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Various aspects of the synthesis and function of fatty acids in

the phospholipids of Escherichia coli K12 were investigated., The

fatty acid compositions of the three major phospholipids;
phosphatidylethanolamine, phosphatidylglycerol and cardiolipin; were
determined during growth in media differing in NaCl concentration.
Stationary phase cells grown in 0.3-0.6 M NaCl contained phospho~
1ipida with hifher levels of cyclopropane and saturated fatty acids
compafeé to cells grown in‘the abseoce of NaCl, but no appreciable
differengffjwere found in early exponential cultures. The differences,
which weré similar to those observed after growth at elevated
temperature, were likely due to an incérease in osmolality, since

similar results were obtained after growth in high concentrations

of NaCl, KC1, Mg012 and sucrose,

A protein synthesis requirement for optimal cyclopropane fatty

acid synthesis in stationary phase was indicated, since exposure of

pre-stationary cells to chloramphenicol resulted in reduced synthesis

of cyclopropane fatty_acids. Assay of S-adenosylmethionine synthetase

'activity (required for cyclopropane fatty acid synthesis) revealed

reduced levels of this enzyme in cells grown in tryptone broth -
compared to cells grown in minimal medium. In vivo experiments

failed to correlate the influence of high osmolality with growth
conditions that have been reported to result in similar changes in
iipid fatty acid composition, such as low pH, phosphate limitation

and nitrogen limitation.

Artificial membranes composed of synthetic phosphatidylcholines

containing the cyclopropane fatty acids, lactobacillic and

LY
1)
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fdihydrosterculic acids, melted.at higher temperatures than thosé

containing their unsaturated fatty acid amalogues, cis-vaccenic and

—-—.._.::

oleic acid. Howé;gr, membrane melting temperature studies performed
on E. coli lipias differing in cyclopropane and unsaturated fatty
acid content, resulted in fransitioq témperéture profiles thEE/,—~’

were either extremely broad-or resclved into two peaks which could

not be readily interpreted in terms of fatty acid content.
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Résumé - .

Divers aspects de la synthise et de la fonction des acides gras .

N

des phospholipides ont &té &tudiés chez Escherichia céli R-12.7"

La composition des acides gras. des- principaux phéspholipides; le-

.

phosphatidylethanolamine, le phosphatidylglycerol et le cardiolipide,

a &té gtablie au cours de la croissance dans des milieux differant par

la concentration da,NaCl. Les cellules en phase stationnaire gultivées-
dans 0.3-0.6 M NaCl avaient un taux plus élevé d'acides gras cyclopro-
paniqﬁzs et insaturés dans les{phosﬁholipides que les cellules cultivées

en l'absence de NaCl, mais aicune ﬂifféfend@ appréciable n'a &té observée

\

_dans les cultures en début de la phase exponentielle de croissance. Les

-

_différences, quil sont semblables a celles qui ont &té observées aprés

croissance 3 température.&levée, sont probablement dues 3 une augmentation

de l'osmolalit@ puisque des résultats semblables ont &t& obtenus aprés

croissance dans des concentrations_élevéeés de NaCl, de KC1, de Mg012 et

de sucrose.

Les résultats indiquent qu'une synthése protéique est requise pour

_une synthése optimale des acides gras cyclopropaniques puisque l'addition

~

de chloramphénicol 3 des cultures avant la phase stationnaire réduit la

synthése des dcides gras cyclopropaniques. L'essal de l'activité de la

NN

S-adénosylméthionine synthdtase (réquise pour la synthése des acides gras'

cyclopropaniques) a montré& un niveau plus faible de cet enzyme dans les

cellules cultivées dans un bouillon 3 la tryptone que dans les cellules
» .

.

cultivées dans un milieu minimal. Les expériences in vivo n'ont pas
.

montré de corrélation entre 1tinfluence de l'osmolalité &levée et des

;coﬁditions de croissance, telles qu'un pH peu élevé, une limitation

en phosphate ou en azote, qui ont &té rapportées comme conduisant 3

des changements semblables dans la composition des acides gras des

—~
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phbspholipides.’

1

-Des membranes artificielles gomposée§ de‘phosphatidylchdlines

contenant des acides gras cyclopropaniques, les acides lactobacillique

et'dihydrosterculique, ont un point du fusion plus &levé que celles
contenant les acides gras insaturé&s analogues, les acides vaccéniﬁue

et oléique. Les &tudes sur la température de fusion des membranes

préparées avec' les lipides de E. coli et contenant des proportions

différentes d'acides gras cyclopropaniques et insaturés ont,

cependant, donné des profils de températures de transition qui

T \ -~ - ) - +
etaient extr@mement étendus ou bien présentaient deux maxima qui

ne pouvaient pas &tre facilement interprétés en fonction de la

.

composition des acides gras.
Yall

(

\
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The speculative mind of man moves forward in great revolutions,

like a point on the rim of a turning wheel, and if now the point

“

is forward, it cannot remain so for long because the wheel, and
the cart which it carries, must move ahead, and as they do so

the point on the rim moves backward. This oscillating movement

L)
*

whose temporary position we can rarely discern, is what we call

the process of civilizatien. ' '

' hY

! . James A, Michener
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i.O . . Introduction

2
~ 1.1 Overview

A surprising finding in a study'of the lipids of several mutants

of Escherichia coli K12 with putative membrane defects,(Bilsky and

Armstrong, 1973), was the alteration in phospholipid fatty acid
composition of the cells in‘response to growth in media of different
salt concentration. Compared to cells grown in tryptone brotﬁ alone,
cells grown to statiomary phase in 0.3 -~ 0.6 M NaCl exhibited phospho-
lipids with higher cyclopropane gnd saturated fatty acid contents _
.(chgrrity and Armstrong,1975). Since examination of the phospholipids,
.phéspholipid fatty acids and 1ipopolysac§harides of mutants and wild-
type'revealed little difference, our studies became directed toward
investiéatidn of the metabolism and function of cyclopropane fatty

1

acids in E. coli.

The present stu%y is concerned with an aspect of a very puzzling
'p:oblem ~- the regulation of fatty acid composition in bacterial membranes
as a function of envirommental co;ditions. Relatively few studies have

.dealt with either the regulatory mechanisms responsible for producing
_large amounts of cyclopropane fatty acids under certain conditions but
not under others; or the selective advantagé conferred on organisms

‘ producing these energetically expensive components (3 moles of
~ adenosine tr#pﬁosphate/mole of cyclopropane fatty acid). This thesis

has been addressed to these problems, as well as the effect of salt

on phospholipid fatty acid composition in E. coli.

1.2 Occurrence of Cyclopropane Fatty Acidds

Cyclopropane fatty ac*ds are synthesized by the enzymatic



T2

introduction of methylene bridges across the unsaturated ;ites of

fatty‘aeids acylgtfi:fgpphospholipids (Fig. 1). 1In E. coli, lacto-
bacilli% acid (cis—ll,lZ—methylege octadecanoip acid) and ci1s-9,10-
methylene hexadecanoic acid ére derived from their unsaturated fatty

acid analogues, cis—vaccenic and palmitoleiclacid.

Cyclopropane fatty acids are found in a wide variety of organisms,

" but are particularly prevalent in bacteria. Some of these organisms

include protozoa (Christie,1970); seed oils and plant leaves (Christie,
i970; Kuiper and Stuiver, 972);'females of'sﬁirostreptid millipedes
(van der Horgt and Oudejans,1973); sheep rumen tissues (Body, 1972);
E. coli (Dauchy and Asselineau,l1960; Law,:léﬁl; Kaneshiro and Marr,

1961); Agrobacterjium tumefaciens (Hofmann and Tausig,1955); Serratia

marcescens (Zalkin and Law,1962; Kates and Adams,1962; Bishop and Still,

1963 a,b); Clostridium butyricum-(Goldfine and Bloch,1961); Pleuro-

pneumonia~like organisms (0'Leary,1962); Streptococcus lactis (MacLeod

et al,1962); Streptococcus faecalls (Jungkind and Wood, 1974); Lactobacillus

sp. (Hofmann et al, 1952; Hofmann and Sax, 1953; Hofmann et al, 1955);

Pasturella pestis (Asselineau, 1961); Bacillus subtilis (Asselineau,1961);

Pseudomonas fluorescens (Crowfoot and Hunt, 1970); Lactobacillus casei

(Ehalk and Kodicek;l96l) Salmonella typhimurium (Gray,1962); Aerobacter

aerogenes (0'Leary,1962). Vibrio cholerae (Brian and Gardner, 1968) and

Proteus sp. (Nesbitt and Lennarz, 1965).
1.3 Discévery and Identification of Cyclopropane Fatty Acids

The trivial name, lactobacillic acid, was assigned by Hofmann et al

(1950, 1952, 1957) to a major fatty acid component in the phospholipids

 of Lactobacillus afﬁbinoéus and other lactic acid bacteria. Subsequent




Figure 1. Syntheﬁis of cyclopropane fatty acids. See text for

details.
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1solation and characterization based on chemical and physical

properties'led to iden;ification as cis-11, 12-methylene octadecanoic
acld (Hofmann et al, 1954, 1957; Marco and Hofmann,1956). 0'Leary
(1959), in a radiocactive labelling“éxperﬁment, found that cis—vacéﬁnic
acid (e1s-11, 12-octadecanoic acid), the predominant unsaturated 18-

carbon fatty acid of the lactic acid bacteria, is the metabolic

precursor of.lactobacillic acid.

T

Kaneshiro and Marr .(1961) and Chalk and Kodicek (1961) -isolated
and chéracterized a second-cyclopropane fatty acid, cis-9, 10-methylene
hexadecanoic acid, from E. coli. It waé the same seventeen-carbon
fatty acid observed by Dauchy andAsselineau(1960) and Law (1961) in

E. coli and by Asséiineau (1961) in Pasturella pestis and Bacillus

subtilis., Identification of both 1gctobacillic and e¢is-9,10-methylene
hexadecancic acids in E. coli-lipid extracts (Chalk aﬁd Kodicek, 1961)
wasg baéed on paper and gas liquid chromatography, susceptibility to acid
hydrolysis and radioactive uptake of 14C derived from_(Me—140)~methionine.
The work was ex;ended'by Kanshiro and Marr {1961), who iéolated cis-9,
10-methylene hexadecanoic acid by gas liquid chromatography and
characterized it by comparison to a‘gynthetiq product according to
melting point, infrared absorption, chromatographic mobility in gas
liqudid chromatography, and by ahalysis of products after mild oxidation

and reduction,
1.4 Origin of the Methyl Group

: The identification of S—adéﬁosylmethionine (5AM) as the methyl
f
donor in cycloproepane fatty acid synthesis (Fig. 1) 1s based on

cénsideréble evidence. An e?rly report by Liu and Hofmann (1962)
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‘indicated that the methylene bridge of ‘lactobacillic acid could be
~.

suppled by both ﬁgthi;nine énd formate. Later, in in vitro experimenqS,
Law et al (1963) found that the addition of a number of unlabelled ;ne-
carbon donors, including sodium propionate, L-sériﬁe,lsodium fprmaqe,
formaldehy&e, ﬁefhanol and glycine,sdid not result in a decrease in -
incorp;ration of 14C from labelled methionine into the cyclopfopane
fatty acids of lactic acid bacteria, suggesting methionine as the sole
carbon donor. In addition, O0'Leary (1959)‘and Léw'gg_gl;(l963) found
that mutants of E. coli unable to convert one-carbon compounds to
methionine methyl groups demonstrated very little abilicy te utilize
methyl groups, other than that of methion{ne, for the synthésis-of
cyélopropane fatty acids. Though Henderson et al (1965) fouﬁ& that

low cellular levels of folic acid in lactobacilli resulted in

decreased cyclopropane fatty acid levels, Jungkind and Wood (1974a)
found that f£olic acid did not dilute the incorporation of (1ﬁc)“

methyl from labelled methionine inté cyclopropane fatty acids during

growth of Streptococcus faecalis.

By following the fate of deuterium labelled methionine methyl
gz;ups, Pohl et al (1963) demonstrated in E. coli, that the methyl
carbon of methionine and two.hydrogen étoms are transferred to the

fatty acid unsaturated sites. In assays of cyclopropane fatty acid

synthetase involving crude soluble extracts of Serratia marcescens,

Zalkin et al (1963) established that serine, formate and formal@ehyde
were very poor substrates, and that S-adenosylmethionine was a much
better substrate than methionine.

1.5 Cyclopropane Fatty Acld Synthetase Substrate Specificity

The fatty acid substrate of cyclopropane fatty acid synthetase
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appears to be an intact phospholipid. Zalkin et al (1963) tested the

activity of cyclopropane fatty acid gynthetase, from a cell free
homogenate of Clostridium butyricum, with several fatty acid containing

.

substrates. Little to-no enzyme activity was observed with .addition

p? the substrates palmitoleoyl-coenzyme 4, palmitoleic_acidAgr synthetic
dipalmitqyl Phosphatidylethanolamine. Highest activities were recorded
in.asénye nontaining expnnential phase phospholipids rich in unsaturated
fatty acids. A stationary phase phospholipid preparation, in which a
‘substantial proportion of the unsaturated sites had beennmethylated

acted as a poor substrate. Later, Thomas‘and Law (1966) demonstrated

that a diether analogue of phosphatidylethanolamine, 1,2-di-(octadecenoyl)-
3—(2—am1noethyl) phosphorylpropane, acted as a good substrate in an in
vitro assay of C. butyricum extracts.

Since the_en;yme methylates only phospholipids derived from sn-
glycero-3-phosphate, it shows a high degree of specificity sfmilat to
that of phospholipase A (van Deenen and de Haas 1963). The enzyme also
has some positional specificity. Unsaturated fatty acids in the oc~ or

I-position of the phospholipid are more readily methylated by the C.

butyricum enzyme (Thomas and Law, 1966; Hildebrand and Law, 1964). However,

i
A

in vitro assays of the enzyme demonstrated that unsaturated acyl residues

in both positions can be methylated, though the acids in unfavoured

positions are methylated at slower rates (Hildebrand and Law, 1964).
Current evidence inuicates that there 1s an absolute specificity

for the cis isoner. Unsaturated fetty acid auxotrophs do not synthesize

cyclopropane fatty acids when grown on trans—unsatureted.fatty acids

while they do so when grown on the cis~isomer (Silbert et al, 1968).

