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INTRODUCTION

The cell membrane is one of the most important cellular
structures. Phospholipids are the major structural component
of cell membranes throughout nature and are alsc thought to
play an important functional role in certain membrane local-
ized process.

Escherichia coli has been chosen frequently for mem-

branes studies because it is the best characterized cell in
nature,

The phospholipids of'g. coli have been found to consist
of five classes: phosphatidylethanolamine (PE), phosphatidyl-
glycerol (PG), cardiolipin (CL), phosphatidylserine (PS) and
phosphatidic acid (PA} with PE being the major phospholipid
in both wild type and its unsaturated fatty acid auxotrophic
mutant 29.

The effect of changing the carbon source on the amount
of the total phospholipids and PE fraction and on their con-
stituents fatty acids were examined.

The changes in the composition of phospholipids have
been associated with their effect on membrane functions.

One such relationship between composition and function which
has been suggested for animal cells links alterations in the

cell membrane composition with malignancy.



ABBREVIATIONS

Some common abbreviations used throughout this thesis are

the following:

PE

Phosphatidylethanolamine
PG =~ Phosphatidylglycerol

CL -~ Cardiolipin

PS <~ Phosphatidylserine

PA -~ Phosphatidic Acid

TLC - Thin Layer Chromatography



LITERATURE REVIEW

The bacteria possess many advantages as organisms in
which to study membranes (1) and their lipid compositions
are much less complex than those of eukaryotic cells. The

obvious choice among the eubacteria is Escherichia coli,

due to the wealth of genetic, biochemical and physiological
data concerning this organism. The lipid composition of
this organism is at least as simple as that of other bac-
teria and the bulk of the data concerning lipid metabolism

in bacteria has employed this organism (1).

Intracellular Location of the Phospholipids

The cell envelope of E. ggli consists mainly of an
inner (cytoplasmic) and an outer membrane (2). The inner
membrane contains cytochromes, the enzymes of electron
transport system, the enzymes of phospholipid biosynthesis,
and various proteins involved in active transport. 1In
contrast, the outer membrane is almost devoid of known enzyme
activities and contains the lipopolysaccharide component of
the envelope. The envelope of E. coli contains all the cel-
lular phospholipid, which is distributed between the inner
and outer membranes (2). In addition to phospholipid, the
outer membrane has two other lipid components, the lipid A
moiety of the lipopolysaccharide and the murein lipoprotein

(2). The role of these structures in the function of the



outer membrane is unknown, although lipid A has recently been
shown to be required for cell growth (c.f. 2). The site of
synthesis of the phospholipids appears to be within the cell
envelope rather than in the cytoplasm of the cell (1).

Membrane phospholipids have separate structural and
nonstructural roles separately (3). The structural roles
of membranes are currently considered to be (1) subdivision
of the cell and (2) formation of a structural framework upon
which enzyme systems may be assembled in a spatially ordered
way. The nonstructural roles are phospholipids are required
for the maximal activity of many membrane bound enzymes.

The phospholipid moclecule is ideally suited to a role
in membrane formation by virtue of the possession of both a
long chain hydrophobic region (which is responsible for the’
insolubility of these molecules in aqueous solutions) and a
hydrophilic, charged, polar grouping. When dispersed in
aqueous solutions, these molecules spontaneously form micells
or bilayers in which the hydrophobic regions are oriented
toward one another and the polar groups are presented to the
aqueous phase. Such a bilayer arrangement may occur in vivo
in biological membranes, similar to what was proposed by
Danielli and Davson in 1935 (4). This hypothesis said that
the membrane exists as a bilayer of mixed lipids sandwiched
between two layers of adsorbed protein as shown in Figure 1

(5). The state of the acyl moieties of membrane
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Figure 1. The Davson-Danielli Membrane Model

{(Drawing taken from Bloom and Fawcett, A Textbook of
Histology, 10th ed., W. B. Saunders, Philadelphia, PA,

1875)
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phospholipids can change depending on the temperature. It
can change from a solid, hexagonal close-packing to a fluid,
more random array. This has been termed a phase transition

(c.£. 2).

Phospholipid Composition and Structure

Phospholipid Species

The phospholipids commonly encountered in E. coli are
all derivatives of phosphatidic acid. The structures of the
five species of phospholipid are shown in Figure 2. The
data establishing these structures are given below. All of
the lipids found in E. coli are found in cells grown in
defined medium, thus establishing their synthesis by the

bacterium (1).

Phosphatidylethanolamine., This is the major phospholipid

found in E. coli and comprises 70-80% of the cellular
phospholipid (c.f. 1). The structure of this lipid is
identical to that shown on Figure 2 as has been established
by Cronan and Vagelos via (1) (i) cochromatography with
authentic PE of both synthetic and natural origin in many
chromatographic systems; (ii) the presence of an amino
group, phosphate, glycerol and acyl ester in molar ratio

of 1:1:1:2; (iii) the production of glycerol phosphory-
ethanolamine upon mild alkaline hydrolysis; (iv) the degra-
dation with specific phospholipase to the expected products

and finally (v) infrared spectral analysis.



