example, with purified enzyme, isolation

fof s,'covalent compiex of the ATP—enzyme using both 3

%¢)~ andy -(*Zp)-labelled ATP would, ascertain chemicsl

‘modification as the mechanism of aotivatiﬁh.

N

* ATP'stimulation of CL hydrolysis within the cell
membrane wmay be signifieantﬂinethe”control'of energf met=
sbolism in E. ooiilsnd other'Graménegatite'bsoteria. As.

wag discussed in the introduetion of this theais, CL is

.
1}

'olosely associated in respiratory membranes with oomponents

7,8

‘of both electron transport and oxidstive phosphorylation9
:';3and is a requirement for . the optimal reconstitution of
7”:membranes oapable of - phosphorylating ADP 3 One may hypo—'i?

-thesize thatGL iﬁ involved in maintaining the organization

'Wpf the electron transport system for optimal ATP formation.

’
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“3gﬁﬁtéa15“ has fpund that changes occur in the lipid con~

Xtont, diatribution and notaboli-m when the composition
‘qf the bactorial olectron system is altered. He augsestn

\‘ )

.ﬁfthat ?ost-aynthotic modifications of the phospholigida,

'includingxehangea in che polcr ‘head groups may be- the;

2

‘mecphniom,of‘thezinvolvomentlof-lipida in membrane changes.

.\.

-

Some properties of CL lend themaelves to"
'“control of structure and function in membranea. De Sier-, |
vo and Reynoldsls1 have suggeated that, in marine“h

%&am-negative hacteria at leaat, GL ia involved in the

*f,jatabilization of cell nembranes ao*ia Mg The in-?i

“-ficreaaed atability may reeult from the particular s%ruct-

Ee PRI

'ure of CLﬁwhich may permit the bridging of independent i

. ‘lipoprotein'structnres._ Also, molecular packing of

“ff&ardiolip n- ia'kncwn to be affected by Hg ,?under-c

L“*??fche phoapholipid head group.156 157 1f the hydrolyais

:’fGL does affect the organization and thus the function-
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ing of the electron transport system, then the factsthat‘
ATP stinulataa this hydrolysis may provide a mechanism'

for tha regulation of ATP production.
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U ABSTRACT

L

Cell-frae extracts of Escherichia colfi were found to

cajflyze the enzgmatie hydrolysis of cardiolipin (CL), the
products being phosehetidylglycerol and phosphatidic acid.
This phoephatidehydrolaae activity differs from the plant
phospholipese D in its strict specificity for CL and has

been deaignated cardiolipin- spacific phospholipase D,

This enzyme exhibits a strict requirement for Mg++ and
is active within a limited pKE range, the optimum being 7.0,
The activity, which is located, in the high;epeed superna-
tant fraction of broken cells, is inhibited by detergents

and EDTA,

The cardiolipin-gpecific phoapholipase D exists in an
ﬂ!active and an inactive form., ATP 1is required to activate
the enzyme. However it is not ‘known whether the effeect of
ATP 1s allosteric or if the ATP is used as a substrate for

ag enzyme which activates the phospholipase D.

The form of the cafdiolipin—epecific phospholipase D

and the activity of the enzyme vary with celi age and the--

availability of an energy_soerce in the cell medium., It ie\

suggested that the relative increase in CL levels observed

both in the etationary growth stage and under starved con- .

ditiona may be due te a decrease in CL catabolism.

“~r



In E. coli cell—free'éxtfacta;*CL can also be broken down

dp*faphatidylation with glycerol., This eniyma

speéific for glycerol as the. acceptor and is

probably asscciated with thhicn—specific phospholipase D

activity.

The cardiolipin-specific phdsPholipase'D waé detected
in all the Grsm-negative bacteria tested and_pxhibiégd
gimilar characteristics. 1Its - gctivity was not observed in

',Gram-posi:ivenbadteria, yeast or pat liver mitochontiria.

The bardiolipin-specifi;sphospholipaae D activi;y
cou?led with cardiolipin synthetase, in E;.Eﬂ££ at 1eaBt,‘
has been tentatively designated as thelpolyglycerophoa-
phatide cycle. Since the phosphgziéase D exhibits an ATP=-
\re&hiremént, this cycle would be under energy control and
would explain the responsiveness of.fE and CL levels to the
energy supply in the cell. The hypothesis is put forflrd‘

' that the ATP-stimulated hydrolysis of CL could provide a

mechanism for the regulation of ATP'productfon.