Phospholipids such as phosphatidylethanolamine and phosphatidyl-

glycerol containing the major unsaturated fatty acids of E. coli,
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cig-vaccenic and palmitoleic acid, as well as-ocleic hcid (Thomas and Law
1966) are good substrates. ' . . : s
1.6 Cyclopropane Fatty Acid Synthetase Activity

i

InVEstigatioq of the kinetics and substrate 5pgcific¢tyfof
c§clopropane fat;y agid synthetase has been hampered b§ the absence _
-of reproducible assay systems. Oné of the serious problems encountered
-in developing a suitable assay has béen disppréal of the phospholipia
since phospholipids have limited éolubility in aqueous systems. In the
method develppéd by Goldfine in 1966, the phospholipid was precipitated
on filter paper in order to maximize surface exposure by-spreadiqg the
gubstrate over the large aréa of the filter paper fibers. In other
methods, the phospheolipid was dispé?sed as liposome preparations
(Fleischer ana Klowawen, 1961) or micéllar‘éispérsions_of so;icatéd lipids
(Thomaszahd Law, 1966; Cronan, 1968). Tﬁé'arpificial membréne'technique
was found to be most reproducible apd yvielded highest activities when
microbial phospholipids were used as substrate. Howéver,’the filter
technique yielded better results with phospholipid subshfateé which are
particularly difficult to diSperseland assays of enzyme ac%ivity wéfe
unaffected by addition of anionic detergents and divalent catiops (Thomas
and Law, 1966).A
The activity of the enzyme may be dependent upon the surface ;reéias

well as the charge of thé digpersed phogpholipid. Chuﬁg and Law (1964)
found a suitably dispérsed phogphgtidyiethandlamine coﬂtaminated with

an anionic surface active agent the most effective subétrate for the

enzyme in C. butyricum extracts.  The authors‘suggested that the
anionie charge‘is likely important im matching the surface charge of -

the phospholipid to that of the enzyme, since cationic detergents, which -

.aré equaliyhefféétive in'dispeysing lipid, inhibiﬁ enzyme activity
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(Chung and Law,1964). Moreover, phosphatidylglycerol, which is
pegativély charged,cén.also increase enzyme activity (Thomas and

Law, 1966). Howevef,:these authors féund that anionic detergents did
not effect enzyme assays on ﬂ%lter discs. The enzyme activity actuallf
decreased with increasing concentration of phosphatidylserine, which

is more negatively charged than phosphatidylethanolamiﬂe. When -

phosphatidylglycerol was used as a substrate, addition of divalent

“

cations (calcium, magnesium etc.), resulted in a two fold increase in
rate. ' Thus, conditions.favouring maximum rates of enzyme activity can
vary a great deal depending on both the mode of dispersal and type of

phospholipid.

Zalkin et al (1963) observed maximal activity of cyclopropane

fatty acid synthetasé in C. butyricum and S. marcescens extracts in pH

7.0 buffer;_ Due ﬁo the high endogenous lipid content in crude cell
free homogenaées;of E. coli and S. marcescens, optimal lipid concentra-
tions could not be determined for the enzyme of these organiémS.Cronan
(1968) was able to demonstrate only a slight increase in activity due
to addition of lipid in fresh stat;onarg‘phase extracts. In active
freparations, tﬁe maximum enzyme activit; in E. coll extracts was

found to be similar to that of 5. marcescens, 0.5-1.0m pmole/mg Sf
protein/hour, which is about ten fold lower than that observed in

C. butyricum extracts. Highest enzyme activities were observed in

C. butyricum extracté incubated dn 6 mM phospholipid and 0.5 mM

S-adeposylmethioniﬁe (Zalkin et al, 1963).

Zalkin et al (1963) examined the effect on cyclopropane fatty
acid synthetase activity of several inhibitors which have been reported

to decrease the activity, in liver extracts, of enzymes involved in

\
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methylation of phosphat;dylethanolamine in the 5ynthesi§ df'phéspha;
tidylcholine {(Bremer and Gfeenberg,196l a,bju Inhibitio lof qcfivitf 

by p-hydroxymercuribenzatol in §A\marcéspens and C. bufsricum prepara- f

. ~ e W~ | _ '
tions was reversed-by addition of cysteine. ..Iodoadetatd increased -

activity in S. marcescens extracts but .caused a decrease iﬁ'gj butyricum

, .

extracts. Enzyme activity was unaffeéted by-addition of mercéptoethanol

or S-adenosylhomocysteine.

- . . A
- .. LT

1.7 Metabolic 'Control of Cycldprqpane Fatfy Acid éynthesis
' E + ' . . . .
Since unsaturated fatty acids are abundant at most stages inﬂgrpwch;n

cyclopropane fatty afid synthesis is likely dependent upon intracellular

cyclopropane fatty:adid synthétase acfivity and S-adenosylmethionine leveis.

s

Early work (;alkin.gg_él” 196§) failed Fo‘reveal low 'molecular weight or
lqoéely bouqd activétors 6r-inhibito:é of cyclopropane fatty aciﬂ -
synthetase; dialysis of crude enzyme extracts did not result ;n altered
cyclopropaﬁe faéty gcid“syp;hetase activity. However, these studies did
not rule out the pdséibiliﬁy of tightlg bound, short lived or high

molecular weight regulators. - f/

Decreasing oxygen temsion during.grOWth of Pseudomonas fluorescens
resulted in a marked increase in cyclopropane fatty acid synthetase
activity (Crowfoét and Hunt,‘i970). Since removal of oxygen with
thioglycolate in in vitro assays had no effect on enzyme activity,
and normal enzyme activity was observed in cultures subjected to low
oxygen tension, but treated with the protein synthesié inhibitor,
chloramphenicol, the authors speculated that the enzyme was indﬁced,

althougﬁ they failed to identify a likely inducer. On the other hanq,
Cronan (1968) did not observe differences in enzymg:a?tivity in

E. coli cell extracts grown to late exponential and'stationary phase,

although a several fold increase in cyclopropane fatty dcid levels
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was observad during thie atage in growth At this point, the evidence
is too scanty to indicate thaB cyclopropane fatty acid synthetase
~18 regulated by induction, since alternative p0931bilities, such as

- a difference in protein turnOVer, exist for even the P fluorescens

v
Y

study. o T o . P
Several authors have explored the possibility that eyclopropane
fatty acid synthesis is dependent upon:the.intracellular ¢concentration -

of S-adenosylmethionine; Studies of auxotrophs with. impaired ability -

.. to’ synthe51ze adenosine triphosphate, methionine or S—adenosylmethionine
\ . B v i

‘have not resolved this question. Several E. coli mutants with impaired
¢ 5 adenosylmethionine synthetase produced cyclopropane fatty acid levels

equivalent ‘to the levels in the parent strain (Croman’ et al 1974)

L However, in A robacterium tumefaciens, limiting methionine levels caused
e & decreaee—in the accumulation of cyclopropane fatty acida (Kanshiro, -
- 1968), possibly due to preferential utilization of theﬁlimited methionine
for N—methylated llplds and protein synthe51s . o
‘1.8,.lnfluence of Growth Conditions‘on Cvclopronane Fatty Acid
frdduction T | | |
The ratio of'cyclopropane fatty acids to unsaturated fattv acids inm’ =
bacterial lipids.can be influenced by the stage and condltions of growth
Highest ratios are observed at advanced stages, late exponential and

stationary, phaee in E. coli {Marr and Ingraham, 1962 Law, et al, 1963

Knivett and Cullen, 1965) robacterium tumefaciens (Law et al, 1963)

Lactobacillus arabinosua (Groom and McNeil 1961), Serratia marcescens

(Law et al, 1963 Kates et al 1964).and Streptococcus faecalis

: 4

(Jungkind -and Wood, lQ?Aa).

B : . . . .
-Low oxygen pressure increases cyclopropane fatty acid levels in

o ' ¥
.

o-
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E. 'coldi (Knivett and Cullen, 1985) and Pseudomonas fluorescens

(Crowfoot and Hunt, 1970) Other conditions resulting in elevated

cyclopropane fatty acid levels include low pH in E. coli (Xnivett 2

and Cullen,1965) and Streptococcus faecalis‘(Jungkind and Wood,

1974), and high NaCl concentrab&if in E. coli (McGarfity and Armstrong,
1975). '

Cyclopropane fatty acid production in stationary bacterial cultures
..can also be influented by the growth-limiting medium component. In E.
Egli, higher amounts of cyclopropane fatty acids are produced if
nitrogen (Marr and Ingraham,1962; Knivett and Cullen,1967) or phosphate

" (Knivett and Cullen, 1967) is growth-limiting. Reduced amounts are
ﬁobserved if magnesium (Knivett .and Cullen,1965, 1967), sulfate‘(Knivett
and Cullen, 1967) or the.carﬁén'source (Marr and Ingraham, 1962; Shaw and
ingrahgm,1965, Knivett and Cullen,1967) is growth limiting. Growth in
the presence of hiéh citraté concentrations resulted in less cyclqﬁropane

“fatty acids,buﬁ this is likely due to complexing of magnesium (Knivett

and Cullen,1965).

1.9 Role of Cyclopropane Fatty Acids

An absence or low level of cyclopropane fatty acids has often been
associated with defects in cell wall synthesls or decreased viability
under adverse conditiéns. For example the L~forms of Proteus P18 and
filamentous forms of E. colil B contain less cyclopropane fatfy acid

(Nesbitt and Lennarz, 1965; Weinbaum and Panos,1966). In contrast, a

F&pical corrugated Vibrio cholerae (térmed rugose) which accﬁmulates

in aging cultures exhibits unusual resistance to adverse environmental

conditions and has elevated levels of cyclopropane fatty acids (Brian
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and Garduer, 1968; Briahﬁgg;él,lQGG).rJungkiﬁd and Wood (1974b) sug-

gested that group D strepfococci‘are more resistant to high tempera- '
. .
tures and NaCl concentration than group A (Deibel, 1964} due to the

presence of cyclopropane fatty acids In group D.

The idea that cyclopropane fatty acids confer an advantage on

-organisms living in adverse conditions has also been proposed to

explain their presence in higher organisms. Oudejans et al (1976)

.suggested'that the function of cyclopropane fatty acids in the

millipede Graphidostreptus tumuliporous may be to protect the lipids

from oxidation during vulnerable early larval stages exposed to a
EQ(IQ?Z) speculated :

deslcating arid environment. 'Kuiper and Struviel

‘that theqpresence of cyclopropane fatty acids is a physiological

adaptation of early spring and drought-~tolerant plants. For example,
incfeasing membraﬁe fluidity resulting from substitution of'cyclopro—

pane fatty acids for equivalent chain lengthened saturated fatty acid

analogues could increase membrane flexibility which they thought to be

important in frost hardiness.

Since cyclopropane fatty acids are more abundant in stationary
phase bacteria than actively metabolilzing exponential cells, most
authors have speculated that the selective advantage of these membrane

components is related to a preservation or protective function. N

Law et al (1963) observed that tune cyclopropane fatty acids

turned over very slowly in staticnary phase E, coli and Serratia

‘marcescens. Cronan (1968) suggested that such reduced turnover could

lead to decreased catabolic degradation, hence retention of an intact

membrane. However, in a later report, he found essentially identical

[
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tutnover ré_ts__-s for Wurated -fatty aclds and their cycloprqpane

analogues (Cronan et al,1974).

Law et al (1963, 1971) prépoéethhat replacemént of unsaturated
s}tes with cyclopr;pane riﬁgs may confer prbtection againé@ oxidation
or free radical formation. Although this proposal has not.been |
diSprqyen by experimentdl evidence, it seems unlikely since, as
mentioned above, low oxygen pressureleads to increased cyclopropane

fatty acid production (Section 1.7).
\

Other rolés suggested for cyclopropane fatty acid production

include a system for elimindtion of active methyl groups (Cronan EEHQL,

1974) or a sykﬁem altering membrane barrier function leading to

increased resistance to lactic acid, an acidiec product of glwcolysis
(Jungkind and Wood;1974b) " The first proposal seems unlikely since

it is metabolically wasteful. The second proposal is-appealing since

low pH has been shown te favour cyclopropane-.fatty acid production,

‘and a parental strain of Streptococcus faecalis with the ability to

- produce cyclopropane fatty acids has been shown to be more resistant

to lactic acid than a mutant without this ability (Jungkind and Wood

1974b}. However, Taylor and Croman (1976) found equal susceptibility

" to lactic acid in both wild-type E. coli and a mutant strain unable

L]

to synthesize cyclopropane fatty acids.

The possibility that cyclopropane fatty acids may influence the
physical properties of the membrane (KitO'gE_glJl973)'has not been
fully explored. The results of van Deenen (1965), Overath et al (1970)
and Cullen et al (1971)‘have shown that the moiecular packing of phos-

pholipids with unsaturated'fatty,acids or their cyclopropane analogues
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is similar, Howevef; the melting temperatures of free cyclopropane
fatey acids.are higher than that of their unsaturated analogues.

- Substitution of cjclopropane fatty acids for unsaturated fatty acids

A}

in membrane phosphoLdpid may result in'a decrease in the fluidity of
the membrane phospholipid The fluidity of the membrane has been shown
to influence .the activity of a wide variety"of‘ memb‘ran‘? proceises
(Sandermann,1978). Hénce, the methylation of unsa;urated_fatty aclds
may have a regulatory role in bacterial membranes attenuating the

fluidity of the membrane and therefore the activity of membrane

functions in stationary phase.
1.10 Cyclopfopane Fatty Acid Synthetaée Mutants

The isolation of bacterial mutants devoid of cyclopropane fatty
acid synthetase activity permitted comparisons to evaluate the role of
cyclopropane fatty acids. Jungkind and Wood (1974a,b) found that

*

several Streptococcus faecalis mutants resistant to the anti-folice

acid drugs, amethopterin agd pyrimethamine, were unable to synthesize
cyclopropane fatty acids, \}hg&sr and Cronan (1976) isolated two

- Escherichia coli K12 mutants by a more direct procedure involving

( H~methyl)~L-methionine suicide.

Jungkind and Wood (1974b) found that growth of the S. faecalis
mutants was curtailed, compared to the parental strain, at 47°C, with
3.5% NaCl at 3700, with 3.5% NaCl at 47°C or with sodium deoxycholate
(200 ug/ml). Survival of stationary phase mutant cells decredsed when they
were exposed to 3.5Z NaCl at 47°C, sodium deoxycholate (400 ug/ml) and
pH 4.0 sodium lactate (Jungkind and Wood 1974b). However,
Taylor and Cronan 61976).f0und no difference from the wild-type
in sensitivity of their E. coli mutants to 0.; M lactate (pH 4.0),

‘high NaCl concentration, various detergents, amethopterin, rapid
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freezing and dfying and lysis of spheroplasts by Brij 58.

