IN VIVO METABOLISM OF THE PHOSPHOGLYCERIDES

OF ESCHERICHIA COLT 015

A thesis submitted by
Elizabeth Bright-Gaertner

in pertial fulfillment of the requirements
. for the degree of

Doctor o_f Ph:!.lmopbg

Department of Biochemistry
Faculty of Medicine
University of Ottawa

Otﬁiua. Ontario

July, 1972

Elizabeth Bright-Gaertner, Ottawa 1972.

. STRMIPR LIDRARE -
A\ ST OTTAVWA



TABLE OF CONTENTS

Acknowledgements i
Summary i1
List of Diagrams, Tables and Figures iv
Introduction 1
Review of the Literature 3
General Methods 27

Experimental Results
I. In vivo metabolism of phospholipids of
Escherichia coli 015 at 37° C. . 36

IT. In vivo metabolism of phospholipids of
Escherichia coli 015 during a2 cold-
induced lag period. 58
ITI. In vivo metabolism of phospholipids of

Escherichia coli 015 during a carbon

starvation-induced stationary phase. 89
General Discussion 104

Bibliography 113



ACKNOWLEDGEMENTS

The author gratefully acknowledges the direction and

assistance of Dre. P. R. Proulx during the course of these

investigations.

She also expresses her gratitude to Drs. M. Kates and
E. Sauer for assistance with the fatty acid determinations.

PRy -
AT STTRTeR

) arraprrr—



SUMMARY

We have investigated the in vivo metabolism of phospholipids of
Escherichia coli 015 under normal growth conditions at 37° C and in
stetionary phase induced either by low environmental conditions (10° c)
or by carbon starvation.

At 37° C, the levels of phosphatidyl ethanolamine, doubly labeled
with 321’ and 140 increased slightly during a three hour chase. This
change was accompanied by & moderate and parallel turnover of both of
these labels in phosphatidylglycerol and cardiolipin.

Analysis of the turnover of the acyl groups of tl_ze phospholipids
revealed that a phospholipase Ai: lysophosphoglyceride acyltransferese
cycle was not operative at either 3?° or 10° C, although such enzyme
activities were demonstrated in vitro at 37° C.

Turnover and synthesie of phosphatide species were examined .
simultaneously at 3?° and at 10° C. In cells incubated at 37° C the
metabolism of phosphatidylethanolamine and phosphatidylglycerol, con-
taining 3H-labeled.acy1 groups, was typified by a conversion of the
monoenoic fatty acids to their cyclopropane fatty acid derivatives;

this conversion was impaired in cells incubated at 10° c. During the

1u’c-auce'oau'l;e

incubation at 3?° C, synthesis of phosphoglycerides fronm
favored saturated and cyclopropane species of phosphatidylethanolamine
and phosphatidylglycerol whereas at 10° C unsaturated species formation
was predominant.

In cells incuba'be& in medium containing no carbon source, 32?- or

mc-labeled phosphatidylethanolamine was stable; labeled phosphatidyl-
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glycerol and cardiolipin decreased for 60~50 minutes. Phosphatidyl=
glycerol continued to decrease for another 90 minutes but during
this time there was a net increase in cardiolipin with no de novo
phospholipid synthesis.

The results are discussed in relation to their possible influence

on membrane structure and function.
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INTRODUCTION

As phospholipids of Escherichia coli, like those of other

microorganisms, are almost exclusively localized in the cell membrane,
any alteration in their composition due to environmental factors will
have a direct effect on the anatomy of the membrane. In this regard,
the fatty acid composition of the phospholipids, rather than the
relative amcmnts of the individual phospholipids, may be the more
important factor. Numerous studies have illustrated the influence
of various fatty acid components of phospholipids on the relative
compactness of artificial membranes (1) In general, the shorter
the chain length and the gréater the degree of unsaturetion of the
fatty acid, the greater the area of the phospholipid molecule and
| the more expanded the membrane. The ;‘ome area curves of
pixosphaﬁ.die aci.d. phospha tidylcholine, phosphatidylethanolamine
and phosphatidylserlne with identlcal fatty acid compositions are
mch the same (2). Thus far no such studies of phosphatidylglycerol
and cardiolipin have been reported;

Membranes serve as permeability barriers and, theéretically.. a
change in‘;nl.eml.:'rane 1lipid composition would be reflected in this
c!xaractéi'istic. ’i‘his has been much studied with artificial membranes.
For example, the penetration of glycerol_ into liposomes prgp#rad
~ from Eschei'j;chia' coli lipids increased as the temperature at which
the cells wers grown decreased (3). The increased permeability was
directly related to the increased percent of unsaturated fatty acids
in the phospholipids of the cells gi'own at the lower temperatures.
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It is likely then that in natural membranes, the lipid composition
influences permeability but the major role of protein relating to
membrane properties cannot b9 overlooked.

Phospholipids may also have functions not directly related to
their influence on membrane permeabilitye. Specific phospholipids
are associated with various enzymes and transport processes, for
example, phosphatidyglycerol with vt.he vectoral phosphorylation of
4-methyl glycoside in isolated membrane preparations of Escherichia
g_gLi_ (4) and cardiolipin with cytochrome oxidase (5,6) and cytochrome
¢ (7) of mitochondria. Even in such instances the fatty acid
composition may be significant. Hydrogenation of cardiolipin has

[y

been found to reduce its capacity to bind cytochdrome ¢ in vitro (7).
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Environmentally induced changes in the phospholipids of
Escherichia coli (8-12), and indeed the turnover of individual
phospholipids during normal growth (13,14), illustrate the dynamic
‘nature of the cell membrene. Enzymes capable of faclilitating such

changes in membrane lipids are present in Escherichia coli. However,

the data available on the in vivo metabolism of Escherichia eoli
phospholipids, especially phosphatidylglycerol and cardiolipin, are
very limited. The following work deals with the metabolism of the
phospholipids of Escherichia coli 015 during normal growth and
during stationary phase induced either by low environmental

temperature or by carbon starvation.



‘REVIEW OF THE LITERATURE

Microoiganisms, and Escherichia coli in particular, have proven to
be extensively useful tools in the study of diverse metabolic pathways.
In the case of lipids, this Gram negative facu.liative anaerobe has been
valuable in the elucidation of the pathways of fatty acid and
phospholipid meta.bolism. '

Microorganisms are very responsive to changes in their environment,
such as the composition of the medium ih‘_t_which they are grown (14-16)
and the temperature of incubation (16.1?). Therefore, one can observe
changes in cell metaholism due to external factors which could not so
readily be done with higher orgenisms. -

Wild strains of E. coli have a growth range extending from 7. 5°
(17) to 4501 C (18). The usual growth pattern includes a lag phase,

a period of exponential growth and finally a stationary phasee. The
actual rate of growth, i.e.,the doubling times per hour, can be

influenced by many factors. For example, at 37° C growth is progressively

greater with succinate, glycerol, and glucose as the source of carbon
in the medium (16). A lag phase can be induced in cells growing
exponehti.ally at 3?° C by lowering the temperature of the incubation
to 10° ¢ (8, 19,20). However, no lag phase results if the cells are

grown amérobica.lly at 37° C and maintained anaerobically at 10° ¢ (20).

Phospholipids of Escherichia coli

Phospholipids represent 5-10% of the dry weight of E. coli cells
(13,20) and constitute more than 90% of the total lipids of these
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microorganisms (21)e The greater part of the phospholipids are
localized in the cell membrane (22).
Phosphatidylethanolamine (PE) is the ma jor phospholipid of E.

coll, as well as of many other Gram negative organisms (23,24). The
remaining phospholipids are principally phosphatidylglycérol (PG) and
cardiolipin (CL) (12,24); the relative amounts of these are dependent

on & number of conditions which will be discussed later. The presence
of small amounts of ﬁhosphatidylserine (PS), phosphatidic acid (PA),
phosphatidylglycerol phosphate (PG-P), and seveml unidentified
components have also been reported (12,24). Kaneyama, et al. (25) were
unable to detect any PE plasmalogen in E. coli K-12. | Benns and Proulx

Trmnsan
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(26) have recently reported the formation of bis-phosphatidic'acld or a
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close analogue in E. coli 015 under in vitro conditiéns; Further

analyses of this comp»onent. indicates that it consistfs of a mixture of

mono- and diacyl-phosphatidylglycerol (27). L
The structures of the three principle phospholipids of E. coli are

given in Diagram 1. Those of PE and PG are well established; that of CL

has been questioned. After its discoﬁery by Pangburn in heart tissue(28),

CL was the subject of debate for several years. Finally, the structure

proposed by MacFarlane (29), that is, diphosphatidylglycerol, was shown

to be correct by Lecocq and Ballon (30) and DeHaas and Van Deenen (31).

Recentﬁly a report has again raised the question of the structure of CL

obtained from ret tissues. Courtade, et al.(32) have proposed that the

material designated as CL is really a mixture of compounds which have

structures similar to that given, but containing fatty acids

y



Diagrem 1: Structure of the principle phospholipids
of Escherichia coli.
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esterified to the hydroxyl group usually designated as free or to

one of the phosphate moieties. Also, vitamin A might serve to
conjugate one of the phospha te moieties in certain analogues. Using the
methods -of Courtade, et al., Nielson (33) was unable to confirm these
findings. In E. coli, the structure of CL has been derived from
chromatographic analyses of the deacylated product (13).

Synthesis of phospholipids in Escherichia coli

The general pathways of phospholipid synthesis in E. coli have
been defined and are outlined in Diagranm 2. The elegant work of
Kennedy and co-workers (34-38) has shown the central role of cytidine
diphosphate diglyceride (CDP=DG) in the synthesis of PE, PG and CL.

.. smesmen nIimnsanee
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The enzyme responsible for the formation of CDP-DG, i.e. cytidine
triphosphate~phosphatidic acid eytidyl transferase, has been

identified in the particulate fraction of E. coli by Carter (39) and
the stepwise acylation of L=d= glycerol phosphate and lysophosphatidic
acid (IPA) by aéyl Coenzyme A (40-42), and to a lesser extent by

acyl acyi-carrier protein (ACP) (42), has been described. Sinensky
(43) has recently presented evidence that the acylation of L-d-glycerol
phosphate and of LPA are catalyze& by two separate enzymes.

An alternate mechanism for the synthesis of CL hes recently been
proposed. Hirschberg and Kennedy (44) have shown that while CDP-DG
does stimulate the synthesis of CL by a cell-free preparation of E.
coli ML 308 as originally shown by Stanacev, et al. (36), the

phosphorus moiety of this compound is not incorporated into the



Dlagmm 2: Pathways of phospholipid synthesis

in Escherichia coli.
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cardiolipin. Comparison. of exogenous doubly labeled PG with the
labeling of CL synthesized led to the conclusion that CL is synthesized
directly from two molecules of PG with the release of one giycerol
moiety. Hostetler. et al.(45) have confirmed these findings, but have
also presented evidence which suggests that the .CDP-DG pathway is
operative in E. coli at high CDP-DG concentrations: : '

E. coli is known to contain a mono- and’ diglyceride kinase
(indicated in brackets in Diagram 2) (26,40,41). ' However, glycerol
and acyl CoA, in the absence of ATP, camot adequately substitute for
L-oA=glycerol phosphate in the synthesis of phospholipids in vitro
and E. coli has no metabolically-active diglyceride pool (20).
Therefore, the physiological significance of the enzyme(s) is not
knowne.

Most of the enzymes of phospholipid synthesls have been shown
to bo associated with the particulate fraction of the cells (36-38,
41,46,47), the only exception being serine:CDP-DG phosphatidyl
transferase which is found in the soluble frection (48)s Another
common feature of L~d~glycerol phosphate-acyl CoA acyl transferase
(41), LPAsacyl CoA acyl transferase (1;1), CTP:PA cytidyl trensferase
(39), phosphatidylglycerolphosphate phosphatase (38) and cardiolipin
synthetase (49) is a requirement for magnesium lons. ‘

In general, the pathways described for the synthesis of PE and
PG have been shown to be present in other bacteria (50) and in
mammalian tissues (47,51-53), Synthesis of PE in manmalian tissues

is also accomplished via reaction (1), which is analogous to the
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synthesls of phosphatidylcholine (PC) in these tissues.

1,2-diglyceride + CDP-ethanolamine ——> PE + CMP (1)

Until recently the formation of CL had been studied only in
bacteria. Davidson and Stanacev (54,55) have now shown that
mitochondria of guinea pi.g' liver can catalyze the formation of CL
as well as of PG and PG-P. Cardiolipin was formed only in a
system generating endogenous CDP-DG, whereas PG and PG-P can
incorporate exogenously supplied CDP-DG. The authors suggest that
the pathway of CL synthesis in mitochondria is as given in Diagram
2 and that either the CL synthetase has a high specificity for
endogenously formed CDP-DG (they did not state the source or
composition of the exogenous CDP=DG) and/or the biosynthesis of
polyglycerophosphatides in mitochondria is hightly compartmentalized.

Hostetler, et al. (49) have since reported that mitochondria-.
of rat ]_:Lver can synthesize CL from exogenous CDP-DG, but at a rate
much slower than the synthesis of PG from these precursors.

In view of the report of Hirschberg and Kennedy (ll-}-b) regarding a
possible second route of CL syﬁthesis in E. coli, Hostetler, ot al.
(45) have reported further studies on the mechanism of CL synthesis
in mitochondria. They could detect no release of labeled glycerol
during the synthesis of CL from phosphatidyl (1%C)glycerol in vitro.
Also the CL formed from (2-3H)-phosphatidyl (1-17C)-glycerol in the
presence of unlabeled CDP~DG had a JH/1¥C ratio nearly identical to
that of the original PG. These findings confirm the presence of a
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CDP=DG pathway of CL synthesis in mitochondria in vitro.

Turnover of phospholipids of Escherichia coli

Very little was known of the turnover of E. coll phospholipids
until Kanfer and Kennedy (12) described the metabolism of PE and PG
in E. coli Be They reported that during exponential growth the phosphorus
portion of PE is quite stable whereas that of PG showed consliderable
turnover. At the same time that Kanemasa, et als (13) reported the
presence of CL in E. coli cells, they also showed the turnover of this
polyglycerophosphatide to be similar to that of PG.

Theoretically the degmdation of phospholipids could follow :
several pathways, The sites of possible ester hydrolyses and the i é
designation of the enzymes catalyzing individucl reactions ars given k
in Diagram 3. |

Phospholipases A are ubiquitous, being found in nervous tissue
(56), porcine pancreas (57), mosquito larvae (58), snake venoms (58~
60) and E. coli (61,62).

Whole cell homogenates of E. coli studied by Fung and Proulx (62)
were found to contain phospholipase Aj predominantly, although lower
levels of phospholipase Ay were also detected at alkaline pH (63).