Phosphatidylglycerol. Cronan and Vagelos (1) reported a

value of 5-15% of PG in the total cellular phospholipid
while Ames (6) reported a value of 19%. PG structure is
shown in Fiqure 2. The structure of this lipid was identi-
fied by the following criteria as cited from Cronan and
Vagelos (1) (i) cochromatography with authentic PG;

(ii) presence of glycerol, phosphate, and acyl ester in a
2:1:2 ratio; (iii) presence of vicinal hydroxyl groups in
the intact lipid; (iv) formation of one mole of formaldehyde
per mole of phosphate upon periodate oxidation of the intact
purified lipid; (v) formation of PG by mild alkaline
hydrolysis of the lipid; and production of the predicted

products upon degradation by specific phospholipases.

Cardiolipin. This lipid comprises about 5-15% of E. coli

phospholipids. It has a structure identical with that of
diphosphatidylglycerol and bovine heart CL (l1). The CL
structure of the E. coli lipid was demonstrated by (c.f. 1).
(i) cochromatography with bovine heart CL; (ii) the finding
of glycerol, phosphate, and acyl ester in a 3:2:4 ratio;

(iii) the formation of di (glycerolphosphoryl) glycerol upon
mild alkaline hydrolysis; and (v) the production of predicted

products upon degradation by specific phospholipases.

Phosphatidic Acid. This is found in trace amount (less than

1% of the total phospholipid phosphorus) in E. coli (c.f. 1),
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although a value of 5% of the total phospholipid was
reported by Randle et al. (7). This result was based on the
analysis of the products of mild alkaline hydrolysis of the
mixture of lipids extracted from the cell. Another report
from the same laboratory didn't report phosphatidic acid in

an analysis of E. coli lipid (c.f. 1).

Phosphatidylserine. Very small amounts of this lipid are

found in E. coli (1). The identification processes used
were (i) cochromatography with authentic PS; (ii) labelling
with radioactive phosphate and L-serine; (iii) production
of glycerol phosphorylserine by mild alkaline hydrolysis of

the lipid and finally (iv) reaction with ninhydrin (c.f. 1).

Other Phospholipids. Lysophosphatidylethanolamine has often

been reported in trace amounts in E. coli (c.f. l). Cronan
and Vagelos (1) claimed that the main reason for the presence
of this lipid in many of these cases is that enough care was
not taken to distinguish this lipid from PS.
Phosphatidylglycerol phosphate has been reported twice
in E. coli but the authors did not present conclusive
evidence (1).
One report mentioned the presence of phosphatidylinositol
in E. coli (c.f. 1). Cronan and Vagelos (1) said that this

lipid was probably PG, since the test used to identify

inositol would also react with glycerol.
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Cytidine diphosphate diglyceride has been reported in
E. coli (c.f. 1). The evidence for identification again
was not conclusive.

The following lipids have not been detected in E. coli,
although they were searched for by sensitive methods
(c.f. 1) : phosphatidylcholine, N-methylated derivates of PE,
and phosphatidylinositol. No plasmalogens have yet been

detected in E. coli.

A minor phospholipid designated Y was reported by Ames

(6) in both Salmonella typhimurium and E. coli. It contains

phosphate and fatty acid in the ratio expected for a
phosphatide (8). The identification of this lipid has been
hampered by the elusiveness of its production; it didn't

give any of the common hydrolysis products.

The Patty Acids of the Phospholipids

Saturated Fatty Acids. Palmitic (hexadecancic) and myristic

(tetradecanoic) are the main saturated fatty acids of E. coli
phospholipids. Stearic (octadecanoic) and lauric (dodecanoic)
acid are present in trace amounts (c.f. 1l). The structures
of these fatty acids together with the other fatty acids are
given in Table 1. The identification of these acids is

based on their gas chromatographic behavior. Palmitic acid
comprises about half of the total fatty acid of the cell,

and is found mostly esterified to position 1 of the glycerol
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backbone of the phospholipid, while the other saturated

fatty acids are distributed between both positions (c.f. 1).