'1.11 Objectives

~

The main objectives of this thesis were to investigate the control
of membrane phdhpholipid faEty acid composition-inlg, coli in response:-

to growth in media of high osmolality and to determine the- effect of
v

cyclopropane fatty acids on the membrane physical properties. Studies

W

on the regulatory mechanismscontrolling cyclopropane fatey acid levels
ell as the role of these fatty acids i EY coli membrane physiology

re emphasized. The principal investigations have dealt with:

-

" 1. The influence of osmolaliﬁy and temperature on the fatty acid
composition of the phospholipid‘s of E. coli during growth,

2. Elucidatioﬁ of the growth limiting factor pgéponsible for
termination of growth of E. coli in tryptone broth and its
possible role in the control of membrane phospholipid fatty acid
composition. .

3. The effect of the protein synthesis inhibitor, chloramphenicol,
on léﬁe stationary phése fatty acid composition.

4s  The role of S~é&enosylmethionine synthetase and cyclopropane
fatty acid synthetase activities in mediating the observed
differenge§ in cyclopropane fatty acid composition due to growth
in media of high osmolality.

5. The transition temperatures of E. coli membranes varying in
cyclopropane and saturated fatty acid levels.

6. The melting temperatures of synthetic lecithins acylated with
unsaturated fatty acids and'their fatty acid analogues.
Unfortunately, those object%ves have been met with varying success.
However, both conclusive and inconélusive results have been included

. with the hope that they will provide in analysis framework for the.

design.of further studies.
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2.0 ) Materialé and Methods "
2.1 Bacteria

The lipids of a multiple aukotroph of Escherichia coli K12, AW405,

N .
(Armstrong et al 1967) were investigated, AW405 requires histidine,

leucine, threonine and vitamin B, for growth. ~Other distinguishing

1

o |
characteristics include inability to metabolize the sugars lactose,
galactose, arabinose and xylose; and resistance to streptomycin and

to the bacteriophages T1, T5 and Té.

2.2 Media

AW405 was grown in eitﬁer minimal medium or a 17 solution of

tryptone (Difco) broth. Minimal medium contained 11.2 gm KQHPOA! KH2P54

2.0 gn (NH,),S0,, 1.0 ml M MgSO, and 1.0 ml of 50 mg/100 ml Fe, (50

4 4)3
in 870 ml; 100 ml of 107 glucose; 10 ml each of filter sterilized 1%

1

threonine, 1% leucine and- 17 histidine; and 1.0 ml of I mg/ml‘vitamin

B, Agar pla;es contained 1.5% agar and 17 tryptone or minimal

medium. E. Eéii B and ﬁild type K12 weré grown in the same media but
without separate addition of histidine; leucine of thronine. ' The concen-
trations of other additives, such- as-KC1 and ﬁaCl, foflparticglar:ex—
periments, are indicated.in the results,; Hl buffer péntained only the

'

salts of minimal medium..

Osmolality was measured by A. Bilsky (1972)}inlan Advanced Osmometer
(Advanced Instruments, Inc., Newton Highlands, Massachusetts). The
standard curves obtained for NaCl, KC1 and MgCl2 in tryptone broth

(60 mOsm) can be found in Figure 2. , ; &

1

2.3 Growth

Iy

In most'experifents, several 2,800 ml Ferhbadh flasks, each



18"

Figure 2. Osmolality of MgCl,, NaCl and KC1 solutionms.

2’

"
L)
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containing 500 ml of medium, were inoculated with fresh stationar&
phase culture and ingubated with shaking in a New Bruﬁswick Psychotherm,
For experiments requiring batch cell preparations, up to 22 liters of
medium were inoculated ' with 250 ml of fresh stationary phase ctilture
along‘with 5 ml of octancl ' (added as antifoaming agent) and
incubated with aeration in a 25 liter capacity New Brunswick fermentor.

50-250 ml Exlenmeyer flasks containing 10-50 ml of medium were used to

maintain cultures ‘and in experiments indicated in the results. Growth

was monitored by following absorbance at 650 nm in 18 x 150 mm tubes with

a Coleman Junior II spectrophotometer.
2.4 Chemicals . -

Methyl esters of caprie, lauric, myristic, palmitic, palmitoleic,

stearic and cis-vaccenic acid were purchaéed from the Sigma Chemical Co.

(St. Louis, Mo.). Phosphatidylethanolamine and cardiolipin were obtained

from Calbiochem (San Diego, Calif.)} Phosphatidylgiycerol was a gift of

M. Kates. An equimolar specifié activity mixture of 14C—labelléd amino

! . '
acids was obtained from Amersham/Searle (Toronto, Canada).

2.5 Thin Layer Chromatography

Using a Desaga adjustable applicator (Heidleberg, West Germany),

0.25-0.5 mm layers of silica gel H (Brinkman, Canada) slurried, in water

(45:120, w/v), were spread on 20x20 or 20x5 cm glass plates. After

drying for several hours at room temperature, the plates were activated
at 110-120°C for ome hour, cooled and stored in a vacuum desicator over
CaSOa(Drierite). Lipid mixfures were spotted on plates about 3 cm f£rom
the bottom (origin) and then developed in solvent equilibrated tanks

(lined on three sides with filter paper) containing up to 100 ml of

S
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oolnent. The compositions of the most commonly used solvent systems

nre listed in Table 1. Solvent systems A, C anﬁ b were derived from

systemsrused by Skipski and‘Barclay (1969) whereaslsystem D was first
degcribed by Rouserﬁgg‘gi (1969). Plates were developed until the

solvent front was about 2 em from the top of the plate.

The neutrai lipids, (isopronoids, respiratory pigments, fatty
acid glycerides, etc.) were separated from the phospholipids by thin
layer chromatography in solnont system A (Fig. 3). Fﬁosphatidylethanol—“
amine was separated from the remaining phospholipids in solvent B, and |
cardiolipin was separated from phosphatidylglycerol in system C (Fig. 3).
Solvent system D was used to examine the purity of synthetic lecithin -

pPreparations.

The lipid spots separated on. thin layer chromatograms were visualized e

-

using ‘the following stalning procedures

a) 507 sulfuric acid; Plates were sprayed and then heated at 180°¢.
Organic compounds were charred brown to black.
b) Dittmer-Lester molybdenum blue reagent. Plates were sprayed
lightly. ?hosphate containing lipids appeared blue (Dittmer
' ano'Lester'1964).
c) 0.2% ninhydrin in butanol saturated with water. Plates were .
sprayed and then heated. Lipids with free amino éroups
.appeared red ;o violet (Skipski et al,1962).
d) Periodate-Schiff reagent., Plates were sprayed with 0.27
aqueous sodium periodate, left for 15 minutes, exposed to
2 Lipids
with vicinai'hydroxyls, eg. phosphatidylglycerol, appeared

SOZ,‘sprayed with Schiff reagent and exposed to SO

red (Schneider, 1966).



"Table 1

Thin layer chromatography solvents

Solvent - - Ratio (v/v)

Chloroform _ - 65 80 25

PetroTeum Ether 60 - - -

Methano1 - 50 26 - 15
Acetone 20 . - -
Acetic Acid - - / 4 4
Ammonia (30%) - 25 - -
Water - - 0.3 2
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\\\ Figure 3 Autoradiégrams'of thin—la;er chromatograms of 14C_

. labeled, phospholipids from E. coli AWAO;. Solvent
systems are described in Table 1. In A, the phospho-
lipids, which remained at the origin (0), were
sgparated from neutral lipids. In B, phosphatiQy1e~
thanolamine (lower band) was separated from phosphatidyl- -
glycerol and Cardiolipin (upper band). 1In C, phospha-
tidylglycerol (lawer band) was separated from cardiolipin

(upper band). F, solvent front.

Lo
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P e) Iodine'vapour. Plates were exposed to»iodine vapour.‘ Most

- -
. kg

lipids (particularly those containing unsaturated sites) g_f

" appeared yellow to brown (Mangold and Malins 1960). '”Vg

D s, f) Rhodamine 6G JFlates were sprayed with a- 0 05%. Rhodamine

3

6G in 95% ethanol and then examined under’ ultraviolet 1£ght

1

§Lipids.£luoresced. (Wagner gt.al3196l). o

'
.t ~ . - A

Lt > [ oy N

« Lipids detected ori"thin layer chromatograms with.iodine_vapour! "

v

t or Rhodamine‘éd couldAbe-quantitatively‘recouefed "1 te 2.gm‘of~silica'

gel containing lipids were scraped from. thin layer chromatograms into

the stem . of a glass funnel blocked with glass wool Lipids were then ’

eluted with 50 ml methanol—chloroform, 2:1 (v/v)
2.6 Autoradiograms

Labeled phospholipids were obtained by growing a culture of AW405
in tryptone, to which a mixture of laC—labelled amino acids had been

added. Autoradiograms from chromatograms of-the 14C-—-labeled lipids
I\ -
were obtained by developing Kodak X—ray film which had been exposed

f‘\ from three days to several weeks depending on tha amount of lipid

“~ present. . : o i

2.7 Lipid Extraction 1 . L ‘ -

Lipid extraction was carried out according to Kates- (1976) Tie

..

method is a- modified version of a technique used for extraction of fish

lipids by Bligh and Dyer (1959). Cell cultures, cooled to 4% on ice,

were harveetedLby centrifugation at 3,300 x g for 20 minutes,

-

Resultant pellets (up to 5 gm) were suspended (Vortex.mixer) in about

60 m1 of cold 0.15 M NaCl: The cells were then harvested at 2,000°G
- < - R X R
" for 20 minutes in a 100 ml tared glass centrifuge tube. Assuming 0.8 ml




—26—

of water per.gm wet cells, enough distilled water was mixed with the

. pellet to bring the.total water content to 8 ml.

The cell'suSpension was then vigorously mixed with 30 ml methanol-
chloroform (2:1 v/v) and centrifuged at 2,600 RPM for 20 minutes, whichr
resulted in a pellet and a clear yellow supernatant containing moet of
the'lipid.- The pellet was.washed twice with 38 ml aliquots of methanol-

. I
chloroform-water, 2:1:0.8 (v/v)}. The.three supernatants were combined

~and then divided into three centrifuge tubes. To each was added, with

~stirring, lb ml chloroform followed by 10 ml water. Upon centrifugation
;.‘at 2,000 x g for 20 minutes, the mixture formed a biphasic system with a

© small amount of material at the interphase. The lower phase, containing

most of the lipid was carefully removed with a Pasteur pipet. After

washing with two 20 ml aliquots of chloroform, the methanol-water upper

phase along with the interphaSe material was discarded®. Solvent was
removed from the combined extracts by flask evaporation in a Blichi

'Rotavapor—R_(Switzerland).at 10 mm Hg pressure. After drying by

flash evaporation with benzene, lipids,‘disolved in chloro-

form, were stored below 00 in 15 ml teflon capped tubes. 'Less than 17

of the total lipid was contained in a fourth extraction of the pellet

of a 14 C-~labeled E. coli 1ipid preparation.

'2.8 Paper Chromatography

i

After subjecting the phospholipid to mild alkaline deacylation

according to Kates (1972), the polar products were spotted on 1 x 23

a Alternatively the combined supernatants were poured into a 250 ml
. separatory funnel (glass 1id and teflon stopcock). After addition
with shaking~of 30 ml chloroformn and 30 ml H,0, the mixture was
allowed to separate into two phases at 49C. “After removal of the
lower phase, the methanol and water upper phase was washed twice

with two 60 ml volumes of chloroform.



inch'paper strips (Uﬁatman Nn. 1) and chromatographed descending

in phenol—wnter, 100:38 (w/v) (Ferrari and Benéon,lQﬁl) or phenol
saturated with water-ethanol;agetic acid, 50:5:6 (v/v) CDanson,1967).
The chfomatograms were éir dried for two days and stained according
to White and Frerman.(i967) for vicinal hydroxyl groups, according

to Burrows et al (1952) for amino groups and'accordipg to Clark (1964)

for phosphate groups.
2.9 TFatty Acid Analysis

Fatty acid methyl esters were prnpared according tn Kates (1964).
Samples were analyzed in a Hewiett Packard model 402 gas.liquid
chromatograph equipped.wifh a flame ionization detecFor. Dual coiumns,
183 em in length, were packed with iOZ butanedioi succinate on chromasorb
W (Chromatographic Specialties,(Brockville, Ontar;o). Nitrogen was used
as a carrier gas. Welght”percentages were cnmputed'according to the

peak-height times retention-time mgthod (Carroll, 1961).
2,10 Enzyme Assays

Cyclopropane fatnf acid synfhétase was assayed.with-a modifieg
version of a technique.originally develope& by Cronan (1968), Cells,
harvested. by centrifugation, were suspended in 10 mM mercapnoéfhanol—
O.i_M Tris buffer, pH 8.0 (302 nells in buffer, w/v), sonicated in
several one minute bursts at 4°C, and centrifuged at 10,000 x 6 for
15 minutes to remove whble‘celis. Aliquots of the supernatant (about
15 mg protein/ml,as determined according to LoWry et al(1951),were
assayed at 37 °C in'a solution containing 10 umoles adenosine
triphosphnte, 0.3 mg of sonicated E. Eg};_lipid » 100 umoles MgCl,

+ 100 pmoles 2-mercaptoethanol, 100 nmoles Tris (pH 7.0), 1.0 umole

Phospholipld rich in cis—vaccenlc and palmitoleic acid was extracted
from an AW405 20°C exponential culture.
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‘methionine and 0.8 yC'(14¢—nethyl)—L-metnionine'(Nen Enéland'Nuclear).
The final volume was 1.5 ml. The assay was initiated by adding the'
enzyme extract to the assay medium. After removal at fixed time ‘
intervals, 0 1 ml samples were heated at 100 C in 207 KOH: methanol.
(1:1) for fifteen minutes to sapOnify the lipids. A drop of phenol—
thalein was added and the reaction mixture was acidified with 6NHC1

to pH 1.0 and extracted with three volumes of petroleum ether. After
washing with three one ml portions of_water, the.samples_were‘dried

with a stream of.N2 and counted in Biofluor.
. .