Phospholipase A4 in these preparations displayed two pH optima, one
at pH 5 and the other at pH 8.4, as does the phospholipase A4
activity of E. coli W spheroplasts (64). Scandella and Kornberg (65)
}mave recently purified the alkaline phospholipase A1 of E. coli and
found this enzyme to have quite similar properties as those described

10



Diagram 3:

1 a) Phospholipase Ay (Phosphoglyceride 1-acyl hydrolase)

b) Lys ophospholipasc (Monoacylglycerophosphoryl-x-acyl
hydro :

Possible sites of hydrolysis of phosphalipids
and the enzymes catalyzing each reaction.

lase)

c¢) Lipase

2  a) Phospholipase A, (Phosphoglyceride-—z-.acyl hydrolase)

b) I.ys ophospholipase (Monoacylglycerophosphoryl=X=acyl

hydro se)

c) Lipase

1 and 2

3 a) Phospholipase C (Phosphoglyceride phosphorykX hydrolase)
b) Phosphatidic acid phosphoryl hydrolase - in the case of

Phospholipase B

phosphs.tidic acid

b Phospholipase D (PhosphOgiyceride =X hydrolase)
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in crude preparations. It was devoid of Ao activity and displayed
a single pH preference of 8.lt.
More recent evidence indicates, however, that there are at

least two phospholipases A in E. coli, One; which is membrane-bound,

is resistant to detergent, is activated by alcohol and has a broad
specificity; the other, present iz; the ecytosol frection, is detergent
sensitive, is inactivated by methanol and, according to Doi, et al.
(66), acts primarily on PG. Lyso-PG did not accumilate when PG was
exposed to the cytosol enzyme and possibiy a phospholipase B was

involved.
On the other hand, Bernard (67) described a similar cytosol enzyme

T
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which is greatly stimlated by ethanol in the presence of low
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concentrations of Triton X-100. Under her conditions, the enzyme seems
to act on PE as well as PG and lyso-derivatives are formed. The author
claims that the cytosol ehzyme is, in fact, a phospholipase Aje

In any case, the predominantly active phospholipase A 6f Ee. coli
(62), as well as that of mitochondria and lysosomes (68,69), is
associated with the particulate fraction. In gene_ral. these enzymes
require or are acﬁ.vated‘by calcium ions. The only reported excepﬁ.onr
is that of an enzyme found in mosquito larvae .(58). _ ‘

A preliminary report by Proulx and Van Deenen (70) indicated the
presence of phospholipase C activity in E. coli NCIC 2276 as tested
with cell homogenates and exogenous substrates. Althoﬁgh these findings
were oxtended to E. coli B (local stock) by Okuyama and Nojima (61),
other strains tested in this laboratory, such as E. coli 015, 0118,

12



B (ATCC 11303 and 23226) as well as four hemolytic strains, did not
degrade exogenous phosphatides to diglycerides. Phospholipase C is,
therefore, not a typical enzyme of E. coli. Very likely, diglyceride
formation from '(1“0-)-acyl labeled phosphatides could arise by recycling
of any fatiy acid released by phospholipase A. With respect to this,
acylation of monoglyceride (M..O)-,as well as degradation of phosphatidate
to diglyceride (61,70) has been described.

| Phospholipase D has been reported to be present in Haemophilus
parainfluenszae (71,72) and is specific for cardiolipin. This finding,

however, has not been extended to other microorganisms.

The product of phospholipase A hydrolysis, lysophosphoglycerides,

may be further degraded. Lysophospholipase activity of E. ccli was

L MR Tmnanoe

first reported by Proulx and Van Deenen (70) and later confirmed by
Okayama é.nd Nojima (61) andProulx and Fung (63). The hydrolysis of :
3%p.1PE and 32p-1PC (70) and the release of labeled fatty aeids from
e 1B (61) is catalyzed by a soluble fraction of somicated cells. :
The enzyme of E. coll 015 does not require divalent cat:loné for activity
and has a broad alkaline pH optimum (63). The microbial enzyme differs
from those of mammalisn tiésues in that it is not susceptible to
several known inhibitors of lysophospholipsse activity, e.g. NaF, KCN,
and p-chloromercuribenzoic acid (61) and can be inhibited only by high
concentrations of anionic detergents (61,63). '

Whether lysophospholipase of E. coll is specific for either the
1- or 2-acyl position has not been shown. The lysophospholipase of

rat liver is relatively nonspecific, catalyzing the hydrolysis of

13




1-acyl and 2-acyl LPC and of synthetic analogues with no mono-hydroxyl
group or with the phosphoryl moiety in the 1 or 2 position (?3).4'

| Lysophosphatides may be reacylated to diacyl-phosphoglycerides as
wa‘.!. as being degraded. A Jqsophosphaﬁ.de:acyl CoA acyl transferase
has been identified in E. coli B by Proulx and Van Deenen (74). The
particulate fraction of sonicated cells éataiyzed the conversion of
IPE and, to a lesser extent, of IPC to diacyl-phosphoglyceﬁdes. No
detailed properties of this e gé_lj._ enzyme have been reported but recent
studies by Scandella and Kornberg (65) have co;xﬁrbxed its presence.
| The products of the combined action of phospholipa.se A and
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1ysophospholipase on PC and PE (i.es glycerophosphorylcho]ine and
glycarophosphory;athanolamine. respectively) were idantified by Proulx
and Van Deenen (70). Okuyama and Nojima (61) have postulated that

DR TIRNARNS
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the major pathway of Phospholipid metabolism in E. coli is a stepwise
‘deacylation involving ‘t\hese"bwo enzymes. Significant amounts of
M—glycerol,phbéphate 'and 4inorganic phosphate have also been detected
in systems hydrolyzing PE in vitro (?O). Okuyama and Nojima (61)
describe the presence of phosphodiesterases attacld.ng deacylated

phosphatide products. but these enzymes have not yet been speciﬁcally
identified.

Fatty acids of Escherichia coli

The phospholipids of E. coli contain the following 4fe.tty acids:
- myristate (14:0), palmitate (16:0), hexadecenoate (16:1), methylene
hémdgcanoate (17:v1), octadecencate (18:1) and methylene

14



octadecanoate (19:v1) (25,79). Minor amounts of laurate (12:0),
methylene tetradecancate (15:v1) and f~hydroxy myristate have also

been reported (75,76). It is now established that the octadecenolc

acid is solely gj_._a_s;ﬂvaccehate (18:1 11) (77) and that the hexa-

decenoic acid is palmitoleate (16:1 9) (77,78). The cyclopropane

fatty acids are methylene derivatives of vaccenate and palmitoleate (78).

. Synthesis of fatty acids by Escherichia coli

The }pathw'ay of fatty acid synthesis of E. coli is now well defined
(79,80) as illustrated in Diagrem 4. Two carbon units, via malonyl

CoA with the loss of CO,, are added to.a growing chain. The final

2
products in E. coli are predominately myristate and palmitate. The
system is dependent on acyl-carrier prdtgj.n (ACP) wﬁich can 59 synthesized
in E. coli (80). Waldil and co-ﬁorkers (see 80) have identified and
charaéte:d.zed the enzymes responsible for the various réactibné. Lynen
(81). Majerus and Vagelos (?9) and Waldl (82) have demonstrated the
presence of tu.h- z-.alauyl system of fatty acid synthesis in higher
orgariism.s. However, the enzymes of all systems thus far studied. except
those of E. coli (80) and certain plants (83). are aggregate and are
inactivated by dissoclation. ' . -

: TheP-hydroxy-acyl ACP dehydrase (6 in Diagram ll-) can cataiyze ’
the formation of both 2- and 3~monounsaturated acyl ACP's (84) of
. ¢hain length of 10 carbons or 1ess. The 3-unsaturated acyl ACP cannot
be reduced to a saturated chaine. Further elongation of the 3~decenoyl

ACP prociuces palm:l.toleate and vaccenate. Synthesis of unsaturated

15 .
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Diagram 4;

S . SV I VO S

Synthesis ofvfat‘.ty acids in Escherichia coli.

0 ®
ACETYL~CoA SCIES S MALONYL~CoA
ACP-SH . ATP ADP + Pi ACP-SH
CoASH‘) @ ‘ 1 C COASH
ACETYL-ACP MALONYL~ACP
. ® . | |
*°°z‘_/ ' > E1C.
ACP-SH+"
~ . .
ACETOACETYL~ACP BUTRYL~ACP -
NADPH, o 1 NADP
P-HYDROXY BUTRYL-ACP —~ " CROTONYL-AcP
. 2o

Acetyl Coenzyme A Car'b'o‘xyla_se

Acetyl Coenzyme A=Acyl Carrier Protein Transacylase
Malonyl Coenzyme A-Acyl Carrier Protein Transacylase
P-Ketoacyl Acyl Carrier Protein Synthetase
F=Ketoacyl Acyl Carrier Pr_otein Reductase
f—nydrmlaéyl Acyl Carrier Protein Dehydrase

Enol Acyl Cai'rie_r Protein Reductase

CoA: Coenzyme A
Acyl Carrier Proteln

;
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fatty acids of E. coli (85,86) and other Eubacterioles (21) is solely

by this anaerobic mechanism, although higher organisms can also employ
a monooxygenase for converting saturated fatty acids to unsaturated
ones (87,88). .

Cyclopropane fatty acids are formed by the transfer of a methyl
group to the double bond of palmitoleate or to cis-vaccenate resulting
in a type of substi tuted :fattjr acid (89). OtLeary (90) first suggested

that S-adenoéyl methionine was the methyl donor and Law, et al.(%1)
have shown that the presence of a number of other methyl donors in no
way dinﬁ.ni_shes the incorporation of labeled methyl groups of methionine

‘gl
£
£

into cycloproparie fatty acids. The transfer of the methyl group is
to an unsaturated fatty acid moiety of a phospholipid rather than to
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a free acid (92). - The mechanism of addition to the unsaturated bond
has been studied in greater detail by Law (93). The location of the
cyclopropane fatty acid synthetaseof E. coli has not been determined

B PN

but that of Pseudomonas fluorescens is found in the soluble frection (94).

Oxidation of fatty acids by Escherichia coli

E. coll cells can convert a sizable fraction of many carbon
sourceé into acetate (95). Wild type cells and various mutants are
capable of growth in media containing fatty acids as the sole carbon
source (96-98). 'fhe fatty acid supplied doeé. not necessarily have to
be one of those native to E. coli (97). The enzymes of ' f-oxidation,

as given in Diagram 5, can be induced by fatty acids containing 14 or

more carbons. The coordinate variation in the activities of the
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Diagram 5:

FE WO

Beta-oxidation of fatty acids in Escherichia coli.

P
R-CH;-CHy C-CoA

" R-CH=CH-C-~CoA
%/(
?H o Hzo
NAD
2 Kamumz |

0
R-g-cnz—é‘:—CoA

'%&ASH
9. g
R-¢-Cot + CHsC-Cot

Acyl Dehydrogenase

Enoyl Hydrase

P ~Hydroxylacyl Dehydrogenase
Thiolase

CoASH: qunzyme A
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engymes suggest that they are under ohe gene control (97). The
significance of the ﬁéo:ddation enzymes may not be great since bacteria
in general can grow resdily on glucose or other non-lipid fuels. They
do not store neutral lipids as an energy'sourpe but E. coll can form
glycogen gramules (99). |

The presence of & cyclopropane ring pres,en"t.s a block in the
normal oxidative pathwaye. The abllity to break the ring has been
reported for the fungus, Fusarium oxysporum Schlectadehl (100), and
the protozoa, Ochemonas danica (101), but not for E. coli. In any case,

there is probably little catabolism of cyclopropene fatty acids in
vivo since they have been shown to be stable for periods of up to 150

> B OMATIR

hours (10,91).

DEOREAIMEN a

Effects of environmental factors on tota.lllig.'tds and phospholipids

In the normal life cyéle of an E. gcoli culture grown at 37° C,
total phospholipids decrease during the iog phase then remain

| unchanged du:ing the statlonary phé.se (162). However, if the tax.npera-
ture of growth is 27° C, rether than 37° C, the total phospholipid
content increases éonti.ﬁuously throughout the log and stationary
phéses (102)es Lowering the temperature of a culture growing --
exponentiaily at 37° ¢ to 10° C, results in a 4.5-5 hour '1§g period.
During this time total phospholipids increase about 20% (8), whereas
other cellular components, eege, protein,‘ RNA and DNA, remain |
unchanged (19,20). |

PE reaches a maximum concentration during the log phase of 37° C
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cultures and then decre'ases during .early stationary phase (24); PG
follows the same general pattern. In contrast, CL increases during
the stationary phase (24, 102). | Whether or not there is a reciprocal
relationship between the; decrease in PG and the increase in CL is
debatable as the reports are in conflict (24, 102). Haest, et al.
(3) found no appérent differences in the distribution of the vario’ué
phospholipid classes of E. coli grown to late log phase at 20°. 30°,
or 40° C,

As rhent;\.oned previously, l;G decreases and CL increases during
the stationary growth phase. The same change in the proportions of
these i)hospho].ipids 1s seen when exponénf:iglly growing cells are
transferred to a medium containing no carbon source (9) or when

filamentous growth (that is, growth without cell division) is induced

by the presence of penicillin or 'by‘ultraviolet light (103). However,

when éell. growth and division is tgmporarilyﬁ haited by sub:;ject:-l.ng :
cells to 1ow.tempera.tures. there is relatively less syrithesis of CL
" "than of either PE or PG.and the proéortion of CL of the total
.phospholipid does not increase (8). ‘ .

. The environmental temperature appears to influence ‘it.he metabolisn
-of .phospholipids also. As ﬁentioned previously, PG and CL turnover

during normal exponential growth at 37°.C, whereas PE is stable (12,13)+

Okuyama (8) has reported that the phosphate moieties of all major
phospholipids of E. coli B, including PE, show considerable turnover
Adnring a 5 hour cold=induced 19.g. phase. ' The acyl moleties of the
phospholipids, hov}ever, did not give this response. The author
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postulated that there_ was, in fact, a turnover of the total phospholipid
molecule, but that the acyl moieties, as acyl ester groups or fatty acids,
were being efficiently reutilized.

Effects of environmental factors on individual fatty acids
Under most conditd.ons; palmitate represents th§ largest

percentage of the total fatty acids of E. coli phospholipids.
Palmitoleate and cis-vaccenate and/or their hethylene derivatives are
the next most abundant. Whether the fatty acid distribution of the
individual phospholipids are the same 1s not yet clear. Kanemasa

®
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(13) has reported that the percent of each fatty acid in PE, PG and
CL of 3?° C stationary cultures are much the same. On the other
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hand, DeSiervo (102)' found that in 27° C stationary cultures, the
pércent of cis-vaccenate was smch greater and thoseof pa'.lmit;ate and
palmitoleate were mich less in PG than in either PE or CL.