S-adenosylmethionine synthetase activity was assayed accordiné to
Greene et al (19705 Cells were harvested by centrifugation, washed
with 0.02 M Tris.pH 7.6 (4 C) and resuspended in a sufficient volume
of the same buffer to yield a concentrationof 15 mg/ml protein. ;_Cells
:were then toluenized by incubation at 37°C for 10 min in the presence
of 0.05 volume bf’ toluene. One ml assay mixtures containing 150 umoles -
_ Tris-HC1 pH.8.5, 100 umoles MgClz, 8 pmolesglutathione 20 umoleS\

L-methionine, 10 Umoles adenosine triphosphate, 0.8 uC( C~methyl)-L—
methionine and 0.4 ml toluenized cells were incubated ar 37°C. 10 p litre
samples at O and 60 minutes were_spotted on 1 x 23 inch paper strips
and run descending in n—butanol—acetic acld-water, 120:30:50 (v/v)..
After development, the chromatograms were cut into 2 cm strips which
were counted inlEconofluor in a Beckman LS§233 liquid scintillation

counter. . }

J i 8

2.11 PhaselTransition Studiesr

~ Membrane phase transitions were measured in whole cell and

artificial membrane preparations with the fluorescent probe prheny14 |
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l-napthylamine (NPN) essentiaily according to Tfauble aﬁd Overath

(1873). Sonicated lipid vesicle dispersions contained 1 to 5 x 10_4 M
lipid 10 5M NPN and 3% methanol in 17 mM - sodium phospha&e buffer

(pH 7 0). 7-50 mg of dipalmitoyl lecithin (DPL) or E. coli lipid in
chloroform was dried on the bottom of a 25 ml beaker under a stream

of nitrogen. Residua; chloroform was removed by placing samﬁles

under reduced pre;su;e {( 20 Torr) for several hours. After addition

of 5 ml distilled water, the sa&ples were sonicated at 42°C and then
diluted to 7 ml.' Then, 0.09 ml of NPN in methanol (7.3 mg NPN/100 ml.
"methanel) was added to 2.4 ml 20 mM sodium phosphate buffer, pH 7 0,

and 0.5 ml of the lipld preparation After vortex mixing and incubation
at 42°C for 15 minutes, ée;ative fluorescent intensity (Emmission, 420 nm;
Excitation, 350‘nm)é'was measured wiﬁh changing temperature on a Turne?
Fluorometer and recorded on an X - y recorder. When relative fluorescence ‘
I, is plotted versué temperatufe T, iﬁ an Arrhenius plot (log relative
fluorésgeﬁce inténsity.i,VEréus l/ToK); straight lines (with diffefent
slopes) correspondihg to the ﬁwo states below (1) and above'(Z) the
'ph;se t;ansition are obtained (Figure 3). A line parallel to the y-axis
(AI).joining line i‘to line 2 such that numerus a = numerus b passes
throﬁgh the membrane melﬁigg témperature (Tauble and Overath, 1973).
-For whole cell preparations, 2.91 mlisuspensions of E; Egii in
-20 md sodium phosphate buffer, pH 7.0, contaiﬁing from‘0.5—130 mg of

lipid, were mixed with 0.09 ml of NPN in methanol (24.1 mg NPN/100 ml

methanol), sonicated at 0°¢c for 10 seconds and then incubated at 37°C

a
In most experiments a 360 nm narrow pass filter was used for excitation

- along with a 415 nm sharp cut and 2% neutral density filter for
emmission.



-30-

-

Figure 4 Determination of the membrane melting temperature of

sonicated dipalmitoyl lecithin vesicles using NPN

fluorescence. \\\\__,
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for 10 minutes. Phase transition temperatures were determined from
- .

relative fluorescence versus temperature data as above.

Membrane phage transitions of artificial liposome preparations
were measured using differential scanning calorimetry (Ladbrooke and
Chapman, 1969). Up to 10 mg lipid was stirred with distilled watex
(less tﬁan 1:1, w/v) or ethylene glycol-water Iless:than 2:1, w/v) in
aluminum pans at 37°C.  After incubation at 37°C for 30 minutes, the

.pans were sealed with alluminum lids by dry welding. Differgntigl heat
flow versus temperature was measured using a Perkin Elmer DSC-2,

Differential Scamning Calorimeter, (Norwalk, Conn).

2,12 Synthesis of Cyclopropane Fatty Acids

T The cyclopropane fatty acids, cis-9,l0-methylenchexadecanoic,
lactobacillic and dihydrosterculic acids; were synthesized from their
unsaturated fatty acid analogues; palmitoleic, cis—vaccenic and
oleic acids; according to Simmons and Smith (1959). A mixture of 2.2 gm
of zinc copper couple (0.03 mole of zinc), 500 mg of iodine, (0.002
mole), 5.36 gm of methylene iodide (0.02 mole), 0.0l mole of methyl

B . \
fatty acid (997 pure) and 10 ml ofiénhydrous ether was stirred under
reflux for 48 hours. The cool reaction mixture was filtered and the
filtrate was washed successively with 5% hydrochloric acid, watef and
5% sodium sulfite solution. After removal of the ethyl ether by f£lash
evaporation, residual water was removed from the sample by flash evaporatiun

with benzene. Gas liquid chromatography of the products revealed 77 to

947 0f the unsaturated fatty acids were converted to their corresponding
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cyclopropane analogues, Other components in the product mixtures

i "\. ’ i ‘ ‘ .
included the unsaturated fatty acid and a component? with mobllity on
butanediol succinate intermediate between the unsaturated and cyclopropane

fatty acid.

Cyclopropane and unsaturated fatty acid methyl esters were separaﬁed
by argentation silica gel column chromatography according to Pohl et al
(1963). 5 gm of silver nitrate in 100 ml of distilled water was slurried
with 95 gm of 60 - 200 mesh silica gel (Baker)b. The mixture was then
dried pvernight at 120°C and stored in a tightly sealed brown bottle,

20 gm of the gel was slurried in 37 ethyl ether in hexane (v/v) and

poured into a 1 X 15" column stobpered with glass wool and fitted with

a teflon stopcock. Up to 1 gm of sample (cyclopropane aﬁd unsaturated

fatty acid methyl esters) was eluted with the same solvent in 5 ml )
fractions. Cyclopropane and saturated fatty acid methyl esters eluted

with 25-100 ml of solvent wheréas unsaturated components eluted with

75-350 ml of solvent.

The fractions were analyzed by either argentation thin layer chroma-
. b : L
tography or by GLC on butanediol succinate. Silver nitrate impreganted
thin layer chromatography plates were prepared immediately before use

by spraying the plates (Silica gel H) with 57 AgNO, in distilled

3

3 in acetonitrile (w/v)

and activating the plates at 120°C for 60 minutes. Good separations

water (w/v) or developing the plates in 5% AgNO

between saturated and unsaturated fatty acids were obtained using plates

prepared in either way when samples were developed in 5% ether im hexane, Table 2.

2 Likely the corresponding‘trans-cyclopropane fatﬁy acid (Christie, 1970}

® The original technique employed 157 silver nitrate in silica gel columns
but 57 columns were found equally effective and more economical,
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Table 2. Rf values of saturated, unsaturated, and cyclopropane fatty
acid methyl esters afte'r development on silver nitrate impregnated

silica gel H plates in.5% ethyl ether in hexane (v/v).2

Methyl Ester ) R, Value \
Sprayed with 5% Develoéed in 5% AgNO3
AgN03 in distilled in Acetonitrile.
Water.

Oleate . 0.15 — 0.06

Stearate 0.43 0.24

Dihydrosteculate 0.44 0.23

® Solvent system adapted from Morris 1964,

N
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The cyclopropane fatt&kacid methyl esters were found to be 93-967

N

pure. The methyl esters were converted to free fatty acids using the

saponification procedure describéd by Kates (1972). Crystallization at

-

~10°c from petroleum ether did not result in further purification. The
overali,yield, based upon the amouné\of"unsaturated fatty acid subjected
to the Slimmons and Smith reaction; was about 25-30%Z. The free fatty acids

were stored at -20°C dissolved in chloroform. -

2.13 Synthesis of Phosphatidylcholines

Phosphatidylcholines, containing unsaturated‘or cyclopropane fatﬁy
acyl esters,were synthesized from the cadmium chloride édduct of sn-glycero-
3-phosphorylcholine (GPC'CdClz) and free fatty acids according to Warner

and Benson (1977). GPC.CdCl, was prepared from commercial egg yolk lecithin

2
according to Chadha (1970). The-synthetic phosphatidylcholines wefg

purified according to Pugh and Kates (1975). Purified samples ran as single

components on thin layer chromatograms that cochromatographed with purified

%
|9

egg yolk lecithin® when ‘developed in chloroform-methanol-acetic-water,
25:15:4;2 ﬁv/v). After de;cylation accofding to Kates (1972), the water
soluble product {(GPC) ran as a single component that cochromatographed with
the deacylated product of purified egg yolk phosphatidylcholine on paper
chromatograms developed in the solvent systems already noted (Section 2.8).
The fatty acid compositions of the synthetic phosphatidylcholipes prepared

v

as above are contained in Table 3.

2 The egg yolk lecithin was purified by the procedure of Rhodes and -

Lee (1937).
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Table 3. Fatty acid compositions of synthetic phosphatidylcholines

aylated with' cis—ﬁaccenic, d{hydrosterculic,:lactobacillic and cis-9,10~

methylene hexadecanoic acids.

Fatty Acid Main Fatty Ester
- cis-vaccenate dihydro- . lacto- cis~-9,10-
sterculate bacillate methylene
hexadecanoate
Palmitoleate ,0.3 1.2
Unknown a¥ . 4.8
cis-9,10-methylene
ﬁgxadecanoate . ) 94.0
Stearate 1.0 ‘
cis-Vaccenate 99.0 2.7
Uﬁknqwn b* 0.7
Lactobacillate 95.8
Oleate 141
Unknown c#* 4.2
Dihydrosterculate 92.8
Unknown d 1.6
Likely trans-cyclopropane fétty acids, Christie (1970).
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3.0 : Rgsuits ' - -
— .
3.1 Growthhr _

\ Within the temperature and osmolélity range of interest in this
Study'(20—42°C and 80-1500 m0Osm), the growth of E. coli AWA05 in
tryptone broth was found Eo be indistinguishable from a motile isolate

" of AW405, AOl4, described by éilsky (1972). At 3000, the cells grew .
exponentially at low cell densities with a doubling period of 1.04 hour
(Fig. S);‘ Increasing NaCl concentratiqps_beyénd 0.6 M resulted in
departure from exponential growth at lower cgll densities, as well as
decreased stationary cell yields. The influence of NaCl and KCl1l on
grow;h was identical. Little to no growéh was observed in cultures
grown in 1 M NaCl, 1.2 M sucrese or 0.4 M‘MgCl . The absence of.
growth in 0.4 M MgCl, {(~1200 mOsm) cannot be explained on the basis

of the osmolality alone, since growth was observed at higher osmotic

pressures in cultures with NaCl as the osmotic agent.
‘4

3.2 Lipid Composition

Exhaustive lipid extraction revealed th;t the total lipid content
was 1.5 to 2.1% of the wet weight, or 7.8-10.87% of the dry weight, of
AW405 pellets. Phosphatidylethﬁnolamihe, phosphatidylglycerol and
cardiolipin, the major phospholipid components, were isolated in the
ratio 76.4 % 6.7 : 22.2 £ 6.7 : 1.4 + 0;6 (w/w) as determined by the
gas chromatography internal standard method (Kates 1972). The relative
amounts did not differ'éignificantly between_fhe different media or
between exponential and stationary phase. Identifications were based
on the mobilities of the phospholipids on thin layer chromatograms

- (Table 4) and of their deacylated products on paper chromatograms -

(Table 5). Good agreement was obtained between the Rf values of the
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Figure 5 Growth curves for AW405 in 17 tryptone broth

-

with different-NaCl concéntrationsz
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TABLE 4
Rf values of the major phosphglipids of E. coli AW405 in various solvent
systems
Phospholipid : Rf value in solvent |
Aa Bb. . cC )
AW405 Standard AW405 Standard AW405 Standard
Phosphatidylethanolamine 0.0 0.0 0.38 0.37 0.33 0.30
Phosphatidylglycerol 0.0 0.0 0.66 =~ 0.64 0.47  0.41
Cardiclipin 0.0 0.0 0.90 0.92 0.78 0.87

2 petroleum ether-acetone, 3:1 (v/v)
b Chloroform-methanol-30% ammonia, 65:50:25 (v/v)

© Chloroform-methanol-acetic acid-water, 80:26:4:0.3 (v/v)
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TABLE 5

PAPER CHROMATOGRAPHIC MOBILITIES OF WATER-SOLUBLE PRODUCTS OF

DEACYLATION OF PG, PE AND CL: ISOLATED FROM AW405. Y

PARENT  DEGRADATIVE Rf VALUE x 100

LIPID PRODUCT  PEAWs  PBAW+_ PWE  PWX: -
' (Lit) (Lit)

PE(St) GPE 63 66 62 62

PE(Is) GPE 64 — 61

PG(St) GPG 51 51 49 46

PG(Is) CPG 51 a

CL(St) ,  GPGEG 36 28 19 . 18

CL(Is)  GPeRG 33 18

PW* gaturated phenol-water (100:38 W/V) ' #
PEAW+ Phenol saturated with wgter—ethanol-acetic aéid (50:5:6:)
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL, cardiolipin;
(st), standard; (Is), isolated; GPE, glycerylphosphorylethénolamine;

GPG, glycerylphosphorylglycerél; GPGPG, glycerylphosphorylglycerylphosphoryl-

glycerol. (Lit) '’ - Kates (1972)
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isoléted phospholipids, standards ;nd reported values (Kates 1972). The
samll discrepancies may be attributed to differences'in methodology, or

" to differences in fatty acid composition. Fér example, bovine cardiolipin
is less ﬁolqr-than E. colji cardiolipin due to ité‘loﬁgef chain length
fﬁtty acid composition. ‘C01dﬁ;*dgvelopment oﬁ\the phospholipids on thin
layer chromatograms with speéific staiping reag;ﬁts was consistent with
 the proposed identities {Table 6). - )

The fatty acid content of E. Eg}i.;hospholipid consisted ?rimgrily of
;almitic, palmitoleic, cis-vaccenic, cis-9,10-methylenehexadecanoic and
lactobacillic acids, along with les;er amounts of myristic, stearic,
-lauric and unidlntified fatty acids. The fatty acids were identified bf
comparison of retention times ¥elative to palmicate Wigh those obtained
for standardé.as well as published values (Table 7). Mild oxidation of
the fatty acid extract (Kates 1972) resulted in a decrease in the relative
proportion of palmitoleic and cié—vaccenic acids consistent with their
unsaturated structures {(Table 8). Acetylation of Ehe fatty acids (Kates
1972) did ﬁot affect the fatty acid comp?sition iqdicating an absence of

-

hydroxy—fatty-acids (Table 8). ' \\ o . -
3.3 Phospholipid Fatty Acid Composition During erdwth

The fatty acid compositions of the phospholipids of AW405, during
growth at 30°C in tryptone broth, a%e listed in Tables 9-11. Cardiolipin
(Table 11) contained the highest proportion of unusual fatty acids (up
to 16.9%) and the least amount of cis-vaccenic acid (as low as 11.7%)
whereas phosphatidylglycerol (Table 10) coqtained the highést proportion

of cis-vaccenic acid (up to 33.57).

In general, the decrease in growth rate at the end of the exponential

{ ~)
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TABLE 6

' i

Phospholipid Lipid Esolate Deacylated Product
Thin Layer Chromatography Paper
N Chromatography
Nin- Phos-  Per- Nin- Phos~- Vie-
hydrin phate iodate hydrin phate glypa{\k‘_
Stain Stain  Schiff Stain Stain Stain -
4} (2) Stain (4) (5) (6)
(3) o
Phosphatidylethénolgmine + + - + + +
Phosphalidylglycerol - + + - + +
Cardiolipin - + - - + +

+ Indicates a positive reaction; - indicates a negative reaction

Staining techniques: 1, Skipski et al (1962); 2, Dittmer and Lester,(1964);

3, Schneider (1966); 4. Burrows et al,(1952); 5, Clark, (1964) and 6, White and

Frerman, (L964).
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TABLE 7

GLC retention times relative to methyl palmitate of E. coli AW4O05

 phospholipid fatty acid methyl esters on 107 butanediol succinate.

Fatty acid methyl ester’®

‘methyl palmitate (tn/tl6)

Retention relative to

Name Abbreviation AWAOé? Standards Literatured
Laurate Cl2:0 0.30 0.30 -
Myristate C14:0 0.54 0.55 0.51
Palmitate C16:0 1.00 1.00 1.00
Palmitoleate C16:1 1.13 1.14 1.14
¢is-9,10-Methylene .

hexadecanoate c17:4% 1.54 1.58 1.63
Stearate C18:0 1.85 1.90 1.97
cis—Vaccenate Ccl18:1 2.09 2,15 -
Lactobacillate  €19:4% 3.16 3.38° 3.18

al; cyclopropane

b  Unidentified fatty acids with relative retention times 0.73, 1.36,

2.34 and 2.90 are also found In usually trace amounts.

Synthetic
d  Kates (1972)

\.-—/j//)

NG
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TABLE 8§

Susceptibility of E. coli fatty acids® to oxidation and acetylation.

Fatty Acid Treatment
Control Oxidatdion Acetylation

Laurate 0.1 0.1 . 0.1
Myristate 2.8 3.3 2.8
Palmitate 46.4 51.0 47.0
Palmitoleate 10.0 5.2 10.3
cis—Q;IO—FEthylene

hexadecanoate 27.9 30.7 27.6
Stearate 1.2 ' 1.8 1.1
cis-Vaccenate 10.3 5.3 10.1
Lactobacillate 1.2 2.7 1.2

-

? Extracted from a stationary E. coli culture

b According to Kates (1972)

The retention times relative to palmitate of the unidentified
fatty acids were 0.73, 1.35, 1.64, 2.32 and 2.97.

Values are expressed as wéight percentage of total fatty acids
and are reproducible within * 1% for separate runs of the same

sample.
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TABLE 9

Distribution of fatty acids in phosphatidylethanolamine during

growth of AW405 in 17 tryptone,

Fatty Acid ) Optical Density

0.2 0.4 0.6 0.8 Stationary

Laurate .3 .4 0.2 0.1 0.2
Myristate 5.5 .9 3.0 3.4 3.2
Palmitate 36.5 34.2 37.0 35,1 38.5
Palmitoleate v 33.5  33.9 32.5 30.6 21.7
¢is-9,10-methylene

hexadecanoate - 4.4 3.0 4.7 10.3 15.3
Steagate 0.8 0.3 0.4 - 0.4
cis—Vaccenate 18.2 24,1 21.1 18,7 18.1
Lactobaciilate 0.4 - - Co- | 1.1
Unidentified 0.4 .2 1.1 1:8 1.5

The retention times relative to Pglmitateof the unidentified
fatty acids were 0.73, 1.35, 1.64, 2.32 and 2.97.

Values are expressed as welght percentage of tetal fatty acids
and are reproducible within % 1% for separafe runs of the same

sample,
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TABLE 10

Distribution of fatty acids in phosphatidylglycerol during growth
of AW405 in 17 triptonme.

Fatty Acid‘; Optical Density:

0.2 0.4 0.6 0.8 Stationary

Laurate 0.3 - 0.

6 0.4 1
Myristate 4,3 2.2 1.9 2.2 2.2
Palmitate 31.7  33.2  32.6 36.7 35.5
Palmitoleate ‘ 29.5 25.4 25,7 28,0 21.0
c1$-9,10-methylene - N
hexadecanoate . 1.8 .6 2.2 2.4 .2
Stearate 1.5 1.3 0.8 - 0.6
cis-Vaccenate 28.1  34.1 33.5 29.3 30.0
Lactobacillate - - 0.4 - 1.8
Unidentified . 2.5 1.8 2.6 1.4 .6

The retention times relative to palmitate of the unidéntified
fatty acids are 0.73, 1.35, 1.64, 2,32 and 2.97.

' Values are expressed as weight percentage of total fatty acids
and are reproducible within * 1% for separate runs of the same

sample,

2
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TABLE 11

Distribution of fatty acids in cardiolipin during growth of .

AW405 in 1% tryptone,

Fatty Acid Optical Density
0.2 0.4 0.6 0.8 Statdionary

Laurate 2.5 2.9 1.5 0.2 -
Myristate 7.1 5.9 5.3 1.4 5.0
Palmitate 33.9 - 3L.7 3376 33.6 39.3
Palmitoleate 17.3  19.4  22.4  25.8 20.5
cis-9,10-methylene

hexadecanoaté 3.3 2.4 2.6 3.0 9.5
Stearate 5.9 5.2 4.5 0.8 3.0
cis-Vaccenate 11.7 15.6 17.9 22.6 17.6
Lactobacillate 1.4 - - - 0.8
Unid%ntifed 16.9 16.9 12.2 10.6 4.3

§

The retention times relative to‘palmitate of the unidentified
fatty acids are 0.73, 1.35, 1.64, 2.32 and 2.97.

Values are expressed as weighﬁvpercentage of total fatty

aclds and are reproducible within * 17 for separate runs of the

Same sample,
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phase, (Fig. 55 coincided with a declihe in the proporfion of the
unsaturated fatty acids, astfalmitoleic and cis-vaccenic acids were
conve;ted to cis—9,IO—Tethylenehexadecanoic and lactobacillic acids.
Relatively small amount; of lactobaéillic aciﬁ were synthesizeé, bﬁt
the rise in cis-9,10-nethylenehexadecanoic ‘acid and concomitant
decrease in palmitoleic acid was quite apparent (Tables 9-~11). During
this stage in growth, there was also a small\but significant Increase
in the proportion of palmitic acid at the exﬁense of cis-vaccenic and

lactobacillic acid, as well as a decrease in the proportion of unusual

fatty acids in cardiolipin.
3.4 Influence of Salt on Lipid Composition -

~The phospholipids of AW405 were examined during growth a£ 30°%
in tryptone broth supplemented with 0-0.6 M NaCl. The ratio of
phospholipids; phosphatidyletﬁaﬁﬁlamine, phosphatidylglycerol and
cardiolipin; téroughout growth, énd the fatty acid compositions of the
early exponential phase phospholipids, were quite similar (Tables 12-15).
However, the phospholipid fatty acid compositions at advanced stages in .
growth were substantiélly different. The same trends observed during
.growth in 17 tryptone were observed: an increasé in the cyclopropane
fatty acids, a decrease in palmitoletc and c;s—vaccenic acids, an
increase in palmitic acid, and a decrease In unidentified fatty acids
in cardiolipin. However, in the presence of salt, the differences
between early exponential and stationary pﬁase were much more pro-
nounced. For example a 2-3 fold increase in the proportion of cis-9,10-

methylene hexadecanoic acid was observed in cells grown in 0.6 M NaCl
L -]

compared to cells grown in the absence of @dded salt. The changes in
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composition ‘of phosphatidylethanolamine.
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TABLE 12

-

|

on the fatty[icid
) ’/\(’. N -

N .

Fatty Acid Exponentdal Stationar
None 0.3M 0.6M None 0.3M‘ O.GM‘
Laurate 0.3 0.7 0.4 0.2 0.1 .3
Myristate 5 4.3 4.8 2 2.9 4.9
Palmitate" 36.5 34.3 34.8 38.5 41.6 43.5
Palmitoleate 33.5 35.3 34.4 21.7 3.9 2.2
cis~9,10-Methylene | o
hexadecanoate 44 3.1 6.2  15.3 32.3 332
Stearate .8 0.7 . 0.6 0.4 0.9 0.9
cis-Vaccenate 18.2 21,1 18.1 18.1 11.1 7.2
" Lactobacillate 0.4 T T 1 0 5.0
Unidentified 4 0.5 0.7 5 .2 2.8

The retention times relafive to palmitate of the unidentified
fatty acids are 0.73, 1.35, 1.64, 2.32 and 2.97.

Values are expressed as weight percentage of total fatty acids

and are reproducible within * 1% for separate runs of the

same sample,
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TABLE 13
Effect of growth medium NaCl éoncenterion on the fatty
acid composition of phosphatidylglycerol.

Fatty Acid 'Exponential Stationary
None 0.3 0.6M None O0.3M O0.6M
Laurate . 0.6 0.7 0.2 0.1 0.1 0.1
Myristate 4.3 2.8 . 3.0 2.2 2.6 2.8
Palmitate 31.7 31.9 36.3 35.5 40.1 41.9
Palmitoleate 29.5 28.6 21,1 2L.0 8.4 4.5
c1s-9,10 Methylene ' "
hexadecanoate 1.8 2.2 3.2 8.2 21.2 24.2
Stearate 1.5 1.7 .1 0.6 1.0 1.1
cis-Vaccenate 28.1 29.4 26,9 30.0 19.4 14.7
Lactobacillate 0.3 0.3 0.6 1.8 4.6 7.2
Unidentified 2.2 2.4 7.6 0.6 2.6 3.5

The retention times relative to palmitate of the unidentified
fatty acids are 0.73, 1.35, 1.64, 2.32 and 2.97.

Values are expressed as weight percentage of total fatty
acids anapare reproducible within * 17 for separate runs of

the same sample,



N

—59_

_ ~ TABLE 14
Effect of growth medium NaCl concentration on the fatty acid-

composition of cardiolipin.

\

Fatty Acid Exponential Stationary
L
None 0.3M . 0.6M None 0.3M 0.6M

Laurate 2.5 4.0 1.5 T 0.7 1.0
Myristate 7.1 7.5 7.1 5.0 4.4 6.7
Palmitate . 33.9 30.5 33.8 39.0 38.8 39.6
Palmitoleate 17.3 19.7 19.2 20.5 6.8 8.5
cis—g,IOJMethylene

- hexadecanoate 3.3 A 3.2 9.5 18.2 18.9
‘Stearate - 5.9 6.1 7.6 3.0 9.4 5.6
cis-Vaccenate 11.7 11.8 14.7 17.6 12.1 9.1
Lactobacillate - 1.4 0.8 T 0.8 2.3 2.8
Unidentified 16.9 16.2 12.9 4!& 7.3 7.8

The retention times relative to palmitate of the unidentified

fatty acids are 0.73, 1.35, 1.64, 2.32 and 2.97,

Values are”expressed as weight ﬁércentage of total fatty

acids and are reproducible within * 1% for separate runs of

the same sample.
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TABLE 15

Influence of NaCl on the Fatty Acid Compbsition of E. coli
Phospholipids

2

Fatty Acid ' . Exponential Stationary
Nome 0.3M 0.6M None 0.3 0.6M

Laurate 0.5 0.5 T T T T
Mysistate 4.3 3.6 - 3.8 "3.8 3.1 4.1
Palmitate B 29,0 31.0 34.7 43.8 42.5 44.9
Palmitoleate 3672 34.2 32.5  16.0 2.3 3.0
¢is-9,10-Methylene |
- hexadecanoate 1.3 2,0 3.5 10.% 27.3 . 26.1:
Stearate 0.6 0.9 1.3 T T
cis-Vaccenate 26.1 26.5 22.5 19.6 10.2 9.1
Lactobacillate T T T - 2.5 7.4 5.6

Other 2.0 1.3 1.7 3.6 7.2 7.2

The retention times relative to palmitate of the unidentified
fatty acids are 0.73, 1.35, 1.64, 2.32 and 2.97. v
Values are expressed as weight percentage of total fatty
acids and are reproducible withiﬁ * 17 ofr separate runs of

the same sample.
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fatty acid composition also occurred at lower cell densities and

v

were.much more abrupt (Fig. 6). Crog;h—to stationary phase, in the

presence of 0.3 - 0.6 M NaCl, .also resulted in decreased long chain
. , . ‘ _

fatty acids (fatty acids 18 carbons in length or longer) and decrgaséd
cyclopropane and insaturated fatty acids when combined (Table 16). ‘
3.5 Effect of osmolality on fatty acid compogition. ‘

To determine if the alterations in fatty acid coﬁpositi@n observed
in cultures grown in the presence of NaCl were due to differences in

osmolality, the influence of other osmotic agents, such as KC1, MgCl2

and sucrose, was examined. Phospholipid fatty acid compositions were

examined in early exponential phase and late stationary phase (Tables 17-
18\. For the same stage of growth and osmolality, the fatty acid composi-

tions of cells, grown in tryptone and NaCl, KC1 or MgCl, were almost’

2

identical (Tables 17-18). However, even in exponential phase, higher
- levels of cyclopropane fatty ahids were observed in cultures grown in

bﬂf M sucrose (ébout 6 fold higher in gxponential phase). In late

statjonary phase almost all ¢f the ynsaturated fatty acids had been

converted to cyclopropane fatty acids (Tablé 18). Qualitatively, the
. - ’ i * ‘
results reveal that osmolality may be a key factor, but that other

factors, such as permeability and charﬁe, may also play some part since

growth in sucrose did not result in thé same phospholipid fatty acid

composition as growth in other‘media of the same osmolality.
3.6 Effect of Temperature on Fatty Acid Composition

Several authors have reported that'incieasing the incubation temper-

ature of E. coli cultures results in membrane phospholipid fatty acid

compositions reduced in cis-vaccenic acid but enriched in palmitiec and

cyclopropane fatty acids. This trend was observed in E. coliv(Haest
s "

et al 1969; Shaw and Ingraham 1965; Sinensky 1971; Kito et al 1972,

3
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e

Change in palmitoleic and cis—9,10~ﬁ£thylene
hexadé;anoic acid, levels in phosphatidylethanol-
amine during growth in 0 and 0.6 M NaCl.
Palmitoleic acid during growth in 0.0 M (;———c )
and 0.6 M @—&) NaCl. Cis-9,10-methylene

hexadecanoic acid during growth in 0.0 (x---x)

and 0.6 M ((®—£)) NaCl. ‘ ‘ o
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TABLE

16

Effect of salt and stage in growth on cyclopropane, unséturatedandlong- chain

f

atty acid levels of E. coli lipids.