The fatty acid composition as well as the amountsof the
phospholipids themselves change thz-'oughout the growth cycle. As a
culture approaches'the éta.tiona.ry pbase,_ the percent of monoenoic .
fatty acid decreases while that of the cyclopropaﬁe :f.‘att.y acids .
increases (10,89). The methjlation of monoenoic fatty acids does
not procéed at the same rate within all phospholipids, but begins
sooner and proceeds niox_-e slowly in PE than in either PG or CL. ~ The
net result is that the cyclopropane fatty acid comj!osition of all
phosphoiipids is the same at stationary phase.

The conversion of palmitoleate to methylens ﬁa]nﬂ.tate appears
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to preceed that of vaccenate to methylene stearate (89). Methylene
hexadecanocate represented 9% of the total fatty acid present t'aefore
any methylene octadecanoate could be detected. After the 17:v1 acid
had reached a level of 30% of the total fatty acids, any further -

methylation appeared to be as the expense of 18:1.

In Pseulomonas fluorescens, the amount of cyclopropane fafty
acid is inversely related to the degree of aeration of the culture
"due to an induction of cyclopropane fatty acid synthetase at low
oxygen tensions (94,104). In E. coli, cyclopropane fatt&. acid
accumlation at early stationary and during stationary phasé could be
reduced somewhat by lncreasing aeration. However; there was little
effect on the percent of cyclopropane fé.tty acids present during
exponenta.ai growth (104). |

The concentration of cyclopropane fatty acids in E. coli is
dependent on many factors, including the temperature of iﬁcubation.
Knivett and Cullen (89) found that the percent of cyclopropane fatty
acids of the totai fatty acids was progressively less in E. coli
grown at 3?°, 30°, and 23° Ce The percentage of cyclopropane fatty
- acids may also be decreased by an alkaline medium,the presence of
citrate (85) and by filamentous growth induced by penicillin or
ultraviolet light (76).

The effect of temperature on the fatty acid composition of
E. coli is a well known phenomenon. Reducling the temperature at
which cells are grown (3,89) or transferring exponentially growing cells

to a lower temperature (8,19,74) leads to an increase in the percent
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of unsaturated fatty acids.and to a decrease in the percent of
cyclopropane fatty acidse The adaptation of cells transferred to a
cqlder medium is not complete. - For example, the fatty acid composition
of cells transferred from 37° to 10° C resembled that of cells grown
at 25° C, rather than fhat of cells growh at 10° c.

Alterations 1in fatty acid compositiondue to changes in
_ environmental temperatures is dependent on a source of carbon. Shaw
and Ingraham (19) found no change in the fatty acid compoéj.ﬁ.on of
E. c0li kept for 4.5 hours at 10° C if glucose was withheld from the
medium. These cells were capable of resuming growth at 10° C after

this lag period when glucose was supplied. Thus grbwth at low
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temperatures is not dependent on the fatty acid composition of the cells. it :

Conversely, a rather large change in fatty acid composition had no
measurable effect on growth rate of E. coli cultures (105).

Positional specificity of fatty acid distribution in phospholipids
It is a general finding in phospholipids and in neutral lipids

that the acyl groups esterified in the {-position are predominately
saturated and those esterified in the f-position are cis-unsaturated.
The only reported exceptions are CL of various mammalian tissues
(106-108) and PE of Clostridium butyricum (109).

The means by which this asymmetry is established and maintained
has been much debated. Lands and Hart (110) found stearate and
linoleate to be incorporeted equally well into both the 1~ and 2-
positions of phospholipids synthesized from 4-glycerol phosphate
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by microsomes of rat and guinea pig liver. At that time they
suggested that "the specificities of the acyl tmnéfemse reactions
leading to diacyl glycerol phosphate are not adequate to provide the
pattern of fatty acids that is known to occur in glycerolipids in
nature".

This view was supported by other reports of studies with rat
brain (111) and liver (112), but was later questioned. It was
subsequently found that the fatty acid distributior of PA of rat
liver is nonrandom, which would indicate specific orientations of
fatty acids.in the de novo synthesis of phospholipids (113). However,
the fatty acid distribution of PE and PC were different from that of
PA suggesting that deacylation and reacylation have a role in
determining the final compésition and positional distribution of fatty
acids in individual phospholipids. Recently, Lands has endorsed these
findings and concurs with the concept of original nonrandom fatty acid
distribution with further nonrandomization being established by a
deacylation-reacylation mechanism (Pers. Comm. to Dr. P. Proulx).

In vitro étudies with a particulate enzyme preparation from an
E. coli mtant have recently shoun that the acylation of L-dglycerol
phosphate is responsive to the type of faity acid available (114).
Palmitic acid was found to be esterified exclusively in position 1 and
unsaturated fatty acids in position 2. The enzyme(s) responsible for
the acylation has an unusual thermolability. Therefore, the relevance
of this finding to other strains of E. coli is not yet knowne.

The development of silver ion thin layer chromatography has
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opened a new field inkthe study of the positional speciﬁcify of fatty
acids of phospholipids (115). Combined with gas-liquid chromatogrephy
analysis of fatty acids, one may now determine the relative amounts of
precissly defined phospholipids, e.g. i=-palmitoyl, 2=-vaccenyl PE,
instead of total fatty acid composition of this lipid c:Lass;

Fatty acid auxotroi)hs of E. coli have also proven especially
useful in studying changes in phospholipid species (11,116). These
mtants can incorporete various exogenouslysupplied fatty acids (some
of which are foreign to the cells (116)) intact into phospholipids.

The positional specificity of the fatty acids in the phospholipids

y
B
It
%

of E. coli is not exact and E. coli cells contain some 1,2-disatureted
(excluding i-saturated, 2-cyclopropéne) and 1,2-diunsaturated species.
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In the predominant i-saturated, 2~unsaturated species, the longer
the unsaturated fatty acid incorporated into the 2-position, the
larger the myristate/palmitate retio in the i-position (11). Ina
diunsatureted species, shorter monoenoic fatty acids are preferentially
acylated in the 1-position. In Jike manner, shorter saturated fatty
acids are preferred over longer ones in the 2-position of disaturated
speclies. |
lrg_n_s_-monoeml)ic acids may be incorporated into either the 1- or
2-position (11). :Since these acids have a straighter configuration
than their cis counterparts, they share some structurel features and
physical properties in common with satureted fatty acids, while at the
same time, they are more reactive than long chain saturated fatty

acids in transacylations involving the 2-position (116). When trens-
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vaccenate was supplied exogenously to a fatty acid auxstroph of E. coli,
the phospholipid formed contained less myristate than if cis-vaccenate
were supplied. ' . }

Cyclopropane fatty acids are normally located in the 2=-position
(109) in accord with the fact that they are synthesized from unsaturated
fatty acids already attached to a phospho].i.pid molecule. Clostridium

butyricum contains unsatureted fatty acids in both the 1- and 2-positions.
However, the 2-fatty acid is methylated almost exclusively, indicating

a positional "methylating" specificity of cyclopropane ,i‘atty'acid

synthetase in this organism at least (109).

e i
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GENERAL METHODS

Preparation of M gcoll 015 cells

Escherichia coli 015 was obtained from the Department of Micro-
biology of the University of Ottawa and maintained on agar slants.
Cultures were grown in either mutrient broth or a modification of
Medium 56 (117) as given in table I. One liter cultures were grown
in large.culmre flaslgs in a shaking Labline incubator at 3?6 Ce. |
Smaller cultures were grown in Erlenmeyer flasks in an Eberbach water
bath-shaker at 37° C with moderate shaking.

The optical density of the culture was followed using a Coleman
Junior Spectrophotometer at.620 mpe The growth curve of E. coli 015

AL SMPAER .
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in minime] medium is shown in figure 1. This medium supports full
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growth of E. coli ML (117); E. gcoli 015 does not grow as well in this
medium as in cémplex mediume. In_ most caseé, cells were harvested at
early or mid-log phase, at a tihe when growth was proceeding
Aexponen’c.ially at a specific growth rate*-~of 0.44 hour'i.
| . .Each culture was checked for ﬁurity by Gram staining. Also, cells
' vere streaked onto a matrient plate and at lesst eight individual
colonies were transferred .to a MacConl;e} pl#te. The growth of red
colonies indicated the presence qf Gram negative organisms. A streak
from these colonies was placed on a citrate slant to differentiate
between E. coli (no growth) and Aerocbacter (growth with a chhnge in c'oior

2.303 (1og1 0 %o~ log,, xi)

*specific growth rate: k =

tz - t1
where x, and X, are the opticai densities at ‘l',1 and tz,

rospectively..
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Table I. Media used for

culturing Escherichia coli 015.

COMPLEX

MINIMAL

g/l g/l

Bactopeptone 15.0 KHQPOL; 13.6

Yeast Extract 1.0 (NH,),50, 2.0
NaCl 5.0 MgSOu 0.098

CaCl,°2 H,0 0.1325

FeSOu 0.005.

Sodium Acetate 1.0

| *Glucose' 20.0 *Glucoge . 2.0

*Autoclaved separately
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of the medium from green to blue). Périodically sampie cultures were
sent to the Laboratoz;y of Hyglene, Department of Nationsl Health and
Welfare, Ottawa for typing and for checking for maintenance as smooth
cultures by Miss Rhode Laidly. . ,

Cells were harvested by centrifuging at 10,000 rpn for 15 minutes
in a Lourdes Model 1=A refrigerated centrifuge at 0° C.

Extraction of lipids

" The standard procedure for extraction of total lipids from
cells and of individual lipids from silica gel after thin layer

chromatography was a modification of the procedure of Bligh and Dyer

=
‘o

(118). A mixture of chloroform (redistilled), methanol and water
(1:2.5:1, v/v/v) was'addea to the material to be.extracted. The
suspension was stirred foz; 30 zni.mtes. . One volume of each chloroform
and water was added and the stirring continued for another 20 minutes.
The two phases were separated by qentﬁﬁging at 3,000 rpm for 10
lminutes and the lower chloroform phése was transferred to an evaporation
flask with a Pa..steu;r pipet; The remaining water and péotein or silica
gel la_yer were extracted again with one volume of chlorofgrm for 30
minutes and the lower phasé added to the first extract. The poc;led
extracts were evaﬁorated to dryness at 37° C on a Buchi Rotovapor R
Flash evaporator and the lipids were stored under nitrogen at -20° c.

Separation of lipids and water-soluble materials

Lipids were routinely separated -on TLC plates (5x20 or 20x20 cm)
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coated with 0.75 mm of silica gel made with 45 g of silica gel G
and 90 ml of 5% ammonium sulfate (26) or with 0.5 mm of silica gel G
The former type of TIC plate will be referred to as "a.mmonia plates’,
The Rf values of the various neutral lipids and phospholipids in the
solvent systems normally employed for separations are given in table
II. Other types of plates and solvent systems will be described with
the experiments in which they were used.

Two Systems were uséd for separation and identification of
water-sc;»luble materials: 1) nepropanol-ammonia-water (60:30:10, v/v/v)
on 0.5 mm cellulose plates activated at 110° C for two hours, and 2) |
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phenol=water (5:1, v/v) on 3 mm Whatman filter paper{iescending). The
Rf values of standards are given in fable IIT.

Both plates and papers on which radiocactive materials were
separated were scanned using & Nuclear Chicago Actigraph IIT ratio-

chromatograph scanner.

Mild Alkaline Hydrolysis
Lipids were deacylated according to 't.he‘ procedure of Dawson, et al.

(119) as moéliﬁ.ed by Ferrani and Benson (120). The material to be
hydrolyzed was incubated with 5 ml of 1% toluene in methanol and 5 ml
of 0.2 N KOH in methanol for 15 mimutes at 37° C. The reaction was
stopped by placing the incubation tube in ice and adding 5.0 ml of ice
cold water. Excess KOH was removed by adding a 504 suspension of Dowex
(5084 x 80, 100=200 mesh) until the pink color of.a. drop of added
phenclphthalein disappeareds The tubes were centrifuged at 3,000 rpm
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Table IT: Rf values of neutral lipids and phospholipids

in various thin layer chromatogrephy systems.

- Siliea Gel G 1'.3:!.a.tes1 " Ammonialt platesi
A2 B2 2%
Triglycerides 1.00 ~0.86 1.00
Fatty Acids 0.73 0.63 1.00
Diglycerides 1,00 0.29° 1.00
Ve | oot 0.21 . -
Monoglycerides 1.00 0.04 1.00 P
?g’f
Phospha tidyl- . i
ethanolamine 0.46 0.00 0.66 5
Phospha tidylglycerol 0.46 0.00 . 075
' : l E
Capdiolipin 0.75 0.00 0.96 :
 Phosphatidic Acid 0.70 0.00 . 0,96
Phosphatidyleholine - 0.25 0400 0.37
Lysophosph'atidyl; S _ .
ethanolamine 0.20 . 0.00 -
Lysophosphé,tidyl- o : .
glycerol © 0615 ' 0.00 -

1see text for description of thin layer plates.

25t chloroform-methancl~water (65:25:4; v/v), B: petroleunm
. ether (30-60°C) -ethyl ether-formic acid (75:25:1.5, v/v)s

3 1,3~ and 1,2-diglycerides, respectively.
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- Table III. Rf values of water=soluble materials in systems
1 and 2 as indicated in the text.

1 2

Inorganic phosphate ' . 0,00 0.00 |
®~Glycerol phosphate ‘ 0.06 0.19 .
. 13
. B

*Glycerophosphorylglycero= E
phosphorylglycerol (GPGPG) o 0.45 0'22 {E
* O~Phosphorylethanolamine - _ 0.42 - 0.32 e
iGlycerbphosphorylglycorol (GPG) : '0._?0 - 0e53
*Glycerophosphorylethanolamine (GPE) 0,70 - 0.66

*Deacylated CL, PG and PE, respectively, isolated from
' _E_o COli ]ipids. A ~ :
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for 10 minutes. The supernatant cont#ining the mixed ~water- and
chloroform=soluble nﬁterials‘ was removed to an evaporation flask with a
Pasteur pipet. The Dowex resin waé washed once with 2 ml of methanol
and 2 ml of water. The superna'bé.nt and the wash solution were pooled |
and. evaporated to dryness on a rotary evaporator at 50° C. Chloroform,
iscbutancl and water were mixed in a ratio of 100:50:75 (v/v/v) and
allowed to separate into two phases. One ml of the upper phase and 2

ml of the lower phase were added to the evaporation flask and the contents
mixed thoroughly and transferred to a centrifuge tube. The flask was
washed with the same volumes of the upper and lower phases and the
mixture added to the centrii;uge tube. The contents were centrifuged

AN XTFMATe

and the upper phase containing the water-soluble materials were
removed; the solvent was evaporated on a rota.ry evaporator at 50 C.