E

0.0MNaCl 0.3MNaCl 0.6MNaCl
Optical Density650
0.4 0.6 stat. 0.4 0.6 stat. 0.4 stat.
Phésphatidylethanolamine )
% Unsaturated and
Cyclopropéhea . 1.0 58.3 56.2 58.2 59.4 52.3 51.0 4&47.7
%7 Cyclopropane’. 3.0 4.7 16.4 -~ 7.3 10.0 37.3 16.8 '38.2
7 Long Chain . 24,8 22.3 20.3 24,2 25.1 18,6 ' 24.4 14.5
Phosphatidylglycerol
% Unsaturated and .
Cyclopmpanea 61.1 61.8 61.0 59.5 58.3 53.5 51.1 35l.6
% Cyclopropane’ 1.6 2.6 10.0 4.6 3.8 25.8 11.3 32.4
Z Long Chain 36.4 36.3 31.4 36.6 35.2 26,2 28.9 24.3
Cardiolipin -
%4 Unsaturated and
Cyclopropane? 38.9 43.2 48.4 - 34.3 49.7 39.5 40.3 39.3
% Cyclopropane 3.9 2.6 10.3 5. 5.3 20.5 7.7 21.7,
Z 22,7 29,2 33.7 26.1 22.3 20.4°

Long Chain © 31.5 29.8

3

2 Sum of palmitoleic, cis-9,10-methylenehexadecanoic, lactobacillic and cis-

vaccenic acids.

Sum of cis-9,10-methylenehexadecanoic and lactobacillic acids

¢ Sum of fatty acids of length /18 carbons or more.
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TABLE 17

Effect of NaCl, KC1, Mg012 and sucrose on the fatty acid compo-
sition of early exponential E. coli phospholipids.

LY
Fatty Acid None 0.3M 0.3M 0.6M O0.6M 0,24 0.6M
NaCl KC1  NaCl KC1 MgCl2 Sucrbse

Laurate : 0.5 0.5 0.5 T 0.7 0.6 0.6
Myristate 4.3 3.6 3.4 3.8 9 2.6 3.2
Palm;tate 29.0 31.0 31.9 34.7 33.9 32.3 37.9
Palmitoleate 36.2 34,2 33.4 32.5 33.1 30.5 8.4
e¢1s-9,10-Methylene

hexadecanoata\' 1.3 2.0 2.2 3.5 .4. 7 24,2
Stearate 0.6 0.9 0.9 1.3 1.1 0.9 0.9
cis-Vaccenate 26.1  26.5 26.6 22.5 22.2 27.3 17.4
Lactobacillate T T T T T T 5.4
Unidentified ‘ 2.0. "1.3 1.1 1.7 1.7 1.1 2.0

i
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TABLE 18

* Effect of NaCl, KCl1, MgClz_and sucrose on the fatty acid compo-

sition of 1ate'stationary E.

coli phospholipids.

Fatty Acid None O.3M 0.3 O.6M 0.6M 0.24 0.6M
NaCl KC1 NaGl KGCL MgCl, Sucrose
£
Laurate T T T T T T
Myristate 3.8 2.9 .1 .9 2.5 6.0
Palmitate 43.8 42.5 40.6 644.9 41.9 40.3 45.1
Palmitoleate " 16.0 2. 1.8 3.0 3.4 2.1 1.0
cis-9,10-Methylen ‘ ‘ )
hexadecanoate 10.9 27.3 30.6 26.1 30.2 33.0 28.0
Stearate T. T T 07 T 0.6 0.9
cis-Vaccenate 19.6 10.2 9.8 9.1 9.6 7.5 1.9
Lactobacillate 2.5 7.4 9.9 5.6 6.8 11.7 14.9
Unidentified 3.4 7.2 4,4 6.5 4,2 2.3 2.2
Ja—
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Marr an& Ingraham 1962; Cronap 1975) in Pseudomonas fluorescegs
(Culfin_ég_gi 1971). in Serratia marcescens(Kates and Hagen 1964)
and in Streptococcus faecalis (Jungkind and Wood 1974a8).. Since growth
in media differing in salt concentration resulted‘in similar differences.
in stationary phase 1ipids; the phospholipid fatty acid‘cogpositions of
cuiturés of AW405 grown from 30—42°C were examined in earlyhexponeﬂtial
. and” stationary phase to compare the two effects (Table 19). Cultures
were inoculated with a sufficiently small number of cells to permit
Vét least eight doubling periods in early exponential phase befgre
harvesting, in érder to allow sufficient time for the cultuf&s ;o
adjust to the new growing conditions.

Qualitatively, growth ofAW&O% over the 20-42°C temperature
range -resulted in the same differences in fatty acid composition
reported earlier for cell growth in 0-0.6 M NaCl (Table 15). Higher
growth temperatures resulted 4in léss.cis—vaccenic and more palmitiec and
cyclopropane fatty acids. Ho;ever, differences were small in exponential
iipids, as they were for ce}ls grown in media with different osmolalities.

'£Stationary phase- phospholipids of cells grown at 20°C contained less
vaccenic acid and more paimiticlandcyclopfopane fatty acide than the
early exponential culture grown at 4200, a Frend also observed 1in the
osmolality study. |
3.7 Growth Conditions and Possible Growth Limiting Factors .

Differences in lipid cyclopropane fatty acid levels in bacteria
have been related to erowth conditiens as well as the growth iimiting
components in minimal media (See Section 1.8). We became curious as to
whether the effect of osmolality was somehow related to the other growth

conditions which have been shown to influence cyclopropane fatty

acid synthesis in E. coli. As a first step, we tried to identify the



Table 19 |

it

Effect of temperature and stage in growth on the fatty acid composition of

w d P
E. coli lipids . - ;

Pl

Fatty Acid ? Temperature
| 20°%¢ 30°¢ 425
Optical Density650

0.122  0.80" 0.17%  0.80 0.05*  0.82
Lauratel | 0.7 < 0.6 T 0.5 0.1
Myristate ' 3.2 3.6 3.8 2.7 3.7 2.3
Palmitate o 28.1 37.9 | 30.8 37.6 32.5 43.0
Palmitoleate © 36,5 25.7 35.1 13.9 35.9 8.7
cis~9,10-Methylene
. hexadecanocate c 0.5 ‘8.7 1.4 17.1 2.7 29.1
Stearate 1.5 0.9 6.9  3.3 1.0 0.9
cis-Vaccenate 28.5 21.2 26.8 i8.2 22.3 9.2
Lactobacillate M 2.1 A < 2.1 T¢ 2.5
Unidentified 1.0 | T . 0.6 5.1 1.0 4,2

\\

a Early exponential cultures -

Early stationary phase cultures

© T indicates trace amount

d All cultures grown in 17 tryptone ana 0.3 M NaCl
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changes in growth donditions, during growth in tryptone broth and
0.3 M NaCl, resulting in cessation of AW405 growth (the growth

limiting factors). \

Elevétgd lévels of cyclopropane fatty acids in stationary phase
E. coli cultures héve been observed when Aitrogen or phosphate is
groﬁth limiting, a”patterp similar to that observed for growth in
tryptone broth at high NaCl concentrations. However, addition of
either phosphate (as 0.01 mM sodium phosphate buffer, pH 7.0) or
nitrogen 0.27% (as ammonium sulfate) to tryptone broth with 0.3 M NaCl
did nof result in further growth, indicating Lhat these componénts

-were not growth limiting.

Reduceq 1evels'0f stationary phase cyclopropane fatty acids,
due to-a cessation of cycloﬁropane'fatty acid produétibn at the onset
of stationary phase, were reported in E. coli cultures“with limiting
magnesium, sulfate or carbon source (Knivett and Cullen 1967). Since
cyclopropane fatty acids incfeaséd with high NaCl concentration, the
above seemed unlikely candidates as growth f;miting factors under
these growth condifgons. Nevertheless, growth was not increased in
tryptone and 0.3 M NaCl cultures supplemented with 0.2%7 ammonium sulfate
or 0.1 uM.Fez(SO4)3. Carbon source was not limiting since addition of
amino acids fo 3 mg/ml did not increase growth and filter sterilized
spent media permitted growth of E. Egli_B.to 0.D. 0.4 but no growth of
© AW405. _

. , ‘ '

Other possible growth limiting factors that were considered

included starvation for a required amino. acid or accunulation of a

toxle product, Addition of the required amino acids, histidine

‘threonine and leucine (to 1 mg/ml), either alone or in combination,
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did not ingrease growth. Dilution‘of a late stationary phase culture
with an equal volume of fresh media resulted in a new round ofhgrowth
terminating in a final cell demsity only 107 less than that achieved

by the parent culture. Therefore, céssation of growth due to

accumulation of a toxic product EE”Unlikely.

Stationary phase cyclopropane fatty acid production can aléo be
enhanced by growth at elevated temperature, low oxygen pressure or low
pH (see Section 1,8). As reportedearlier, the influence of osmoiality

~

on.fatty acid composition mimics the influence of temperature. Undoubtedly
oxygen pressure is somewhat reduced in medium of high osm;lality but this
was judged insufficienf by Knivett and Cullen (1967) to affect cyclopro—
pane fatty acid production. To ﬁaximize oxygen pressure AW405 was grown
in large .Erlenmeyer or Fermbach flasks with a medium to flaskjvolume o
_ratio of less than 1:5 with répid rotary mixing. A gradual increase in
pH from pH 6.8 to pH 7.5 was observed at late stage; in growth (Figure 7)
negating the possibility'zﬁat the increase in cycloproéane fatty acids '

in stationary phase is related to a drop in pH.

L

There appears to be no obvious relationship between the influence
of osmolality and other growth eonditions that have been observed to
influence 1ipid fat;y acid composition in bacteria. Since we were
unable to identify the growth limiting conditions in cultu;es grown in

tryptone, the identities of these remains.an interesting question.

5
3.8 Regulation of cyclopropane fatty acid synthesis

The extent to which unsaturated fatty aclds are converted to
cyclopropaﬁe fatty acids in stationary phase is likely dependent upon

the availability of S-adenosylmethionine and cyclopropane fatty acid

.:—-,\-Vl
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Change in the pH of the medium during growth of

AW405 in 17 tryptone broth and 0.3 M NaCl,
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' ‘synthetase activity. To test if post-exponential protein synthesis of

one or more of the‘énzymeé involved in S-adenosylmethionine sYnthesis,‘#‘\Mf"’"f-///

. or "cyclopropane fatty acid synthetase, is required for normal rates of

cyclopropane fatty acid synthesis, latéj and post*gxﬁonen;;al chtu:gs .

-of AW405 were treated with the protein synthesis inhibitor, chloram-
phenicbl. Cultures grdwn in trﬁptqne broth with 0.6 M NaCl were treated
with chloramphenicol at the end of the exponential stgge dnd in the

post-exponential stage of growth (Figure 8). These are the stages
. ' »

N

\ + immediately, before and during the period of highést cycloﬁropane fatty

- " X

- :
In the late-exppnential and post-exponential cultures a three

acid accumuiatipn.T

fold decfeasg and littl% change, respectively, in the ratio of cyclo-

propane to unsaturated fatty’ acids after two hours incubation with

chloramphenicol were observed (Table 20). In contrast, substantial )

increases in the ratio (0.22-to 0.28 and 0.28 to 0.48) were observed .
in untreated cqwgftls (Table 20). Since there das %ittle increase !)

in weight of fatty acids in either treated sample during the_incubation‘
-3

period, the decrease in cyclopropané fatty acids in the late exponential

" treated sample ‘could be due to a rapid rate of fatty acid turnover which
1] . - ‘ Te
-ls curtailed in the post-exponential sample. Hence the results indicate

’---J -

a nequiremen?{for continued protéin syntHesis ifgk}gh levelg of cyclo-
- . ’ T | -
propane gatt§ %fids are to be produced during laéé stages in growth.
Assay of cyclopropane’ fatty acid synthetase revealed

" gﬁtivitg,ip cells grown in minimal meﬁigm; 0.12 mpMoles cyclopropane
Lo . o . o M R .

. .,.‘Eétty.acid/mg protein4hour, but no acﬁivity in cells grown in tryptone
R ' : '

0 * ' .
.broth (Figure 9). However, the crude assay solutions of tryptone grown
v ; %'cefls contained little to ho S-adenosylmethionine as'snown by paper

»

Lo . 5 ) -

T
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v

Figure 8. Influence of chlofamphenicol (em) on the growth

R

of AW405 in 17 tryptone and 0.6-M NaCl broth.
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Table 20

Influence of chloramphenicol on cyclopropane fatty acid synthesis.

»

Fatty Acid ; Optical Density650 0.2 Optical Density650 0.3

*

Initial Treatedc Untreated Initial Treatedc Untreated

. . 0 min 120 min 120 min 0 min 120 min 120 min
% Cyclopropane® _ 8.2 2.8 9.9 9.9 9.8 13.0
. 7 Unsaturated” ' 37.7 38.1 5.4 35.4 3.9 27.1
Cyclopropane/Unsaturated 0.22 0.07 0.28 0.28 0.31 0.48
Total Weight (ug/ml) 56.5 60.1 70.7 70.7 72.6 93.9

% Sum of €is-9,10-mathylenehexadecanoic and lactobacillic acids

b Sum of palmitoleic and cis~vaccenic acid. . <\,Af’“" .

’

€ 100 Vg/ml of chloramphenicol added. *
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Figure 9. Cyclopropane fatty acid synthetase activity in
cell exéracts of E.' coli AW405 after growth
ir minimal medium (® — @) and tryptone broth
p (o-—-0). Enzyme ébtivity was. measured by
monitoring the incorporation of radioactive

label from (lACHB)—methionine into E. coli

phospholipids.

. /‘
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chromatography. Since the assay system (Cronan 1968) required endogenous
S5-adenosylmethionine synthesis the negative result could have been due to
a lack of S—adenosylmethion;ne synthetase. Unfortunately,_we Eere unable
to synthesize (lACH3}-S—aden0sylmethibnine of sufficiently high specific
_activity for a sueeessfui assay.of cyclopropane fatty aclid synthetase by
techniques not requiriﬁg endogenous S-adenosylmethionine synthetase.
Assay of tpe enzyme according to Greene et al (1970) confirmed the
differeﬁee‘in S—aeenosylmethionine gynthetase activity between cells grown in
minimal medium and tryptone broth.' Although assaye using toluenized
cells are not precise, they are sufficiently accurate to reveal large
differences in activity (Greene et al, 1970). The results indicated
that' the S—adenosylmethionine activity in cells grown in minimal

media was at least seven fold higher than that of cells grown in

tryptone broth.