‘When fatty acids were to be analyzed, the hydrolysis was stopped
- by adding 5.0 ml of cold 0.2 N HC1, followea by 2.5 ml1 of methanol

ey i L
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and 5.0 ml of cl':ioroform. The fat;ty a.cicis were extracted by the Bligh

.a.nd Dyer pr;oéedure desczfibed previoﬁsly. Recovery of fatty acids by
this procedure was better than 95%. ' ‘

Counting of radiocactive materials

A Nuclear Chicago Mark IV scintillation counter was employed in
| some of the earlier work. The scintillation flnid contained S%APPO and
0.3% dimethyl POPOP in toluene. Four percent Cabo-Sil was added to the

y

fluid in order to count 1 c labeled materials on silica gel without

prior elution. Quenching corrections were made using chloroform and _ 3

4




a chanels ratio method.

Later a Beckman LS~133 scintillation counter was used. The
seintillation fluid contained 5% PPO in toluene, to which 100 ml of
methanol and 3.5 ml of glacial acetic a.cid/liter:were added (121).

1 Jabeled matorials

This mixture was adequate for accurate counting 'of
not previously eluted from silica gel. Tritium labeled materials were
eluted by the modified procedure of Bligh and Dyer prior to counting.
An external standard ratio was used i‘o.r quench corrections.

Water-soluble materials were counted in the methanol-acetic acid

;
:
|
1
|
|
i
!
|
|
|
!

scintillation fluid in the presence of 2.0 ml of Triton X-100 per 0.1
ml of watere. '

P STARK
LAV ONTARIO. CANADA.

Materials
Bactopeptone and yeast extract were obtained from Difco; silica
gel G from Canlab, Montreal; PPO and POPCOP from Fraser Medical Supplies,

Vancouver; Cabo-Sil from Packard Instrument, Co., Downers Grove, Ill.,

and amino-nghthosulfonic acid (ANS) from Fisher Scientific Co., Montreal.
The radio-isotopically labeled materials uéod were: 32P-phospl'xor':l.o:',

acid, 1-H-acetate (sodium salt) end -H-methyl methionine from New

14

England Nuclear; 1~ Cepalmitic acid (sodium salt), Nuclear Chicago and

14

1-""C=acetic acid (sodium salt) from Amersham/Searle.

The commercially prepared engymes were phospholipase D from

cabbage (Calbiochem), phospholipase A, from Crotalus adamantus ‘venom
(Sigma Chemical Company) and porcins pancreatic lipase (Worthington

Biochemical Company). |
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EXPERIMENTAL RESULTS

I. IN VIVO METABOLISM OF PHOSPHOLIPIDS OF ESCHERICHIA COLI 0i5 AT 37° C.

Introduction

" At least two of the major phospholipids of E. coli are actively
metabollzed curing exponential growth at 37° C. Kanfer and Kennedy
(12) found that half of the radicactivity of prelabeled S2P-PG was lost
.in 40-50 minutes. Kanemasa et al. (13) confirmed the turnover of PG
and found that CL was similarily metabolized during a three hour growth
periode PE, on the other hand, appears to be quite stable. In cells
Prelabeled with 32P then transferred to nonradicactive medium, the label
in PE increased for 30-60 minmutes, then remained constant for up to
three hours (12,13). ‘

Several enzymes which participate in the hydrolysis of ,
phospho‘lipids have been identified in E. coli. Okuyama and Nojima (61)
and Fung and Proulx (62) reported the presence of phospholipase A in
E. coll B and E. coli 015 and 0118, respectively. In these studies
PE, which is native to E. coli, and PC, which is not, served as substrates.

Doi, et al.(66) have presénted evidence that certain strains of
Ee coll contain two phospholipases, differing in their susceptibility to

inactivation by detergents, heat and organic solvents as well as
localization and substrate specificity. Both PE and P& are hydrolyzgd
by the particulate enzyme, whereas PG and, to a lesser extent, CL are
degraded by the soluble fraction.

Lysophospholipids which would be formed by phospholipase A

36



hydrolysis of phospholipids may be degraded by a soluble fraction
of E. coll cells. Lysophospholipase activity was first reported by

Proulx and Van Deenen (74) and later confirmed by Okayama and No:jimé.
(61) and Proulx and Fung (63). On the other hand, the particulate
fraction of E. coli cells can catalyze the reacylation of lyso-PE and,

to a lesser extent, of lyso-PC to diacylphosphoglycerides.(74).

The following experiments deal with the in x_i_yg mefabqlism of
phospholipids, both the phosphorus and fatfy acyl moieties, of E. coli
015 at 37° Ce. The relative metabolism of the 1~ and 2-acyl groups is
discussed in relation to the enzymes present in this strain of Ee. coli.
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Methods

Ee coli 015 cells were grown to early log phase at 37° C in 300 ml
of minimal medium 56 which contained 0.3 g scdium acetate, 0.6 g glucose
and 100 pnc of 1-140-acetat'e.‘ The cells were ha.rve'éted and resuspended
in minimal medium containing the same amounts of sodium acetate #nd v
glucose as the growth medium, but from which the phosphate was omitted.
The cell suspension was divided into two equal aliquots and returned to
the 37° C water bathe After 5 minutes of incubation, 1 mec of 32? was
added to one of the flasks and the incubation continued for another 10
minutes.

The cells in each flask were harvested separately and resuspended

&
E
£
)

in 150 ml of minimal medium in which the acetate concentration was
inereased to 0.075 M and the phosphate concentration was 01 M (The
original growth medium was 0.0122 M acetate and 0.029 M phosphate)
Aliquots of 25 ml were incubated at 3?° C for 0, 30, 90 and _180.minutes.
One series of flasks, coyfrtaining the 140-labeled cells only, was used to
assess the turnover of ﬁhole phospholipids as well as the tumover of
individual acyl groups. The other series, doubly labeled, was used to

1"’0 and

assess turnover of BZP-moieties. Similtaneous counting of the
32Pu--lanbels in this seﬂ.es gave an additional value for the turnover of
carbo;i units and served to check whether identical conditions prevailed
in both series as far as lipid turnover was concerned.

Cells were harvested and the lipids separated, ext'racted and
counted as described in General Methodse.

Labeling of the acyl groups by wc acetate was determined by

38
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subjecting aliqouts of the phospholipids to mild alkaline hydrolysis

14

(General Methods). Less than 4% of the total = 'C label of the phospho~-

Censl
i el e T e s Frro

lipid-was found in the water soluble portion (table IV). Therefore,

1Z’C label was assumed to represent

in subsequent experiments the total
mainly the labeling of the acyl gfoups. ' . |
Labeling of the acyl group in position 2 was assasséd with the :

use of phospholipase A of Crotalus e.damanﬁzs venom. The énzyme
preparation contained a 1yso'phos.pholipase which could not be entirely
inactivated by heating at 60° C at pH 5.0 for 10 mimites. In order to
mnimize 'lysophosphohpid Mrolwis, the ethereal system of Hildebrand
and Law (109), in which lysophospholipids precipitate as they are formed,
was used. A mixture con'ta;'ming the substrate in 2.0 ml of ethy_l ether, “
30 ul of 0.15 N NH,OH and 30 ul of Tris buffer (0.1 N, PH 7.2) containing ‘
0.01 M CaCl, and 3-5 mg of snake venom/ml was incubated with shaking at e
room temperature for 6-i14 hours, f.e. until no trace of diacyl

phospholipids remained. The reaction was stopped by adding 2.0 ml of

98% ethanole. The solvents were mmoﬁed by evaporation.

The ]ipids were not extracted from the small quantity of protein

present but were dissolved in chloroform-methanol-acetic acid (1:4:0.15,
v/v/v) and spotted directly on .silirl:a. gel G plates. Lysophospholipids

and fatty acids were separated by devel;;ping the plates first in
chloroform=methanol-water (12:6:1, v/v/v) for three-quarters of the

height of the plate, drying the plate at room temperature, 'c.h‘en~

deveioping it in petroleum ether-ethyl ether-formic acid (50:50:1.5,

v/v/v) the full length of the plate.
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Table IV: C—Lébgling of the glycerol and ethianolamine moiet,iesi
of phospholipids of Escherichia eoli 015 grown in the
1 :
presence of l*c-ace'bate and chased.
Time of _ :
Incubation PE PG cL
minutes | : percent of the toial phospholipid dpm .
. | | : . . g
30 0.9 347 24 B
90 ' 0.9 . 2.4 2.5 ?
180 | | 0.9 2.2 2.9
1

As determined by mild alkaline hydrolysis and recovery of
the water-soluble materials,- '



1l"c-:!.aLbelzi.ng of the 1-acyl group was caleulated as total

1L"C--cou.wl;s of the fatty acids obtained by hydrolysis of the

1"”0 counts

minus the
lipid with phospholipasé Az. The validity of this method was
indicated by the results which always showed an equal distribution of
label in both acyl ester positions of phospholipids isolated from E.
-coli cultures prior to a chase. | '
Isotopically labeled phospholipids for use as substrates in in
Yitro enzyme assays were prepared biosyntheticglly using liver of ,w,"oung
rats. Incorporation of 32? into phospholipids was as follows: 0.3 g of
finely cut_liver in .0.2 ml of Krebs=Ringer solution (0.1 ﬁ, PH 7.4)

was incubated with 1-2 mg of CTP and 2.5 mc of %P at 37° C for & hours

=
£
3
:
i

t
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t

vith 95% 0,-5% CO, aeretion. ~The incubation mixture for 1%C incorporation

1""'(2--133.'!.1111‘l:t:r.‘l:,e (sodium salt), 3.0 ml of Tris buffer

contained 50 mc of 1=
(0.02 M, pH 7.4) containing 0.125 M KC1, 75 mg ATP and 2.5 mg Cod,

and 3.0 ml of 20% liver homogen;ate in the same Tris buffer. Incubation
was at 37° C.for 45-60 minutes. The labeled lipids were extracted and
separated as described in General Methods. The bands were stained with
Ponceau red (0.05% and 6.2% uranyl nitrate in 0.01 N HC1l). The phospho-
lipids weré immédiately _femoved from the plates, extracted a.;xd stored

under N, at -20° c.

1-1¥Cpalmitoyl PG was prepared by 'c'mnsphosphaudylapion of

, 1-14C-palmitoyl PC using phospholipase D from cabbage according to the

method of Yang, et al.(122). The labeled .substrate was incubated with

0.5 ml of ethyl ether, 0.2 ml of 103 glycerol, 0.1 ml of O.4 M CaCl,

and 0.3 ml of phosphdjipase D (3.5 units/ml in 0.4 M acetate buffer, 1 ,

1



PH 5¢6) for 30 minutes at room tempereature. After the system was
inactivated with 0.1 ml of 1 N HCl, the lipids were extracted with
ethyl ether-95% ethanol (4:1, v/v) and separated on-silica gel G plates
in chloroform-methanol-water (65:25:4, v/v/v)e As PG does not stain
with Ponceau red, the bands were located by scanning. Labeled PG was
eluted from the silica gel and stored under N2 at -20° c.

32P--PG and -CL were isolated from E. coll cells which were grown
in nutrient broth containing 1 me of 3% for 6 hours. The extracted
1lipids were Separated on "ammonia plates™ as described in General

Methods. The purity of the CL band was checked by rechromatographing

Y OTTAWY

an aliquot on 0.5 mm silica gel G platés developed in chloroform-
methanol-ammonia-water, (70:30:4:2, iv/v/v/v). a system in which PA

3 Ve

separates from CL. Only one radiocactive band corresponding to a CL
standard was found.

A further check of the purity of both PG and CL was made by |
subjecting a fmc;tion of each to mild alkaline hydrolysis and ' 1
chromatogﬁphing the water soluble products on cellulose plates and on ‘ -
paper as given in General Methods. Only single components corresponding | j
to GPG and GPGPG for PG and CL, respectively, were found. '

The cz-'ude enzyme for assaying phospholipase A activity was
prepared from E. coli 015 cells cultured in mitrient broth for ? hours
and harvested as described in General Methods. 'CeJ.'Ls from a 1 liter
culture were susiaehded in 50 ml of Tris buffer (0.1 M, pH 8.4). Protein
concentrations were 20-30 mg/ml. The suspension was sonicated

intermittently for 30 minmutes at 125 W using a Biosonik IT ultra-
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sonicator to disrupt .the cells.

One ml of the enzyme preparation was mixed with 10 ml of Tris
buffer (0.1 M, pH 8.4) containing 0.1 mM CaCl, and 100 mg of sodium
deoxycholate. Two ml of this preparation ::ere.added to the substrate
" dissolved in 0.1 ml of ethyl ether. The mixture was incubated ‘at 37° ¢
and the reaction stopped at variocus times by the addition of 2.0 ml |
of chloroform and 5.0 ml1 of methanol. '

The lipids were extracted and separated on silica gel G or
"ammonia" plates. The bands were detected by scanning and by Iz vapor
visualization. In some insTbanceé the lipids were eluted from the

L
E
E
o
%

silica gel and subjected to mild alkaline hydrolysis. The water-

soluble prodﬁcts were separated on cellulose plates or on paper.

v rerveryevnTy

Lysophospholipaée and lysophospholipid acylating enzyme activity
were tested simultaneocusly by a modification of the method described
by Proulx and Van Deenex"z (74)s E. coli cells from 2 7 hour culture
were suspended in 0.1 Mv phosphate.buffez; (pH 6.0) and sonicated for 5
mimtes. The pH was readjusted to 6.0. One ml of the total sonicate .
and 1.0 ml of phosz;»hate buffer (0.1 M, pH 6.0) containing 3 mg CoA and
75 mg ATP/5 ml were incubated with 32P-J.yso-?r?E (prepared with snake
venom phospholipase A, as described previously in this section) at 37°
C for 3 hours. The reaction was sto‘pp'ed by adding 14 ml of methanol-
chloroform (2.5:1, v/v) and the lipids were extracted and separated as

previously described.
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Results

The turnover of the 32?- and of the 1""c.. components of total
lipids of individual phospholipids of E. coli 015 during exponential
growth at 37° C are shown in figures 2 and 3. As less than 4% of the
total label was found in the water~soluble products after mild

1. 1abeled

alkaline hydrolysis of the phospholipids, the terms
material and acyl moieties will be used interchangeably in the discussion.
Total lipids remained fairly constant throughout t.he time of
incubation (figure 2)s PE increased about 20f in 90 minutes then
remained constant. The response of PE was essentially the same as

originally found by Kanfer and Kennedy (12). They postulated that
the initial increase in labeling of PE during growth of labeled cells

B Y (LA ST LI

Ny STPRAWK
YiAvn, ONTARIO, CANADA . -

in nonradioactive medium was due to synthesis of PE from an intra-
cellular pool of labeled precursors.

140-labeled PG and CL decreased during the three

Bofh 32P- and
hour incubation in non-radioactive medium (figure 3). The turnover
of the phosphorus moiety of these polyglycerophosphatides in E. coli
015 is much the same as has been shown for other strains of E. coli
(12,13)« The turnover of the acyl moleties of the phosphatl.dgs of E.
coli at 37° C has not been previousiy reported.

The pattern of turnover of the two labels indicates a parallel
turnover of the acyl and phosphate moieties of PG and CL. Nevertheless,
there could still be a selective turnover of one of the two acyl groups.
In order to check this possibility, aliquots of PE, PG and CL were

subjected to mild alkaline hydrolysis and hydrolysis with snake venom

" B
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phospholipase Az and the total fatty aclds liberated in each case were
isolated and counted. The results shown in figure 4 indicate that the

1'L"C--la.be;l in the 1 and in the 2 positions of each

percent of the
phospholipid did not chénge greatly with time. Thus thé two acyl groups
appear to m;mov.er at the same rate. |

No significant amounts of labeled neutrel lipids could be
detected during the incubation peri;d (table V). The total water-

. soluble materials recove;?ed duri.né the incubation varied greatly. The
components vreadily identified by paper and cellulose thin layer
chromtography were 1"’C--u(--glys::ero]. phosphate and 32?-inorganic phosphats.

On one occasion, an attempt was made to acecount for all counts in
the culture. The total 32? counts incr_easeé. ih the medium at the expense
of water-soluble material in the cell. Less than 2%' of the radioactivity
in the medium was lipid-soluble. It was apparent that the turnover of
the water extractable material of cells'pulse labeled with 22P did not
correspond precicely wit.h that of the ]ipid. Rather, there was a - |
considerable ioss of 32P to the mediﬁm. indicating a large degree of
gxchénge with cold inorganic phosphate during the chase.

In cells labeled with 1“C-acetate and then allowed fo equilibrate
for 15 minutes with cold acetate in the medium, & different turnover
pattez;nl was observed. Changes inh the water-soluble counts of the cells -
wer; small and were the inverse of those of the 1lipid fraction. There
was no apparent loss of label to the medium wh:fs.ch showed a constant
radiosctivity throughout the cha_sé. It would appear from these results

that the products of PG and CL turnover are reincorporated into PE, which
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1l"C-.'I.a.be,led total neutral lipids and fatty acids of

e acetate and

Table V:
Escherichia coli 015 labeled with
incubated at 37° C for three hours in high acetate

non=radioactive medium. -

Time of ' Total Neutral Fatty
Incubation : Iipids Acids
-minutes : ‘% of total lipids

o : : 1.7 0.22
30 ' . 1. 0.23
90 1.4 0.43
180 o 0.7 0.23
- 49
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showed a net increase during the chase.

Figure 5 illustrates the results of incubating 1-(1- ¥C-palmitoyl)
PG !'ﬂ.th sonicated Ee coli cells. Approximately 50¢ of the PG was
 hydrolyzed in 120 mimutes with the relesse of ¥c-fatty acids. Very
little lyso-PG was found. _

A further experiment using 2p.1abeled substrates (figure 6) confirms
the presence of phospholipase A activity as opposed to a none-specific
lipase activity. 32P-lyso-PG was recovered when 32P---F'G was incubated
with E. coli sonicafe. The large proportion..of counts recovered in the
water-soluble fraction indicates that the lysophospholipase had not been
completely inactivated in this incubation. .

E

32P-CI. was also repidly hydrolyzed by a sonicated cell preparation
(figure 6) and both labeled chloroforme- and water-soluble products were

. recovered. The chlorofom-soluﬁle material was chromatogrephed on silica
gel G plates in ehlorofom-ﬁethanol-water (65;25:4. v/v/v) and the plates
were scannede The five bands found (figure 7) are rrobably lyso derivatives
and are under further investigation in ocur laboratory.

The incubation of J2P-lyso~PE with sonicated E. coli cells resulted
in the formation of labeled PE and water-soluble products (table VI). The
water-soluble np._tgniaa_ ;tas identified as GPE by paper chromatogrephy in
phenolewater (5:1, v/v) (Rf 0.63). The formation of PE was most likely
due to reacylation of lyso-PE since PE was the only labéled diacyl-
phosphoglyceﬂde formed. Analogous expeﬁ.nents performed by Mr. Guy
Nantel with E. coli 015 and other strains showed that 1%C-1yso-PC was
also converted to the lsbeled diacyl analogue.

3
!
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[ §

0 15 30 60 120
TIME OF INCUBATION .(MINUTES)

Figure 5: Hydrolysis of 1-(1-140-palnﬁ.jt,o yl=phospha tidyl-

glycerol by sonicated Escherichia coli 015 cellse

(o) phosphatidylglycerol, (o) free fatty acids.
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60

N

TIME OF INCUBATION (MINUTES)

120

Figure 7: Chloroform-soluble products formed by the
treatment of 32lP-cau'cl;i.cl.’:.pfm with sonicated
Escherichia coli 015 cells, separaied on 0«5
mm silica gel G plates in chloroform-methanol-
water (65:25:4, v/v/v)e
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Table VI: 32P-.'I.,a.\:el@cl prbducts resulting from the incubation

of 32P-lysophosphatidyletlmnolamine with sonicated &
: 4
Escherichia coli 015 cells. 4
Water— .
LPE FE PG CL Solubles o
percent of recovered dpm
. ‘d
Control 99 : 1 £ 5
Sample 1 38 - 16 0.5 0.1 45 >
2 38 16 0.6 0.3 45




Dicussion

The _i_q vitro experiment_s reveal the presence of active phospho-

lipase A and lysophospholipase in E. coli 015, which conld participate
in the metabolism of phosphoglycerides as outlined in the following

scheme:
P ) o .
hospholipi@ & | .. Fatty Acid,
. Ahospholipias’e Ai) o ATP + CoA
B }
Fatty ¥ 2=acyl-. —_ deacyl-
Acid lysophospholipid ~—— lysophospholipid
(Lysophospholipase)
Glycerophosphoryl-X

t
"
g
B
o

l

&-Giycerél Phosphate + X
Giycérol + In:!rganib Phosphate
Evidence from this and other studies (63) indicates that the acyl
moiety in position 1 of the bhospholipj.d is the first to be removed.
Phospholipase Az-like activity is not detecteble in high #mounts and
could be accounted for by the combined action of several ehzymes in the
crude homogenate. A detailed study by Bernard (67) has shc;rn. however,
the presence of a distinct eytosol phospholipase A, in E. coli which is
inhibited by high detergent concentrations but activated by ethanol.
Whether or not lysophospholipase has éositione.l specificity is unimportant
since acyl migration between the 1~ and 2&-posif.ions of lysophospholipids
- in spontaneocuse |

E. coli 015 contains a lysophospholipid acylating enzyme. This
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would constitute a route for partial recycling of lysophospholipids

as proposed by Lands (110) and indicated in the scheme by the dashed
lines. However, results with intact cells indicate that the turnover

of the acyl and phcsphofus moieties of PG and of CL are parallel
since %P and 1%C counts of doubly labeled lipids decrease at the
same rate. Also we found that the ratio of labeling of acyl noleties
in the 1~ and z-positd:ons of all the phosphoglycerides studied remained
constant over the three hour chase period.

The conversion of lyso-PE to water-soluble product(s) in vitro

is about three times that of its reacylation to PEs The data of Proulx
and Van Deenen (74) a’lso showed that hydrolysis of lyso~PE was greater

. UITAWA _ .
OWTARIO, CANADA. R

than its reacylat&.on. It has been found in 't;he microsomes of house

LadvNi,

fiy larva.e that the a.pparent Km of lysophospholipid tre.nsacylase wa.s

20 times greater than that of the lysophospholipase (123). It was
concluded that at low concentrations of lyso-compounds found in yvivo, ‘
deacylatd.on would be the preferred ;'oute. The lysophospholipid acylating
enzyme could possibly function as a lyscphosphat:!.dic acid acylating
-enzyme in the de novo synthesis of phospholipids. However, no sfudies

of a purified enzy;ne have yet determined its specificity.

The ‘turnover of PG and of CL does not necesscriiy imply that
phospholipase A degzadaﬁ.on is involved. ‘I‘arnover of PG could be
accounted for entirely on the basis of its conversion to CL, although
in vitro experiments do show that PG is a suitable substrate for
phospholipase A. The ultimate catabolic drain would involve the

breakdown of CL of which so little is known at present. There is



mounting evidence that phospholipase A1 hydrolysis of -endogenous
phospholipids is triggered by adverse conditions, but that the enzyme
is otherwise inactive (64,65).

£
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II. IN VIVO METABOLISM OF PHOSPHOLIPIDS OF ESCHERICHIA COLI 015
DURING A COLD-INDUCED LAG PERIOD.

Introduction

The metabolism of bacterial lipids is known to be responsive to
the environmental temperature (21). The fact that PE is not actively
catabolized at 37° C is well confirmed (12,13). However, Okuyama (8)
found that duriﬁg the lag phase induced by transferring- E. coli cells
from 37° to 10° C, the 2P-label of PE, as well as that of PG and CL,

decreased over a five hour period.

W UITAWAR |

A ANTEBIA ARNRTR

In the previous section, we have shown that the phosphorus and
fatty acyl moieties of PG and CL turnover at the same rate at 37° c.

iuC-labeli.ng of phospholipids showed no decline

at 10° C, however, the
(8); it was suggested that the breakdown of phospholipids is complete
but that an efficient reutilization of the fatty acids accounted for
their apparent stabilitye.

The environmental temperature is also known to affect the fatty
acid composition of the lipids of bacteria (49,124), poikilotherms '(125)
and plants (126). In general, cells of microorganisms grown at low
temperatures contain relatively more unsaturated fatty acids (21).
Lowering the temperature of exponentially growing cells also results in
an increase in the percent of unsaturated fatty acids (8,19). Thefe are
two possible ways in which these changes might occur: 1) existing phospho=

lipids are altered either by desaturation of the fatty acid constituents
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in situ or by a deacylation—rea‘cylati.on cycle involving selectively,

nev{ly synthesized unsaturated fatty acids or 2) newly synthesized
phospholipids are richer in unsaturated fatty acids than are existing
ones. In the latter casB. control could be exercised at the point of
fatty acid syn;thesis or of acylation of d~glycerol phosphate and
lysophosphatidic ‘acid. |

The synthesis of unsaturated i:a.tty acids in E. coli does not
require molecular oxygen. (21,85,86); the desaturation of fatty acids
has not been demonstrated in E. coli and most likely does not occur (21).

Studies reportsed in the previous section of the present work indicated

.
o
=
)
3
3

that a deacylation-reacylaticn cycle cﬁnnot account for the turnover of

acyl groups in phospholipigls. Results, hqwever, were from cells grown
at 37° C and may noi necessarily represent the si&#ﬁon at lower
temperatures. Témpemﬁre dependence has been demonstrated in certain
strains of Bacillus which were found to de;sa‘burate' palmitic }acid to
palmitoleic at 20° C but not at 30° C (126). Poikilstherms also
demonstrate this particulé.r temperaﬁ;lre-dependent characteristic (125).

' In the following set of experiments, the in vivo metabolism of the
phospholipids of E. coli 015 during a cold-induced lag phase was studied.
We also investigated mechanisms by which the degree of unsatu_mtibn of
fat:ty acids of phospholipids increases during this time usin_g a
procedure which :allowed a differentiation between tﬁosa phospholipids
synthesized prior to and those synthesigzed during the three hour
incubation.
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Methods ’

Ee. coll 015 cells were grown, labeied and harvested as described
in the Experimental Section I. Aliquots of 25 ml each were incubated at.
10° for 0, 30, 90, and 180 minutes. The temperature of the cold
water bath was maintained at 10° £ 2% ¢ by circulating precooled
ethylene glycol through copper tubing in the bottom of the bath. Lipids
were extracted, separated and counted as ‘described in General Methods.

For phosphorus determination, bands of lipids on silica gel were
transferred directly from TIC plates to micro-KJjeldahl flasks. One ml
of 70% HC10,, was added to each tlask and these were heated 30 mimutes
on a micro-Kjeldahl digestion apparatus. After the flasks vhad cooled
for 15 mimutes, 6.0 ml of water was added, the contants were thoroughly
shaken, transferred to centrifuge tubes and centrifuged for 15 minutes
to remove the silica gei. Five ml of the supernmatant was“taken for
the determination of inorganic phosphate by a .modifiéation of the Fiske
and Subbarow procedure (128) as described below. |

With each set of assays, several 1.0 ml aliquots of HCL0,, were
placed in hydrolysis flasks and heated in the same m#nner as were the
sampl;s. "After the flasks .had cooled, 6.0 ml of distilled water was
added, the contents were mixed and 5.0 ml aliquots were placed in tubese.
One drop of phenolphthalein was added to three'of the blank t:gbes, and
12 N NaOH was added dropwise from a 1.0 ml pipet until a pink color
developed. A volume of 12 N NaOH equal to the average of the volumes
used for the three blank tubes was added to other blank and sample tubes.

Four~.of the blank tubes were used to prepare standards containing 5,
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10, 15 and 20 pg of inorganic phosphate. One-half ml of 5§ ammonium
molybdate in 10 N HzSOu was thoroughly mixed with a blank, standar;'ls
and samples and O.4 ml of 2.5%aminonaphthosulfonic acid in 15% NaHSOB-
20% Na2$03 (195:1, v/v) was added to each tube. The contents were
mixed and allowed to stand exactly 10 minutes. The color was read at
600 mn» using a Coleman Junior Spectfophotometér.

In a second series of experiments, E. coli were grown in 350 ml
of minimal medium containing 250 pc of 2-3H-acetat_e. The cells were
harvested and resuspended in fresh medium containing 6.1 g/l of cold

1l"C-:me‘t:a.i:,e. Twenty=-five ml aliquots were

acetate and 125 pc of 1=
incubated at _ei.ther 10° or 3?° C for up to three hours. The phospho=-
lipids were extracted, separated and recovered as previcusly described.
Aliquots of PG and PE were treated with phospholipase C pfepared
from Bacillus cerius grown for 18 hours at 3?° C in a medium containing
(in g/1): bactopeptone, 10; yeast extract, 10; NeCl, 5; and NeH PO, ,
* Ou4te (The B. cerius culture was obtained from the Department of Micro-
bilology of the University of Ottawa.) The procedure, according to Chu
(129), was as followé: 10 g of (N ’4)2305 was added to 100 ml of the
culture medium remaining after’ the cells had been harvested and t.he.
mixture was allowed to stand at -20° C overnight. The precipitate
was collected by centrifugation,dissolved in 2.0 ml of Tris buffer
(0.1 M, pH. 7.4) and stored at -20° Co The crude enzyme preparation
was used without further treatment.
The phospholipase C hydrolysis mixture contained 5.0 ml of ethyl

ether, 3.0 ml of Tris buffer (0.1 M, pH 7.0), O.4 ml of 0.05 M CaCl,
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and 0.6 ml of phospholipase C preparation. For the hydrolysis of PE
approximately 1 mg of egg lecithin was also inecluded. Quantities of
phoe:pholfpids used were such that hydrolysis at room tempereture was
complete in two hours. The diglycerides formed were extracted with

two 5.0 ml volumes of ethyl éthey. B “

Diglycerides were separated into disaturated (including .mono-
satureted-monocyclopropane), monosaturasted-monounsaturated and di-
unsaturated species on silver nitrate plates as described by Van Golde
and Van Deenan»(ijo). The plates (about 0.5 mm thick). were prepared
with 40 g of silica gel G and 80 ml of 6.75% silver nitrate with a
customemade plexiglass spreader designed by A. Lysionok of the
Department of Biochemistry, University of Ottawa.