3.9 Membrane transition temperatures

Artificial and natural membranes have been reported to have melting
characteristics depenéent upon their fatty acid compositions (Cronan
ahd Gelmanﬁ,l975). Membranes rich in high mélting point fattx acilds
(saturated, long chain,etc.) melt at higﬁer temperatures than those
rich in low melting point fatty acids (unsaturated, short chain,etc.).
However, the role of cyclopropane fatty acids within this scheme has ﬂet
been investigated. Upon comparison of the free fatty acid ﬁelting
temperatures, it eeemed reasonable to predict that phospholipids écylated

with cyclopropane fatty acids would have melting temperatures intermediate,\v

between their unsaturated and saturated fatty acid analogues (Table 21). (\

To investigate this possibility, the transition temperatures of

artificial lecithins composed of either cyclopropane or unsaturated fatty

1
2
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Table 21 °

N

Melting temperatures of free fattfnacids and their lecithin derivatives

Fatty Acid Chain Position of Double- Melting Temperature
Length Bend or Cyclopropane °c)
Ring -
- v Free Fatty Lecithin
Acid '
Saturated a
Lauric 12 - 44.2 Oa
Myristic 14 - 53.9 23
Palmitic 16 - 63.1 418
Stearic 18 - 69.6 582
Unsaturated
Palmitoleic 16 ° 9 -0.5 to 0.5¢  <¢-40
cis-Vaceenic 18 11 13.4 -23
Oleic 18 9 . 13.4 -22P
Cyclopropane .
¢is-9,10-methylene dq
hexadecanoic 16 9 9 <-40
Lactobacillic 18 11 28-29 -7
Dihydrosterculic 18 9 38-41° -7

a Values reported Labrooke and Cha

et al. [211.

b Value reported byFPhillips‘EE_gi. (21, 22].

c Value reported by Simmons and Smith [11].

"d Kaneshiro and Marr [23].

pman [1], DEKruyff_EE.El' [20] and Phillips
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acids were_cempared. Apélysis by differentiai-scanﬁiﬁg éalorimetry_
showed that lecithins acylated with lactobacillie (Figure 10)'or
dihydrosterculic (Figure 11) acids melted at —7°C in these lipgsome -
preparations, whereas lecithin acylated w;th cis-vaccenic acid melted

at -23°¢ (Figure %2). Liposomes composed of lecithins acylated with‘
cis-9,10-methylene hexadecanoic and palmitoleic acids did not melt

abdve —ADOC, the lowef limit of the temperature control of the calorizj-
meter. These results indicatedthat substitution of cyclopropane fatty
acids for their unsaturated fatty acid anélogués in membranes should

increase their melting temperatures and hence decrease- their fluidity.

Since growth in high osmotic media to\étationary phase resulted
in pa;tial feplabement of the unsaturated‘gatty acids with higher
melting point cyclopropane fatty acids and palmitic acid, it was
suspected that these membranés would melt at higher temperatures. To
test this possibility, the transition temperatures of AW405 membranes
(whole cell and pho;pholipid bilayer preparatio;s) were measured using
the fluorescent probe, N-phenylnapthylamine (NPN), and differe;tial
scanning calorimetry. However, the extreme véiié’l%ity encountered
from one measurement to. another {(even for, the same &emhrane preparation)

did not pgrmit unequivocal interpretation of the transition data in terms™ °

i
of changes in phospholipid fatty acid composition due either to stage in

growth or to growth in media of different osmolality.

In most cases, the difﬁgrenées in NPN fluorescence, indicative of
phase transitions (Secélon 2.11)," were small and in soﬁe cases- not
observed. Unfortunately, with the technique employed, we were unable
" to distingulsh whether the weak response ﬁas due to a high noise to signal-

ratio or low cooperativity, ie. a small fraction of the lipid actually
. L)
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Figure 10. Differential calorimeter scan of lecithin

acylated with lactobacillic acid.
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Figure 11. Differential calorimeter scan of lecithin

acylated)with dihydrosterculic acid.
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Figure 12, Differential calorimeter scan of lecithin
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acylated with cis-vaccenic acid.
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participating in the phase transitions. The fluorescent response was not
\ ‘

\ ‘ 1
improved by running samples in distilled water, 20 mM phosphate buffer

(pH 7.0) -or 1 M NaCl, or by 10 fold variations in membrane phosphelipid

and probe concentration.

In those samples where transition profiles were deteéted, three

different log relative fluorescence versus reciprocal temperature‘profiles

were observed: R

a) bréad transitions with transition temperatures at

25.6 + 3,7° (Figure 13).

b) double transitions at temperatures, 17.0 * 3,9°73nd 28.0
x 4,4°C (Figure 14).
»
¢) single narrow transitions at temperatures 32.3 * 4.6°¢C

.

(Figure 15)

Profile (a) trapsitiong wefe observed most frequently when examining
freshly prepéred exponential cells, whereas profile (b) and (e) were
observed predominantly with st;tianary cell preparations after

repeated heating (40°C) and cooling (Adc) cycles (Table 22). The
possibility that the double transition profiles (b), reflected
differences in trénsition temperature between inner and outer

membranes appeared unlikely since all three profiles; (a), (b), and (c);
were obserﬁed in artificial phospholipid membrane prgparations which

presumably have homogeneous lipid compositions (Figure 16).

Repeated attempts to determine membrane'melting temperatures in -

whole cell preparations using differential calorimetry failed to reveal

~

differential heat flow versus temperature profiles that could be

L

unambiguousiy as iéned in terms of phase transition behaviour. Phase



Figure 13.

Log relative fluorescence versus temperature
plots of whole cell membrane preparations
with single transitions as detected using

NEN fluorescence.
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Figure 15, Log relative fluorescence versus temperature
plots of whole cell membrane preparations with

single high temperature narrow transitdions. as

' detected using NPN fluorescence.
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Table 22

-

measured using the fluorescent probe, NPN,

Description _Profflez Mean = Standard No. of-Samﬁles3
T ‘ Deviation
( Exponential Staticonary
Phase Phase
Double Lower ¢ (b) 17.0 3.9 4 . - 17
Single Broad (a)  25.6. " 3.6 8 "8
Double Upper (b) 28.0 4.4 4 17
Single Narrow (c) 32.3 4.6 2 3
“
Measured in °C. ~7

2 See text .

3 Cells grown in 1% tryptone broth and 0-0.6 M NaCl -
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Figure 16. Log relative fluorescence versus temperature
Q“%lots of sonicated phospholipid preparatibné.
Stationary phase cultures grown in 0.3 M NaCl,

a; 0.0 M NaCl, b and 0.3 M NaCl, c.
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transition patterns (if present) were obscurred by shifting base lines
and eleetronic spiking patterns at the high sensitivity settings-required
to observe transition temperatures in the membranes which contained less

than 1 mg of total pRospholipid.

».On the other hand, phase tranmsition profiles in artifidial liposome .

L]
L]

preparations made from E. coli phosphdlipids were detected by differential
calorimetry (Figure 17 to 21). The extreme broadness of transitions.and
resultant difficulties in establishing base lines negated the possibility

S

of establishing the degree of phosppolipid cooperativity but patterns

resembliné profiles (b) and (c¢) in the fluorescent study were obtained
in both heating and cooling patterns.' Transitions were especially

. apperent in cooling curves, likely due to Supercooling.resulting in

the rapid releas§F2£ heat. The slow absorption of hest encountered in

heating cyrves resulted in transition profiles not easilf discernible

" from the base line. :

z

Cooling scans revealed lower transitions centering at 13-15°¢ and
upner transitions at 23-26°C in exponential (Figure 17) and‘stationary
(Figure 18) AW405 phospholipid'linosomesfrom cells grown with or

- without added salt. The upper transition was much more pronounced
in stationary phase than exponential phase preparations. Heating
Acurves revealed double trensitions but at higher temperatures, ie.
19-23°C and 30-32°¢C (Figure 19). In contrast to the above, an upper
temperature transition at 290C in cooling curves, Figure 20)., and 31°%
in heating) curves tFigureZl)were,obtained in scans of liposomes

prepared fxom AW405 phospholipids extracted from cells grown in the
Y o

presence of 0.6 M sucrose.
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{ Figure 17. Differential calorimeter scans of liposomes
prepared from exponential phospholipids

(cooling runs).
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Figure 19. | Differential calorimeter scéans of liposomes

' prepared from AW405 phospholipids (Heating

\Cf) ~ runs).

vr.
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{

D_iﬁferential calorimeter scan of a stationary
phasje'phospholiﬁid preparation from cells

grown in the presence of 0.6 M sucrose

(Cooling curve).
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Figure 21. Differential calorimeter scan of a stationary
phase phospholipid preparation from cells grown

in the presence of 0.6 M sucrose (Heating curve).
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4.00 ’ : Discussion .
rIﬁ.our pesults._weihave démonétratédlthat the changes iﬁ‘phos-
phalipid fatt& acid compoéitioﬁ'during growth of E. coli at high
;smolality a;e qualitatively éimilar to those observed dﬁring growth

at high temperature, Under both conditioms there was a marked
increase in the relative amounts of cyclopropane fatty acids and a
decrease in saturated fatty acids. Lecithins.acylated‘with cyclo-

- propane fatty acids melted at highér temperatures than those

containing their unsaturated fatty acid analogues. However, we were

unable to demonstrate any difference in the‘physical properties of
E. coli mémb:anés dué}to substitution of c&clopropane-fatty acids for
unsaturated fatty -acids in E. Egi;;phospholipids.
4.1 Fatty Acid Reéulation in Résponse to bsmﬂiality and Temperature
The results ha;e indicéted that a rise in cyclopropane fat;y acidé_
in the.phospholipids of Ah405 is Pbserved,_w@th é decliqé in the
combined perdéntage of'lactobacillate.and cis-vaccenate in stati;nary
phase phospholipids, ;hen.cells were grbwn in media of high salt con-
centration (Section 3.4 to 3.5). The response is similar to that
observed at eleﬁatgﬁ temperatur?s (Section 3.6). This implies a
relationghip between_the cellular mechanisms regulating the
unsaturated to s;tufated fatty acid levels in response to témpera—
ture and salt concenﬁration. In both cases, the exponential phase
phospholipid fatty acid compositions were similar (Section 3.5 to
3.6) but stationary phase phospholipids showed promounced differences.
. Increased salﬁ concentrations resulted in an inecrease in eyclopropane
fa;ty acids and a reduction in unsaturated fatty acids. There was

also a élight decrease in the combined percentage of unsaturated

and cyclopropane fatty acids and a decrease in average chain length

’

(Section 3.4 and 3.6).
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Qualitatively Ssimilar results were obtained when cells were

grown in the p;esence of NaCl MgClz, KC1 and sucrose so that the ‘

altered fatty-acid compositions observed are likely a response to

increasing osmolality (Section 3.5). The ratio of cyclopropane

fatty acids to unsaturated fatty’ acids acylated to the phospholipids
: - of bacterial membranes in stationary phase has been reported to

. increase under a number of growth Iimiting conditions (Section 1.8)

but we were unablé'to find a direct correlation between the éffect

of osmolality and these growth limiting factors (Section 3.7).

Several different metabolic sites have been suggested to
control the proportions of the fatty acids acylated to E. coli
phospholipidsg For example; the.unsaturated to satorated‘fatt§
acid ratio coqld be.controiled in response to temperature at the
level of fatty acid synthesis. In support of this proposal, ﬁhe'
rétio of saturated to unsaturated fatty acids, synthesizeduig_gigzg
or aocumulated Eg_xigg in cells blocked in phospholipid synthesis,
was reportedhto increase with incubation temperature {(Cronan, 1975
and Okuyama et al, 1977). Alternatively, the ratio could be
conth;led at the level of phospholipid synthesis. Cells, starved
for glycerol phosph;te, synthesized phospholipids with higher
proportions of unsaturated fatty acids than their precursor free-
fatty-acid pools (Cronan, 1975) and in vitro assays of the
acyltransferase system demonstrated preferential incorporation of
saturated fatty acids ot hiigher temoeratures (Sinensky, 1971).

.Implied in the above controllmechanisms is a simple relationship
involving one or more thermolabile eozymes resulting in altered
substrate specificity or enzyme aotivity. If such were the case,

then the phospholipid fatty acid compooitiohslof membranes in cells

grown at different temperatures would consistently reflect the

. ’ '
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temperature correlation. However, we found a less than 6% decrease

in ecis-vaccenate levels in expenential ceiis grewn at 429C compared
to cells grown at 20 c, ana very little difference between 20°C and
30% exponential phospholipid fatty acid compositions (Section 3.6).

" In fact, the stationary cells grown at 20°¢" contained a smaller ‘
proportion of combined unsaturated and cyclopropane fatty acids, and
‘more palmitic aeid, than the eﬁponential phase culturelgrown at QZOC.
Kito gt;ai (1972) reported sinilar results for a.strain of E. coli
although the relative amount of cis-vaccenate ranged from 9-13% ouer a
20 40°%¢ temperature range among the’ three phospholipids. However,

in both studies, large differences in saturated to combined unsaturated
and cyclopropane.fatty acid ratios were cbserved in stationary phase
cell phosnhqiinids ever these temperature ranges (Section 3.6; Kito

et al 1972). - _— x

Recentiy.Stein‘and Bloc? (1976) have demonstrated that B-hydroxy-

decaneylthioester dehydrase, the enzyme responsible for introducing
the double bond into unsaturatea fatty acids (Cronan and'Vagelos; 1972).
is inhibited by the novel nucleatide,_guanosine 5'—diphosphate—3;
diphosphate (ppGpp}. It is conceivable that inhibition of unsaturated
fatty acid synthesis by elevated concentratianslof this nucleotide
could account for the lower unsaturated to saturated fatty acid pro-
portion abserved”in E. coli phospholipids in late stages of growth.
Increased concentrations of this nucleoti&e at late stages in growth
of E. coli have actually been observed, and are thought tq'inhibit
RNA synthesis as well as phospholipid synthesis {(Cronan, 1978). Our
results are compatable with this proposal, since decreased ratios of
~ unsaturated to saturated fatty acids in E. coli phospnolipids were

observed when ppGpp concentrations were expected to be increased.