The plates were activated overnight at 110° ¢; the solvent system
was chloroformeethanol (98:2, v/v) (130). The plates weré sprayed with
0.05% Rhodamine 6G and the diglycerides were visualized under ultre-
violet light, or spreyed with 203 ammonium sulfate and charred at 110° C.
A typical separation is shown in figure 8. The diglyceride bands were
removed from the plates, which had been sprayed with Rhodamine 6G, eluted
and countede The residual'pink color does not affect the counting
efficiency in the system used.

In .some ihstances. aliguots of the diglycerides were further
hydrolyzed with poi'cine pancreatic lipase using the method of Van Golde
and Van Deenen (131) which employs 9 mg of pencreatic lipase, 1 ml of
1M Trié buffer (pH 8.0), Oei ml of 22% CaCl, and 0.25 ml of. 14 sodium

deoxycholate. The mixture was warmed 1 minute at 40° ¢, then shaken
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P rereTrATE

Disatureted (including
monosa turated-monocyclo-

propane) diglycerides

Monosaturated- nono-

unsaturated diglycerides

Diunsaturated
_ diglycerides

Figure 8: Representative separation of diglycerides (prepared
by phospholipase C hydrolysis. of phospholipids of
Escherichia coli 015) on silver nitrete plates
developed in chloroform- ethanol (98:2, v/v) See
text for details. Bands were :evealed by charring.
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vigorously for 5 minutes at that temperature. One-half ml of 6 M HC1

was added and the lipids were extracted by the method of Bligh and Dyer
(119)s The fatty acids and monoglycerides formed were separated on silica
gel G.plates in petroleum ether (30-60° C)-ethyl ether~formic acid
(55:45:1.5, v/v/v), eluted and counted.

Methyl esters of the fatty acids of total lipids were prepared as
described by Kates (132). ILipid aliquots were dried under nitrogen in
50 ml Erlenmeyer flasks with sealed on 5 ml side tubes and refluxed for -
one hour with 4.5 ml of 2.5% methanolic HCl. After the flasks were
cooled, 0«5 ml of distilled water was added. The lipids were extracted
three times with petroleum ether (40-60° C) and dried under nitrogen.

The methyl esters were dissé;lved in a small ﬁortion of chloroform
for analysis using a .Fractoevap Model GT, Carlo Erba (division of
Aparachi Scientific)gas chromatograph. The gasses and flow rates were:
nitrogen (carrier gas)-0.6 kg/cng hydrogen (for flame detector)=9.7
kg/cmz; and air-1.5 kg/qmz. The column temperature was 190° C; those
of the injection port and of the detector were 2?0° and 235° c,
respectively. The column was 104 butanediol succinate on Chromosorb

W AW-DMCS (60-80 mesh).
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Results

Results of studies of the turnover of phospholipids are
illustrated in figures 9 and 10. Neither the 1“’0- nor 32? iabel of
the total phospholipids nor of FPE changed greatly over the three hour
incubation period. Neither the phosphorus nor acyl moieties of PG
or CL (figure 10) showed the pronounced turnover that was seen at
37° C (see figure 3).

In no case was the percent of neutral lipids (table VII) as great
as that reported to Okuyama (8) in E. coli B cells during & cold-
induced lag phase. Neither did we have any indication that neutral
1lipids were converted to phospholipids during this time as he has
reported. Rather, there was a slight increase in the neutral lipids,
specifically the fatty acid fraction, while the percent of all other
fractions remained at a stable and very low level.

Figure 11 shows that cells kept stationary at 10°-C readily
incorporate 32? and 1uc-acetate into alj. phosph'olipid fractions,
although at a rate slower than at 370 C (ﬁgure 12), indicating
continued de novo synthesis of lipids at low environmental
temperatures. This conclusion is further supported Aby the i‘aqf. that
total lipid phosphorus of the cells increased durihg 'this time
(figure 13). ~ : _ .

As shown in figure 14, when E. goli cells were grown in a medium

containing 2-JH-acetate at 37° C, the level of incorporation of the label

into each phosphatide corresponds approximately to the relative

amount of each. Because of the low turnover of PG and CL, as
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Figure 9: Turnover of 32%p (0—0) and of 14 (0—o) moieties
of the total lipids and of phosphatidylethanol—
amine of prelabeled Escherichia coli 015 cells
during a three hour incubation in nonradioactive

medium at 10° C.
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Table VII: 14C labeled neutral lipids of Escherichia coll 015 cells

which were prelabeled with 1-1uC-acetate and incubated

for three hours in a high acetate nonradioactive mediunm

a.t 100 Co
Time of et 6 FA DG NG
Incubation
minutes percent of total dpm

0 0.67 0.15 0.39 0,06  0.07
30 | 0.71 0u11  0.50 0,04  0.06
90 0.96 0.00  0.75  0.05  0.07
180 1.11 0.15  0.87  0.04  0.04

1 NL: total neutral lipid; TG: triglycerides; FA: fatty acids;

DG: diglycerides; MG: monoglycerides.
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Incorporation of 32? and 1-1ub-acetato into
phospholipids of Escherichia coli 015 at 10°
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Figure 12: Incorporation of 1-1hC-acetate into the
total phospholipids of Escherichia coli

015 at 10° (=-&) and 37° C (e—o).
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Figure 13:
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Figure 1’-&-

PERCENT OF TOTAL DPM OR LIPID PHOSPHORUS
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'l’urnover of 3H--prelze.t'.\elca;cl phospha tidylethanol-
amine and the combined phosphatidylglycerol=
cardiolipin fraction and the incorporation of
1uc-a.cetate into these phosphoglycerides of
Escherichia coli 015 cells during a three hour
{ncubation at 10° Ce (e®) JH-phosphatidyl-
etmnolamina, (o—-O) wc-phosphatidyletbanol-
amine, (=-8) C-polyglycerophosph&tides .and
®-=) 3H-polyg1ycerophosphatidaso 0 and O
indicate the percent of phosphatidylethanole
amine and polyglycerop..v-,,batides. respectively,
as determined by phosphorus analysis.
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well as that of PE, at 10° C, the proportion of the 3H—labeling is
meintained during the three hour lag period. However, the rate of
incorporation of 1-1uC-acetate into the polyglycerophosphatides at
the heginning of the 10° C incubation is about the same as the incor-
poration into PE, Only by 180 minutes does the distribution of the
1’""C--labeling approach that of the 3H—labeling.

As it is evident that phosphoglyceride catabolism is greatly
diminished, while de novo synthesis is still functioning at 10° ¢, it
was decided to investigate the possibility that the phospholipids
synthesizéd during the cold-induced lag phase were qualitatively
different from those formed prior to exposufe of the cells to the low

temperatures. This was accomplished by incubating cells prelabeled with
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2-3H-acetaté in a medium containing 1-14C-acetate at 10° c. Diglycerides
were prepared from PE and PG isolated at various times during the lag
phase and the previously formea x) and newly formed (1§C)'diglyceride
species were-compared. These values were compared to those of a
similar study at 37° C. The results are illustrated in figures 15-18.
At 37° C, 3H-1abeled monounsaturated (SU) and diunsaturated (UU)
species of PE (figure 15) decreascd with time. The 3H disaturated (SS)
species (which also contained monosaturated-monocycloprépane species)
increased after a short lag period. Thi; result could be explained on
the basis of a conversion of unsaturated fatty acids to cyclopropane

fatty acids. A similar picture was obtained for the PG fraction (figure

16). However, loss of unsaturated species (SU and UU) was not

completely accounted for by the gain in SS species. In this fraction
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Figure 16: Turnover of 3H in the disaturated (B), mono=-
sa tura ted-monounsaturated (o) and the diunsaturated
(A) specles of phosphatidylglycercl of
Escherichia coli 015 during a three hour incuba-
tion at 37° C or 10° C.
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Figure 17: Incorporation of wc-acetate into the di-
saturated (ﬂ.). monosaturatsd-monounsaturated
(e) and diunsaturated (4) species of phospha=
tidylethanolamine of Escherichia coli 015
during a three hour incubation at 37° and

10° c.
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Figure 18: Incorporation of mcaacetate into the di~
saturated (@), monosammtedomonmnsammted

(e) and diunsaturated (4) species of phospha=
tidylglycerol of Escherichia coli 015 during
a three hour incubailon at 37 and 10° c.
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there was obviously a turnover of SU and UU species which is not related jéﬁi
to the conversion of unsaturated fatty acids to thelr corresponding
cyclopropane analogues.

In contrest, at 10° C, the 3Hf-SS species are falrly constant and
3H-labeled UU and SU components showed only a slight decrease (figures
15 and 16). This is in accord with our previous results indicating very

little catabolism of phospholipids under these conditions.

14

The incorporetion of ™ C-acetate into the various species of PE

and PG was found to be temperature dependent (figures 17 and 18). At

14C-UU fractions represented about 45% of the total phospho-

1L"C-SS species

10° ¢, the
glyceride as compared to 10% at 37° C. The formation of

of PE and of PG was greatly reduced at the lower temperature. The SU
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species represented about 45¢ of the total diglycerides at both
temperaturese.

The difference in the relative amounts of the species of PE and of
PG at 10° and 37° C could be explained on the basis of greater synthesis
of the unsaturated spscies at the lower temperature. There might also
be a decreased formation of cyclopropane fatty acids containing species
from the unsatuiated species. To check the latter possibility, the
total fatty acid pattern of phospholipiés of cells at 10° C was
compared with those of cells at 3?p C in minimal medium and also in
buffered saline in order to eliminate.growth as a factors As can be
seen in table VIII, the percentage of methylene hexadecanoic acid of cells
at 376 C was 5-6 times that of cells incubated at 100' C. Some methylene

octadecanoic acid was also detected in the phospholipids of cells
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Table VIII: Fatty acid composition of the phospholipids of
Escherichia coli 015 cells incubated for three
hours either at 10° or 37° C in minimal medium
or at 37° C in buffered saline.

Fatty "Minimal Medium Buffered Saline
Acids 10° ¢ 37° ¢ 37° ¢

per.cént of the total

14:0 2.2 ' 51 L.Ly
1610 404 47.1 I
16:1 24,0 L. 10.5
17:v1 b 24,0 | 21.9
18:0 (7) 3.0 - -
18:A1 26.4 - 10.3 | 15.8
? - 3.2 -
19:v1 - 5.8 -
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growing at 3?° C in minimal medium. Thus, the Meonservation" of
monounsaturated fatt& acids due to the low environmental temperature
could contribute to the overall increase in unsaturation found under
these coﬁditions.

We have previously established that the turnover of PG and CL
atv3?° C was not selective for either the 1~ or 2=-acyl groups and
that nelither position of PE shows any turnover; Altﬁough there
appears to be little, if any, turnover of phospholipids at 10° C, we
sought to verify the absence of a specific turnover of one of the acyl
groups at this lower temperature. To do so, PE and PG were isolated
from cells grown in medium éontaining 3H-acet£te at 37° C, harvested,

then incubated in a medium containing 14C-acetate at 10° C. Diglyceride
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fractions of PE and PG were prepared,.separaied and converted to mono-

14C-labeled

glycerides and fatty aeids as previously describedes If a
fatty acid were replacing a 3H-fatty acid preferentially in one position,
the 3H/w'C ratio of the fatty acids in that position should decrease
more répidly than the ratio of the'fatty-acids of tﬁe other position.
As can bé seen in figures 19 and 20 the 3H/wC ratio of the monoglyceride
(L., the 2=acyl group) and the fatty acid (;,g.; the 1-acyl group)

were essentiaily the same. Therefore, there does not appear to be a

o
selective turnover of one of the acyl groups at 10~ C.
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Discussion

A1l phospholipids of E. coli 015 appear to be relatively stable
during & three hour cold-induced lag periode. Neither the phosphorus
nor 'acyl moieties of PG or CL showed the pronocunced turnover that was |
seen in cells incubated at 37° C. This contrasts with the report of
Oknyama (8), who found that all three major phospholipids of E. coli
B turnover during cold incubation. The level of neutral lipids of E.
coli 015 was also much lower than in the organism used by Ckuyams
indicating that the discrepancies between ocur results may be dﬁe to the
difference in the strains of E. coli used.

Synthesis, as well as catabolism, of phospholipids was diminished
at the lower temperatu.re. However, there was still significant

140 acetate into all frections. Initially,
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incorporation of 32P and
1"'C-acetate incorporation into PE and into the polyglycerophosphatides
proceeded at the same rate; Aonly by 180 minutes does the ratio of 1L"C-
labeled PE and PG-CL approach the usual ratio of these phosphatides
found in growing cells.

Complex mechanisms contralling the over-all levels of phosphatide
content of the cell would necessarily be linked to the rate of membrane
synthesis and consequeh;tly to cell growth and division. There would
also have to be a form of regﬁ].ation which affects the relative amounts
of each phosphatide produced in order to maintain- the PE/PG+CL ratio at
about 3. It will be recalled that the synthesis of phosphatides in
E. coli involves a branched pathway, the bifurcation occurring after

CDP~DG formation. At 37 C there is a continual draining of poly-
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glycerophospholipids due to their turnover whereas PE does not turnover
appreciablye. Thus, at this temperature, the higher propdrtion of PE could
be ]‘.argel& explained on this basis and the idea of regulation at the
branch point need not be invoked although it cannot be precluded.

At 10° C, however, turnover of polyglycerophosphatides is appreciably

1l"'(;-la.be].ed polyglycerophosphatide formation pro-

decreased. Initially
ceeded at a rate equal to that of PE but then fell such that, aftar three
hours, the proportions of both labeled fractions reached their usual
distribution values. This is highly suggestive of a mechanism of control
operating on synthesis at the point of bifurcation under certain conditions.

Further studies are being made in our laboratory to evaluate this
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possibility.

There was a greater percentage of unseturated fatty acids and a
lesser percentage of saturated and cyclopropane fatty acids in 10° ¢
cells than in either growing or starving stationary cells at 37° c.
Thus the difference in fatty acid composition of the phospholipids is
very likely attributable to an effect of temperature rather than of
cessation of growth. B

The differsence in the fatty acid pattern of cells incubated at
10° and at 3? C could be the result of changes in pre-existing
phospholipids o.r of control of newly synthesized ones. 4n alteration
in pre-~existing pho.spholipids which would contribﬁte to the increase in
the degree of unsa{.uration could be accomplished either by a desaturation

of existing fatty acids in situ or by a turnover of fatty acyl moieties

on the phospholipid molecule.




The presence of a significantly active desaturase system in E.

coli is unlikely since unsaturated fatty acid synthesis in this 1
| microorganism is anaerobic (21,81), whereas desaturations generally |
invc;lve mixed function oxidases which require molecular oxygen. Also,
if such a system were operative, the level of 3y (iees, pre-existing)
disaturated species of phospholipids would be expected to decrease and
that of the 3H-monounsa.mrated—monosaturated and -diunsaturated species
to inecrease. It was found, however, th.é.t the unsaturated species
decreased rather than increased and that pre-existing saturated species
remained unchanged during the three hour incubation at 10° Co The

finding of Okuyama (8) that the absolute amount of cis=vaccenate in
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phospholipids increased during 2 cold-induced lag phase without a
concomittant change in the saturated fatty acids is also inconsistant
with the presence ﬁf a desaﬁurase system.

A second possible mech}anism by which sre-existing phospholipids
might be altered would be by a deacylation-reacylation eycle as proposed
by Lands (110). Such a mechanism was not found to operate in E. coli
cells grown at 37° C when PG and CL were rapidly metabolized. At 10°
C the fall in 3I-I/ 4. atio was essentially the same for each of the
i- and 2-acyl groups of PE and PG indicating that there was no
selective mrnévér of one or the other of the fatty acyl moieties.
Thus the incorporation of mc-acetate represents a net synthesis of
phospholipids, which is further supported by the finding that total

1ipid phosphorus increased 16% over the three hour incubation period;

Okuyama (8) reported a 20% increase.
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Our results indicate that the newly synthesized phospholipids are

mainly unsaturated species. Accordingly, PE and PG synthesized during -
this timé contain a greater percentage of diunsaturated species and a ' ,
smaller proportion of disatureted species than do PE and PG synthesized
prior to the cold incubation or by cells incubated at 37° C.

There is the further possibility that during cold exposure the high
degree of unsaturation is maintdned by the dinﬂ.nished conversion of
monounsaturated fatty acids to their corresponding cyclopropane
analogues. Data from this and other studies show that cyclopropane

fatty acid synthesis in E. coli (10,89) and in Serratia marcescens
(133) is diminished at low temperatures. However, the major cycle-

propane fatty acid of E. coli is methylene-hexadecanoate formed from
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palmitoleate, whereas cis-vaccenate is the fatty acid component which
is the most greatly increased during a cold-induced lag phase (8) or
by growing cells at a low temperature (3). This would indicate that
while control of cyclopropane fatty acid synthesls may help to mzintain
the level of palmitoleate, it cannot account entirely for the increased
levels 6?. cis-vaccenatee. B

The degree of uns._atumtion of the fatiy acids of phospholipids
my be the result of a control of de povo synthesis of either the
fatty ac‘ids or. of the phospholipids themselvese. The control site in
the latter case cot;.ld be the incorporation of fatty acids into phospho=-
lipids. Starting.'with exogenous fatty acids, the incorporation process
is known to involve first the formation of acyl-coenzyme A derivatives

and second, the transacylation of acyl CoA to L~ o -glycerol phosphate.
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Sinensky has studied the effect of temperature on these two enzymes
of E« coli (43)s The rate of formation of palmitoyl- and oleoyl-CoA
in vitro was the same whether the cells were grown at 25%, 3°, or

42°’C. However, the palmitate-to-oleate ratio of incorporation into

lyso-PA was directly dependent on the temperature at which the cells

were grown. It was also shown that the second acylation (ie.e., lyso-
PA:acyl CoA transacylation) is also 'temperature dependent, relatively

more oleate than palmitate being incorporated into PA at lower

ARSI S ST

temperatures. Thus control of the acylation steps of phospholipid

s g

synthesis is indicated as a factor in the regulation of the species
of phospholipids produced in response to changes in environmental

temperaturce.

cem w0810, CANADA,

If the mechanism proposed by Sinensky (43) operates with respect

to endogenous fatty acid utilization, one might expect that inappropriate

fatty acids would é.ccmnu].afe. At either 37° br 10° ¢, there was no
accumilation of labeled fatty acidse Possibly p-oxidation of undesir- s
able fatty acids occurred. However; it may be recalled th.at. this

oxidative pathway is indgcible, but otherwise not highly functional in

E. coli (96). Since the cultureswere prepared in minimal medium which

s D e R L L L el S e o

contained no fatty acids, f-oxidation would likely not account for the

lack of labeled fa.tty acid accumulatione ‘ |
Control might be exerted directly on fatty acid synthesis. It has

been shown that the type of fatty acids synthesized in vitro by an

unsaturated fatty' acid auxotroph of E. coll is dependent on the type

of fatty acids supplied to the cells during growth (11,134%). This
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Jed the authors to conclude that fatty acid synthesis is regulated
in such a manner as to supply those fatty acids necessary for _ :1
minimizing variations in the physical properties of the phospholipids.
A similar control of fatty acid synthesis has not been directly

demonstrated under the conditions of the present study. .Hawever, the

lack of éccumnlation of labeled fatty acids indicates that sone regulation

ensuring production of only those fatiy acids suitable for the acylation %
of L-d-glycerol phosphate and lyso-PA must exist. Therefore, we

propose that in vivo control of the species of phospholipids produced

at low environmental temperatures is a result of both selective fatty
acid synthesis and selectivé acylation of L-deglycerol phosphate

and lyso-PA during de novo synthesis of phospholipids.
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III. IN VIVO METABOLISM OF PHOSPHOLIPIDS OF ESCHERICHIA COLL 015

DURING A CARBON STARVATION-INDUCED STATIONARY PHASE.

Introduction

In the previous sections it was ;hown that phospholipid metabolism
of E. coli 015 during a cold-induced Iag phase is different from that
of exponentially growing cells. It is also different from that of cells
which have been grown at 37° C and have reached a stationary phase due
to depletion of the energy source. In this latter case, total phospho-
lipids and PE of the cells remain constant. However, the absolute amount
of PG decreases, while that of CL increases (24,102). The same change
in the polyglycerophosphatides is seen during stationary phases induced
by the addition of colocine to the medium (135) and by oleate starvation
of a fatty acid auscotroph (136). Rampini et al. (9) also demonstrated
this phenomenon in E. _q_g_l_i_ cells harvested during exponential growth and
incubated in buffered saiino solution containing no carben source. In
all instances it was suggested that PG is converted to CL.

PG is known to be an intermediate in CL synthesis in E. coli (25)

according to the following equation:

PG + CDP=DG =——— CL + CMP (1)

A recent communication of Davidson and Stanacev (51 ) showed that
while no exogenous CDP=DG was incorporated into CL by guinea pig

mitochondria in vitro, the synthssis of this phosphatide wes dependent
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on CTP. On the other hand, Hostetler, et al. (45) found that CDP-DG
was incorporated into the CL of rat liver mitochondria in vitro.
However, the CL found in E. coli cells incubated in buffered saline
may not be formed in the same manner. No energy source was available
and the synthesis of CTP for CDP-DG production would be unlikely. |
Rampini et al. (9) suggested rather that the conversion of PG to CL

was according to the following equation:

2 PG———> CL + glycerol - (2)

This reaction was first proposed by Brundish et al.(137), who
found that GPG, i.e.the deacylated product of PG, was converted to

GPGPG, i.e. the deacylated product of CL, prepared from Paeumococcus

o

'g i

=3 :

',] )
o

lipids. = Stanacev and Stuhne-Sekalec (138) have demonstrated the
in vitro formation of CL from purified PG in the presence of
phospholipase D from cabbage and suggested a similar transphospha-
tidylation mechanism.

Until recently phospholipase D was believed to be confined to
higher planté. Ono and White (71,72) have now demonstrated the presence

of this enzyme in Haemophilus parainfluenzae which specifically

degrades CL to PG and PA. The authors have postulated that the enzyme
might also function in the formation of CL from two molecules of PGe

This mechanism is responsible for the synthesis of CL in Staphylococcus

aureus (139).

DeSiervo and Salton (140) have described a membrane bound enzyme

of Micrococcus lysodeikticus which catalyzes the conversion of PG to
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CL. The enzyme has been tentatively designated as "cardiolipin
synthetase. Synthesis of CL proceeds in the absence of any detectable
CDP-DG. The independent turnover of the glycerol portion of PG in
E. coli under certain conditions (142) would indicate the possibility
of phospholipase D-like activity in at least some strains of this
nﬁcroorgénism.

In the following experiments, the metabolism of 32?- and 1L"C--
labeled phospholipids of E. coli 015 during a stationary phase induced

by carbon starvation was studied.

Since the completion of these experiments, Hirschberg and Kennedy
(44) have reported that cell free preparations of E. gold. ML 308
catalyze the conversion of PG to CL according to equation (2). Hostetler,
et 2l. (45) have confirmed this finding in.E_. coli K12, but also |
presented evidence which suggests that the CDP~DG pathway (equation 1)

is operative in E. coli at high concentrations of CDP-DG.
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Methods

E. coli 015 cellg were cultured to early log phase in 300 ml of
mtrient broth containing 0.25 mec 32 P or 50 pe 1--1uc-acetate. The
harvested cells were resuspended in an equal volume of 0.02 M potassium
phosphate buffer (pH 7.4) containing 0.1 M NaCl. The optical density
of the cells in this buffered saline remained essentially the same for
2 further three hour incubstion period (figure 21). |

 In a second set of experiments the cells were grown in nonraciio-
active medium to early log phase, harvested and then incubated for three
hours in 300 ml of either buffered saline or minimal medium, each of
which econtained 100 nc of 3Ir'I-methyl methionine.

Cells were harvested and lipids were extracted, separated and

counted as given in General Methods.
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Figure 21:

1
J 1

30 90 180
TIME OF INCUBATION (MINUTES)

Optical densities of cultures of Escherichia coli 015
transferred during exponential growth in nutrient
broth to buffered saline at 37° C. (0) 1% studies
and (0) 32p studies.
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Results

14 _1abel of total lipids and

Figure 22 shows the turnover of the
of individual phospholipids of E. coli cells incubated in buffered saline
at 37° C. There was only a small turnover of the label in the total
lipids, PE or in the total polyglycerophosphatide fraction. On the
other hand, PG decreased slowly at first, then rapidly after 90 minutes.
1L&C-CL remained constant for 90 minutes then shown a pronounced increasee.

Essentially the same results wefe obtainqd with 32P--labeled cells
(figure 23) except that during the first 90 minutes there was a greater
decrease in the total polyglycerophosphatides. ‘Following this period,
PG continued to decrease at a rate corresponding to the increase in CL.
The slight difference in results obtained with the fwo labels could
be due to the fact that 3zP—labeled cells were chased, whereas 1"’C-
labeled cells were note

The "CL% present at the end of the three hour inqubatipn was
isolated and an allquot was rechromatographed on silica gel G plates
in chloroform-methanol-ammonia-water (70:30:4:2, v/v/v/v)s Only one
band corresponding to CL was found (Rf. values: CL = 0.50, PA = 0.20).
Another aliquof was subjected to mild alkaline hydrolysise. .The water-
soluble products were chromatographed on 3 mmﬁWhatman paper with phenol-
water as the solvent as previously described'and a single band
corresponding to GPGPG was found (Rf. 0.24).

In a further experiment cells were prelabeled with 1-1uC—acetate
then incubated in buffered saline solution containing 200 ne 32?. As

shown in figure 24, the usual increase in 1uCnlabeled CL was found,
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urnover of 17C in the total lipids end phospho=
lipids of Eschorichia coli 015 cells harvested
during exponential growth and subsequently incu-
bated in buffered saline Por three hourse
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100
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POLYGLYCEROPHOSPHATIDES

TOTAL ' PHOSPHATIDYLGLYCEROL (e)
AND CARDIOLTIPIN (o)

90 180 0 30 90 180
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Turnover of 32p 3 the total lipids and phospho-

.iipids of Escherichia coll 015 cells harvested

during exponential growth and subsequently in-
cubated in buffered saline for three hourse
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while essentially no _3?? was incorporated into the total phospholipids.
The incorporation of the methyl group of 3H-methyl methionine into

total phospholipids in either buffered saline or minimal medium is

illustrated in figure 25. In buffered saline, the incorporation is

complete in 30 minutes, whereas in minimal medium the incoréoration

of the labeled methyl group continued over the three hour period.
While the tntal incorporation of 3H—label into the 1lipids does

not proceed beyond 30 minutes in buffered saline, the proportions of

the individual phosphatides do not remain constant during the remainder -

of the incubation. As can be seén in figure 26, PG decreases and

CL increases after 90 minutes in a menner similar to that found with

14

the 32P- &nd - C=labeled cells.
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Figure 24: Turnover of '140 in phosphatidylglycerol (@) and in
cardiolipin (®) and the incorporation of 32? ()
 4nto the total lipids of Escherichia coli 01 5
incubated in buffered saline.

98

2
4
3
=<
3
2
3
g

3




100

80

60
2
i
o
-t
E
§ 40
20
Figure 25:

1 i i

30 180
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TIME OF INCUBATION (MINUTES)

Incorporation of the methyl group of 3H-methyl
methionine into total lipids of Escherichia coli
015 harvested during exponential growth and
subsequentlyl incubated in buffered saline (B) or
n_ﬁ.nimal medivm (®).
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Discussion
| The results obtained by incubating prelabeled ﬂ’c- or 32P-»PG and | ‘
-CL in buffered saline could be interpreted as: 1) PG is being converted E
to a mixture of compounds, possibly ecylated PG.or PA; theze two
compounds do not clearly separate from CL in the original TLC system
used, 2) PG is completely degraded and the inorganic phosphate and i
fatty acyl moieties are reused for ._c_l_e_ novo synthesis of CL, or 3) PG
is converted directly to CL.

Acyl-PG appears to be only a minor 1ipid component oi . goll

although it is readily formed under specific in vitro conditions (27). i
PA 1s also & trace lipid (24). That neither of these contributed |

substantially to the lsbeled "CLW fraction was verified by further | .
chromatographic analysis of the intact 1ipid and of its water-soluble
components Only one comp and, CL, accounted for this fraction.