4
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- methionine synthetase activity. A 10~12 fold decrease in edZyme
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Such a control meehaniam, dependent upondppcpp-inhibition of unsaturatedr

B

fatty acid syntheaie, seems more attractive to-us ‘than control by either

of the thermo-regulatory modes auggested above, which are inconeistent

with our data. This possibility should cer 'gtly/ge examined more close%ﬁ,_

4.2 Control.of Cyclopropane Fatty Acid Levels

| The final proportions .of oyclopropane ﬁZtty acyl esters'observed.in
the phospholipids of E. coli could be dependent upon cyclopropane

fatty -acid synthesis activity or S- adenosylmethionine synthe51s. Cronan

(1968) found consistently high cyclopropane fatty acid synthetase

activity throughout growth in E. coli, but his stndy and -others {Section

1. 7) did not rule out the possibility. that the enzyme could be activated
by a low molecular weight regulator such as epGpp-. This latter -
po:Lnbility should be considered more closely 51nce our r&fults -have

eh - that high 1evele of cyclopropane: fatty acids in phospholipids
are.almoeteinvariably found with high levels ofﬁsatdrated fatty acids

'

(Sections 3.4-6), and the phospholipid unsaturated to saturated fatty
acid ratio may be influenced by the nucleotide. )
Intracellular conoentrations of S-adenosylmethionine, the methyl

donor of cyclopropane fatty acid synthetage: could be reduced;by low

. S—adenosyimethionine synthetase activity or by low levels of.its
‘metabolic precursors aden051ne triphosphate and methionine. Holloway’

'et al (1970) found that growth of E. coli in media concentrations of

o

methionine as low as 10 = M reeulted‘in-repression of S-adenosyl-

. activity was alsorobserved bﬁ these authors when cells were groﬁn'in'

a complete medium (containing tryptone, yeast extract and salt)
presumably due to exogenous methionine. Addition of chloramphenicol
(40 ug/ml) stopped growth and prevented an increase of enzyme activity

in repressged cells after removal of methionine,. On'this basis, the

»

.

®
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- authors sp ulated that protein synthesis is required for the derepression
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process.'

Maximal.éycloﬁropane fatty acid synthetase rates in in vitro assays
. , ehas =n VAEtro

. : N ' -\ .
were obtained at concentratiogsj&f S-adenosylmethionine in excess of

0.5 mM (Zalkin et al 1963), so that decreased enzyme activity would be

-

1 :
expected at inkracellular concentrations less than this level. Decreased

S—adenosylmethiahingAcodcentrations; leading to lower rates of cyclopro-

pane fatty acid synthesis, could result if S—adenosylmethioniné synthetase’

activity was curtailed by methionihe repression. Moreover, the growth-
. "

cond ariations in phéSphqlipidZéyclopropane fatty acid concentra-

tiong could reflect the extent to wﬁi&h'the_ehzyme is repressed.

n agreement with Holloway.gﬁ_g&_(1970),-0ur results have shown

- .

that the S—adeﬁosylmethionine synthetase activity of E. coli cells

- N .

grown in tryptone broth is lower tham that of cells grown in minimali\\\p
medium (Section 3.8). Exposure of an early post exponential culture to

?chlofamphenicbl resulted in a lower cyclopropane to unsaturated®fatty

acid'ratio 'in the phosphoiipids, which could indicate that derepression

of S—aﬂenosylmgthionine synthetase is required for normal rates of

. cyclopropane "fatty acid. synthesis. -However, measurement of the actual

intracellular Suadendsylmg;hionine concentrations in cells grown under
those conditions in,Which';yclop;opane fatty acid synthesis rates have
been repbrted'to vary 'is required before any credence should be given

to these praposals. Moreover, Cronan et al (1974) found little to no

difference in the rates of cyclopropane fatty acid synthesis in several
: A ’ . '
strains of E. coli with a 20 fold variation in S-adenosylmethionine

synthetase actiﬂifff

S-adenosﬁimethionine levels, and hence rates of cyclopropane

fatty acif/@ynthesis, could alsoc be dependent upon the intracellular

[
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_concentrations of the metabolic precurgors, adenosine

riphosphate aﬂd
methionine. Preigs .and cc—&orﬁere (;9 that . glycogen
accumulaticc in‘etationacﬁ phase bactefia cequir elevated ieveis of
. adecoaine triphosphate. ‘Consistent with this proposal, Dietzler gg;gl
(1974) found‘a 4.17 fold.increase in giycogen synthesls was accompanied ‘ N
by a 50% increasetie.adenasine t?iphosphate levels at che cessation 6f s
growtﬁ in an E. coli culture starved for nitrogen. If gi;iogec-
'acccmulapicn’can_be used as an indicator, high adenosine triphosphate .
levels.wculd'ﬁe‘expected ff growth is limited by phosphate, sufgate
orKnitrogec stareation, or low pH; but low concentrations would be
expected if the carbcn source is limiting (Dietzler 1974). With the
exception of sulfate starvation, glycog n and cyclopropane fatty acid
caccumulation a:e obse;ved-in\cells grown\under the same growth

1limiting ccpditipas‘(Section-1.8)1} If sclfate limitation results in
meeﬁioﬁine.depietioﬂ in post exconential cultures, one could argue

thae cyclopcopane_fatty acic accumulation ia dependent upon methionine
“an& adeﬁosine triphoepcate synthesis, although considerably more
evidence would be'requifed to prove it. It would be intkresting to

El

examine what effect otheflgfowth conditions known to affect cyclo-
propane fatty acid eynthesés (such as magnesium limitation, high
cltrate concectration, temperature and osmolality) would have on
glycogen accumulation. ) )
4.3 The Role of Cyclopropaae‘FaFty Acids ,in E. coli

The physico chemical properties of E. coli membranes are thought
to be attenuated through changes in the relative amounts of unsaturated
and saturated fatty acids in the membrane phospholipids {(Cronan and
Gelmann, 1975) but the role of.c;clcprcpace fatty acids remained ocscuge.c
Law et al (1963) euggested“ﬁhan tﬁey‘prctecc uﬁsaturated sitee_fromj.‘
oxidation, yet cyclopropane fatty acid, producticn is enhanced by

anaerobiosis (Knivett and Cullen, 1965). Cronan (1968) firsﬁ\ang&ssted
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?Lthat:cycloprOpaﬁe fétéy atids might be p;;tected from degradation due
: ;o a reduced rate of turnover but later, Cronan (1974) showed that
| Bhis is‘not the case. To date, it has not been established whe ther
the contribution of cyclopfppane fatty acids to membrane fluidity more
nearly résemble that of unsaturated or saturated fatty aéids. Several
workers (Marr and Ingfaham,.lgsg; Kito et al 1972; B:oeckﬁan and‘
Stéenbakefs, 1979)'have grouped.unsatﬁrated and c&clopropané fatty
aclds together in thgi{ Fonsidgrations;

Since the changes in fatty-aéid:composition, in respoﬁse to‘grQWtﬁ
at elevated temperatu:eé, are thought to increase membrane melting
temperatures, it was suggested that substiqution of cyclopropane

!

facty acids for unsaturated fatty acids could have a simil;r effect

[N
?

(Section 1.9). ‘Measurement of the melting temperatures of synthetic.~
" lecithins acylated with the cycloproPane fatey acids, lactobacillatel K
. and ‘dihydrosterculate ‘revealed that these phosphdfpids melted at
tempenatures 16 C hlgher than lec1th1ns acylated with their unsaturated-
fa;ty acid analpgugs, aleate and cis—vaccenate;(See;ion 3.10). There;
fore’substipution of cyclopropane fatty acids fof:unsaturatéd:fatty
acids in E. Eg&i:membrane phospholipids should ﬁeqd té iﬁérease their
‘melting temperatures and hence their fluidig;f Since the_fluidify of
tﬁe membrane has been shown to influencg the agfivity of é wide
variety of membrane processes (Sandermann, 1978), the ﬁethyiation'

of -unsaturated fatty-acida may have a regulatory role*ih‘bacygrial
membranes atteqﬁating the fluiditg and therefore the gctivit# of

membrane functions in stationary phase.

4.4 Transition Profiles of E. coll Membranes During Growth

P

The physico chemical propertiles of bacterial membranes are thought
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to be maintained such‘that the lipid bilayers. are sﬁfficieﬁ;ly_fiuid
to permit\the mqveﬁent_of integr;l proteins and yet "solid" enough
to maintain a structural rglé as an osmotic barrier (Esfahani gg;éi;
lé?l). This theory which is based on the "fluid mosaic" moéel of
Singer and Nicolson (1972), H%s been used to explain thé preferential
',
incorporation of higheﬁ,meltin' point fatEy acids in cells growing
at elevated temperatureg‘agd in unsaturated fatty acid auxotrophs |
growing. on low meiting-ﬁoimt fétty_acids (Cronan_§nd Vagelqs, }972;
Esfahani et al, 1969,-1971): Due to the similarity of the changes
in fatcy acid composition in reqﬁonse to growth at high temperatures
and‘;smﬁlalities, the melting cha?accéristics of E. colil phospﬂolipids
from cells grown in media‘Varyiné in osmolality were examined (Section
3.9). - o a
Unfq;ﬁuﬁh;ely? gﬂ_analysis of the membrane phase transition_data,
repbrtédJiﬁ Section.3.9,rin terms of fatty acid}composition, is

difficult. The problems arise from the variability of the results

‘and the lack of a supportive data base on the physical‘properties of

~artifieial and fatural membranes with highly heterogeneous fatty acid

coﬁpositions. Most work on the meltinélcharacteristics-of artificial ' -
membranes has focused on systems.comPOSei“of as few as oﬁé‘3¥'tws
lecithin species (Ladbrooke and Chapmén 1969; Melchiof and Steim
1976). Simiiarly, most work on E. coli membranes has'iﬁvﬁlﬁed
quatgrated fatty acid auxotrophg with simplified fattj é;id
compositions in Which-one to two fatty aﬁiés'pfédoﬁihéted (Overath -
et al 1970; Nishihara et al 1975; Overath and Triuble 1973;
nguble and Overath 1973). Hence, exgrapolation of these results
to the present system, with three or more major fatty acid

components distributed among three phospholipids, is tenuous.

~N
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Ladbrooke and Chapman (1969) formulated a number of empirical
rules based upon liptd phase transition data. Lipids acylate with
unsubstituted saturaogd fatty acids have higher melting.points'than
those with unsatnrated, cycloorOpane or branched chain fatty acids
of the same chain length. Melting points are further decreased by
increased numbers of branch points, nnsaturated sites or cyclopropane

- rings along the length of the fatty acid chains. Acylation with
longer chained length but otherwise homologous fatty acids results
in lipids with higher\transition temperatures. Lipids acylated with

trans—unsaturated fatty acids have melting points intermediate

_between homologous saturated and cis-unsatuJejed'fatty acidgj\\‘h\\he‘_,

-

Heterogeneity of fatty acid composition results in lipids with broad
- transitions and in extreme cases, phase separation resulting in more

than ene transition temperature.

The-oocurrenee of.phase separetion'in heterogeneous phoSPholipid

mixtures is also dependent upon the\distribution of the fatty acids
: -

within the phospholipid molecules as well as tne melting temperatures

oflthe,fatty acids._ For® example, Phillips et al (1972) reported that
dicleoyl, l*stearoyle2—oleoyl and distearoyl lecithins melted with
single sharp transitions at —22; 3 and 58°¢C respectively. However,
- two transitions, ihdiceting lateral phase separation, were observeo

at -22°C and from 30-53°C for an equimolar mixture of dioleoyl and

distearoyl lecithins.

Some indication of the fatty acyl arrangement of the major
phospholipid species in E. coli can be obtained on the basis of
the phospholipid fatty acid composition and the results of studies

on the positional specificity of E. colil acyltransferases. According

~

{

~
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td these étudies (Van Deenan'1965' Cronan and Gelﬁann 1675; Sinénsky
1971,|Nishihara et al 1975; Silbert 1970), palmitic and palmitoleic
acids are found almost exclusively in the one and two positionsl
i(Figure l) respectively, whereas myristic and cis-vaccenic acids

have broad pos%g;ﬂﬁ;I—;;;cificity (found to both positioms). Therefore,

both monounsaturated and di-unsaturated phospholipid species would be
expected in early exponential phase cultures (Table 17}. Accordihély,
the mono-unsaturated species would make up about 60% of the

pﬁospholipids and these would hﬁvé palmitate at position one and

either cis-vaccenate or palmitoleate at position two. The diluhsaturated
 speciés; making up as much as 302 of the total would consist of cis-
vaccenate at position one and either cis-vaccenate or palmitoleate at

~ position two. On the other hand, late stationary phase cultures,‘grown
in-0.6 M sucrose, woul@ contain very little di-unsaturated phdsphblipid
(Tablé 18). About 90% of the phospholipid species would consist of

palmitate at position one and cis-9, lO—methylene hexadecanoate or

lactobacillate at position 2.

The phase transition behaviour, repérted in Section 3.9, for
E. coli phospholipids can then be rationalized according to the above

analysis framework. The single broad transition of 25.6 ¢ 3.6°¢

observed for exponential and early stationary phase cell phospholl;ids
could be due to melting of the membrane as a single unit. The
broadness of the response and the incremental difference in fluorescence
obs;rved are consistent with artificial membrane studies on
heterogeneous systems (Ladbrooke and Chapman 1969). Both NPN

fluorescence and differential calorimetry revealed double transition

profiles for the phospholipids of cells grown from exponential to
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sggtionary phase. The two melting»téﬁferatures may indicage ;artigl
phaag sepafation of phospholipid patcﬁas in the membranes which are
rich and pbor i di-unsaturated facty acyl phﬁspholipiéa. The
single upper temperature tranéitions observed in aifferential“
calorimetry and NPN fluorescence studies could éorresﬁond‘to a

more extensive phase sepaxation in which the lower t;%gsition

:would appéaf at temperatures lower than the meaéﬁred range of

these studies. ‘1ternatively, in the case of phospholipids from
culture; grown i:\O.G M sucrose, the 16Wer transition may have

disappeared due to the absence of di-unsaturated phospholipid

species. ' : 4

If the above analysis is essentially correct, then the ,
physico-chemical properties of E. coli membranes likely ch;nge
substantially during growth. Late stationary phase E. coli

membranes would have much more crystalline character than'early'
exponential membranes due {to the loss of di-unsaturated phospholipids.
Methylation of the remaining unsaturated fatty acids resulting in phos- .
pholipids xich in hiéﬁer melting cyclopropane fatty écids would likely

1

_further increase’ their crystalline character.
b

Numerous studies have repoxted the effects of membrane fluidity
on membrane functions in E. coli.\ Many of these have been extensively
reviewed (Croqan and Gelmann 1975; Cronan 1978; Sandermann 1978). Im
general, a more crystalline (less fluid) membrane is expected to
result in decreased permeability to salts; decreased transport of lactoge,
proline and other nutrients; decreased rate of growth and increased
registance to lysis in E. coli. These characteristics could be
advantageoﬁs iﬁ stationary phase where the pregervation of cell
integrity, energy and metabolic pools could confer a selective

‘advantage.
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