The second possibility, i.g., the de novo synthssis of CL from
incrganic phosphorus produced in the degradation of PG was also ' '
eliminated. That no de nove phosphelipid synthesis cccurs during the
incﬁbat.ion in buffered saline was shown by the lack of 32? incorporation
during this tine.

The resulis favor the thixd possibility, that PG is directly
converted to CL. The conversion could possibily make use of endogenous
CDP;DG.. Howsver, we have falled to dotect this precursor and there are
no reports of its being a significant component of E. coli lipids.
Undoubtedly tha CDP~-DG pool is very small as would be expected from its

very transient function. Also in a separate series of experiments,
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it was found that the transfer of the methyl group of methionine via
S-adernosyl methionine to form cyclopropane fatty acids of total phospho-
lipids did not proceed beyond 30 minutes in cultures of buffered saline,
whereas in cells in minimal medium, the incorporation contimued for at
least three hours (figure 25). This would indicate that thé residual
energy supply of the buffered saline culture was depleted in 30 minutes.
Therefore, it likely did not contribute to the increase in 3H-CL which
was noted only after 90 minutes of incubation (figure 26).
At any rate, if endogenous CDP-DG or a system generating this

precursor contributed significantly to the synthesis of CL, a parallel

inerease should have occurred in PE which turns over at a rate even slower

Pararinp Nrd bAVE WY

than that of CL. This was not found. Therefore, it is not likely that
CL is synthesized by the currently accepted CDP-DG pathway under these ‘
energy~free conditionse. The only likely possibility remaining is that
CL is formed from two molecules of PG as suggested by Rampini (9).
A report' of a cell-free preparation of E. coli capable of
synthesizing CL from two molecules of PG has recently appeared in the
wake of reports of this mechanism in several other micrcorganisms
(71,72,139,140). Hirschberg and Kennedy (43) found that, while CDP-DG
stimulated the synthesis of CL from PG, the phosphorus moiety of this
precursor was not jncorporated into the CL formed. Further evidence
was supplied by the finding that the 34/3%p ratio of the CL formed
was exactly half of that of PG doubly labeled with 325 ‘and 2H in the

free glycerol. The labeled glycerol eliminated was recovered and

unambiguously identified.

102




e et

One could surmise that the operation of this alternate pathway
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may be provoked durin.g the stationary phase of a normalgrowth cycle, | 4 =
when a depleted energy supply in the medium is accompanied by a2 conver=~ |
sion of PG to CL. This would be in accord with the findings of

Hostetler, et al.(45) that b.oth pathways of CL synthesis are functional

in E. coli in vitro, although the CDP-DG pathway can be demonstrated

only at high concentrations of CDP=-DG.
Further work with cell-fiee preparations of E. coli will be needed

to elucidate the steps involved in this alternate pathway of CL synthesis.
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GENERAL DISCUSSION

We have investigated the in vivo metabolism of phospholipids of

Escherichia coli 015 under normal growth conditions and in two

different circumstances, low environmental temperature and carbon

starvation, in which growth is greatly diminished. In the latter two
instances, phospholipids of the cells are different from those of

cells growning exponentially. During a cold-induced lag phase, there is

little turnover of the phospholipids, but some de novo synthesis does
occur. The newly formed PE and PG are richer in unsaturated species

than are those phosphoglycerides synthesized prior to the lag phase. L

The change, therfore, is in the fatty aéid composition of the phospha-
tides. In contrast, during & cafbon starvation;induced stationary
phase,'there is & change in the relative amounts of the types of
phosphatides, 3.+2¢: the amount of PG decreases while that of CL increases

with time.

The increase in the degree of unsaturation of phospholipids of
cells exposed to low environmental témperaturcs is well documented (21).
Also; it is knﬁwn that the percent of unsaturated'fatty acids of the
total fatty acids ié'progressively greater in thermophilic, mesophilic
and psychrophilic strains of Clostridia (124). Our results suggest that
de novo synthesis of unsaturated species of phosphatides would account
for this phenomenoﬁ. Control of the species ofvphosphoglycerides formed
is most likely a combination of seleétive acylation of L-c(-glycerol
phosphate and lysophosphatidic acid (whiqh Sinensky (43) has shown to

be temperature sensitive) and regulation of the fatty acids synthesized
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either by temperature sensitive enzymes of the fatty acid synthetase
complex or by an effective feedback control mechanisme In a2 fztty .-"- l-

acid auxotroph of E. coli (11) and in Lactobacillus plaparium (131,132),

fatty acid biosynthesis is subject to control by exogenous fatty acids.
A second factor operates to maintain the levels of unsaturated
fatty acids in cells exposed to low environmental temperatures. The
synthesis of cyclopropane fatty acids from palmitoleate and veccenate was
markedly decreased. This type of adaptation to low environmental

temperatures has been reported for mesophilic Serratia marcescens (133).

The same study revealed that a psychrophilic strain of this organism
had apparently lost the ability to synthesize cyclopropane fatty acids.
One could reason that the exposure of cells to low environmental
temperaturss exerts no direct control on the enzyme, but that the culture
fails to attain the proper conditions for its activation. In vitro
studies would be required to show whether cyclopropane fatty acid
synthesis is in fact temperature sensitive under well controlled conditions.
Although it is genérally observed that cyclopropane fatty acids
asccumilate in E. coli cells only' as the culture approaches the
stationary phase in the normal growth cycle at 37° ¢ (10,69), the
triggering of cyclopropane fatty acid synthesis is not clearly under—
stood as yet. The physiological significance of eyclopropane fatty
acid synthesis is also not yet clear. The original hypothesls was
that the conversion of monounsaturated fatty acids to their cyclopropane
derivatives was to prevent oxidation of the double bonds and thus limit

fatty acid expenditure. The fact that fewer cyclopropane fatty acids
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ape formed in aerated than in partially amerobic cultures of E. coll

and Pseudomcnas fluorescens (9%,104).would argue against tﬁis explana-
tion. There would seem to be no advantage of either having or not having
cyclopropane fatty acids to cells at low environmental temperatures,

as they efford the same physical properties to the membrane as do thelr
nonounsaturated counterparts. One could speculate that the methylstion
of monounsaturated fatty acids as the cells approach the stationary
phase of normal growth cycle renders the phospholipids less susceptible

to degradatione Phospholipase A of snake venom (Crotelus adamantus)

and of porcine pancreas hydrolyze phospholipids containing unsaturated
fatty acids more readily than those containing saturated fatty acids
(141). No such studies have been made with the phospholipase A of E.
coli ‘or with synthetic cyclopropane fatty acid-containing species of
phospholipidse. ‘ |

We found no evidence that a phospholipase A-lysophospholipici: acyl
CoA acyl transferase cycle (_i_._.g_.. the Land!'s cycie) was operative in _E_.
cold, uhder the conditions studied, although the necessary enzymes have
been shown to be present in this microorganism. The Land's cycle has
been studied predominately in mammalian tissue and is thought to act
most specifically for ‘the jncorporation of polyunsaturated fatty aclds
into phospholipids (113). As E. coli and most other microorganisms
contain no polyunsaturated fatty acids (21), tﬁis cycle mey not be
widely utilized by theme.

Phospholipase Ay and lysophospholipase may function in the complete

hydrolysis of phospholipids of E. coli although our evidence does not
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definitely show this to be the case in intact cells. However, if this
is so, it raises an interesting question regarding the mechanism of
control of these enzymes. Why does PE, which 1s & suitable substrate
in vitro, show no turnover during normal growth or during periods of
reduced growth due to cold exposure, lack of carbon (as shown in these
studies) or by insufficient available nitrogen (142). As results in this
and other laboratories have shown, endogenous PE is readily degraded
by phospholipase A when cells are damaged. Is the role of phospholipase
A,therefore, only autolytic? If so, then what pathways would account
for the turnover of polyglyéerophosphatidas in intact cells?

The purpose of lysophospholipid acylatigg_ enzyme is even more
obscure as it does not appear to reacylate intermediate producits in
the normal turnover of PG or CL. Perhaps, this enzyme might also be
involved in the incorporeticn of exogenous fatty acids ‘and would serve
to reacylate any lysophospholipids formed in "damaged" cells in which
phospholipase Aq might be active. The latter possibility might be
investigated by determining the incorporation of exogenous fatty acids
into diaecylphospholipids under various conditions as compared to that
of endogenous fatty acids (L.g., those synthesized de novo from acetate).

The second condition studied in relation to normally growing E.
coli was that of cells in & carbon starvation-induced stationary phasee.
The PE was found to be stable; FG and CL decreased for 60-90 minutes.

PG continued to decrease for another 90 minntes, but during this time,

there was & net increase in CL with no de novo synthesis of phospholipidse.

The synthesis of CL appears to be at the expense of PG but not to be

107




an energy requiring process involving a CDP=DG precursor.

A mechanism for the synthesis of CL from two molecules of PG has
been demonstrated in E. coli (66) as well as in other microorganisms
(67,138-140). This raises the question of the role of CDP-DG which
stimilates this reaction in E. coli whilev not appearing to be directly
involved in the formation of CL from PG.

Even more intriguing, perhaps, is the mechanism of control of CL
synthesis. During exponential growth CL is synthesized continuously from

PG by a mechanism which cannot be definitely stated at this time. As

the culture approaches the stationary phase the synthesis of all

phospholipids diminishes and appears to stop for a period. Then PG

decreases and CL increases (102). One would wonder what is responsible
for this biphasic synthesis of CL and whether or not two separate
mechanisms are involved. -

The phenomenon is equally interesting in cells incubated in buffered
saline. Both PG and CL decrease for a pefiod; then CL increases rather
abruptly. Why does CL nét. continuously increase from the onset of the
incubation as the PG decreases. What are the degradation products of
PG during the time when it does not appear to be convérted to CL and
does their accumulation trigger the synthesis of CL? Investigations
along this line might be very i1luminating.

As the majority of the phospholipids of E. coli are located in the
membrane of the cells (22), our results are directly relevant to the
composition of the membrane. The removal of lipids from & membrane ‘

does not alter the electror-microscopic appearance of the membrane (143).
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Nevertheless, the phospholipids are considered essential components
of the fine structure of membranes. They are involved in the control
of the permeability of the membrane and in the activity of certain
membrene~bound enzymes (144-151). The latter effect may be mediated
either by maintaining a proper hydrophobic environment or byla épecific
interaction of the lipids with an enzyme protein to change its conformation.
As we have seen, the lipid comfosition of a membrane may be altered
in two ways: the relative amounts of individual phospholiplids may be
changed and.- the fatty acid composition of the individual phospholipids
may vary. There is evidence to indicate that both factors must be
considered in studying the relationshi§ of lipids to the function of
merbranes. For example, the addition of CL to 2 monolayer of PC and PA
inereases the passage of both anions and cations through the layer
(144), neutral amino acids pass more freely through membranes formed of
unsaturated rather than saturated PC (145), and the uptake of glycerol by
Mycoplasma laidlawii cells increases as the ratio of 18:2 to 16:0
inoreases (146). The 1ist of enzymes and transport functions related
direétly to a particular lipid is growing rapidly, including p-galacto-
side and f-glucoside transport (147) and lactose transport (148) in E.
coli, D(=)pP-hydroxybutyric apodehydrogenase of beef heart mitochondria
has an absolute requirement for unsaturated PC (149); the synthesis of

the lipid A portion of lipopolysaccharide of Staphlococcus requires

PE, specifically, 1,2,~diunsaturated or 1{-unsaturated-2-cyclopropane PE
(150). The ATPase activity and ca®™ trensport of sercoplasmic reticulum

of muscle requires FC, lyso-PC or PA (151).
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One can assume that in situations consistent with 1ife, an organism
will make those metabolic adaptatlons most favorable to its continued
survival and growth. We must ask then what advantages were gained by
the adaptations we have noted in cells during cold exposure and during
periods of carbon starvatione.

In the first instance, cold exposure, the increase in the degree
of unsaturation has long been equated with the necessity of meintaining
the fluidity of the membrane. This is based on the reasoning that_

membranes contract as the temperature is lowered (152), most likely due

to the decreased mobility of the acyl chains of the phospholipids. The
introduction of unsaturated fatty acids iﬁ E. coli (8,19,21) or branched
or short chain fatty acids in other organisms (153~155) would be
necessary to counteract this effect. The purpose would be to form a
membrane consistent with the required permeability characteristics and
with the activity of the necessary enzymes as previously mentioned.

It is interesting in this regard, that Sha% and Ingraham (19) found
that changes in the fatty acid composition of cells during 2 cold-induced
lag phase were not a requirement for their continued growth. If glucose
were withheld during the périod of cold exposure, there was no chahge in
the relative amounts of saturated and unsaturated fatty acids of the
cells. The addition of glucose after 5 hours resulted in immediate cell
growth at this low temperature with fatty acids as found in the original

37° C culture. These same authors found that the lag phase usually

noted upon the transfer of'g, coli from 37° to 10° C was eliminated if

the initial culturing at 37° C was anaerobic (20). The growth rate of
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anaerobically grown cells was slowed but not halted upon transfer to
10° C under either anaercbic or aerobic conditions. It is unfortunate
that they did anot report the lipid composition of the cells under these
conditions. However, the authors postulate that the lég phase induced
by low envimmeﬁtal temperatures is for the remov-Z of previously
formed waste products and not merely a perioﬂ of lipid adaptation.

Changes in the relative porportions of the individual phospholipids
would influence the surface of the 1lipid portion of *he membrane rather
than its internal characteristics. For example, an increase in the PE
to PG ratio would result in a net docrease in the negative charge of the
polar head groups and could influence the binding of proteins andfor the
transport of permeants acre:s the membranee.

The significance of a change in the PG to CL ratio noted during carbon
starvation is not yet knowne. One might postulate that guch & change
favors the maintenance of the membrene pather than a change in function.
Doi, et ale (66) found that both the particulate and soluble fractions of
E. coli were less effective in the phospholipase A hydrolysis of CL than
in that of the other phosplatides. Thus the conversion of PG to CL might
have a sparing effect on polyglycerophosphatides as conditions unfavorable

for growth and survival pravailed.
On the other hand, our own results show that CL is readily degraded

by whole E. coli sonicates and the work of Scandella and Kornberg (65)

demonstrated the suitability of CL as a substrate for purified E. coli

In normally growing cells, CL turns over at a moderate

rate yot there is no clear indication from our wor}: that phospholipase A

phospholipase As.
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is involved. When cells are starved or filamentous growth is induced
(103), the CL/PG ratio incresses substantially as though the conversion
of PG to CL is greatly increased and the breskdown of CL is inhibited.
Clearly more work is required to understand this phenomenon and to
elucidate the catabolism of CL in vivo since there is yet no satisfactory
mechanism accounting for its turnover.
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