Unsaturated Fatty Acids. The unsaturated fatty acids found

in E. coli are all monoenes of the cis conformations (c.f. 1).
Their structures were determined by gas-liquid and argenta-
tion chromatographic behavior, and on the infrared spectra
of the acids. These acids all contained sixteen or eighteen
carbons. The hexadecenoic acid has been identified as
palmitoleic acid (c¢.f. 1l). While the octadecenocic acid
fraction has now been shown by several techniques to consist
solely of cis vaccenic (cis-ll-octadecenoic) acid. A. G.
Marr (9) was the first one who analysed the composition of
octadecenoic acid and reported that it consisted of a mix-
ture of cis-vaccenic and oleic (cis-9-octadecenoic). These
workers used a strain of bacteria isolated and identified by
their laboratory rather than a standard laboratory strain.
But the workers approached the conclusion that cis-
vaccenic is the only octadecenoic acid found in E. coli
depending on the old finding of Bloch et al. (c.f. 9) and
other workers on the mechanism of fatty acid synthesis in
E. coli. The pathway elucidated by these workers produces
only unsaturated fatty acid molecules with the double bond
between the seventh and eighth carbon atoms from the methyl
end of the molecule (2.g. palmitoleic and cis-vaccenic acid)

(c.f. 9). The use of silver nitrate-impregnated thin layer
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chromatography also helped them in solving the problem of
oleic acid existence since it resolves the methyl esters of
oleic and cis-vaccenic acid (c.f. 9).

Another report for the presence of oleic acid in E. coli

was by Weinbaum and Panos (10), but a later report from the
same laboratory using the same techniques demonstrated that
oleic acid was not present (11).

Scheuerbraandt and Bloch (12) were the first to report
that cis-vaccenic acid is the sole octadecenoic acid found
in E. coli. Many other workers later reached the same
conclusion, that cis-vaccenic is the sole octadecencic acid
in different strains of E. coli. From these reports plus
the support given by the genetic and enzymological analyses
it has been established that oleic acid is not synthesized
by E. coli (1). Crowe and Urban (13) did not observe cleic
acid as a fatty acid component in two strains of E. coli 15T .
Cronan and Vagelos (1) reported that palmitoleic and cis-~-
vaccenic acids are found esterified predominately to posi-
tion 2 of the sn-glycerol-3-phosphate backbone of the

phospholipids.

Cyclopropane Fatty Acids

The cyclopropane fatty acids of E. coli are formed
by the methylation of the unsaturated fatty acids of the
phospholipids (14), (13) and (16). The methylene group

is donated by S-adenosyl methionine and the addition is
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believed to occur at the level of the phospholipids. These
fatty acids consist of cis-9, l0-methylenehexadecanocic acid
(c.f. 1) and cis-11, l1l2-methyleneoctadecanoic (lactobacillic)

2) 5'?’:?' (CHy) g

tures of these acids were determined based on (i) the struc-

acid H3C-(CH COOH (15) and (1l6). The struc-~
tures of the moncenoic acid from which they are derived,

{(ii) chromatographic analysis of the acids before and after
degradation (c.f. 1) of the cyclopropane ring, and (iii) mass
and infrared spectroscopy (c.f. 1l). Indirect data indicate

the configuration is cis (1).

Miscellaneous Fatty Acids

An acid possessing a gas chromatographic behavior of
a fifteen-carbon cyclopropane fatty acid has been mentiocned
in several papers (c.f. l). To date this acid has not been
identified (l1). DeSiervo (17) has reported the presence
of a large number of fatty acids (identified as gas-liquid
chromatography peaks) which have not been recorded by other
workers. Many of these peaks are due to impurities in the
unusual solvents he used for extraction and chromatography
according to Cronan and Vagelos (1}.

Other fatty acids that are present in the cell are the
acyl moieties of the "Lipid A" component of the cell wall.
Lipid A consists of a mixture of lauric, myristic, palmitic

and A-hydroxymyristic acids . ~hydroxymyristic aci
d A-hyd isti ids (1) hyd isti id
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is a specific marker for lipid A and is not found in

phospholipid (c.f£. 1).

Effect of Culture Conditions

1. Effect of Temperature. Escherichia coli was known to

adjust the fatty acid composition of its phospholipids in
response to growth temperature as noted by Marr and Ingraham
{(18) . Many other workers have noted the same effect (1l).

As the temperature of growth is lowered the proportion of
unsaturated fatty acids (chiefly cis-vaccenic acid) in the
membrane increases. The work of Crowe and Urban (13) showed

that the saturated/unsaturated fatty acid ratio of Escherichia

coli 15T  decreases almost three-fold as growth temperature
decreases from 43 to 27° C, whereas this ratio in a fast-

growing mutant derived from 15T changes only half as much.

2. Effect of Growth Phase. Four pronounced changes in the

phospholipid composition occur during the transition of

E. coli cultures from exponential growth to the stationary
growth phase. These changes are an increase in CL, a
decrease in PG, an increase in cyclopropane fatty acids,
and a decrease in unsaturated fatty acids (c.f. 1l). The
first two changes are thought to be related as PG is a pre-
cursor of CL, and the decrease in PG phosphorus is almost

stoichiometric with the increase in CL phosphorus (c.f. 1).
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The increase in cyclopropane fatty acids is accompanied
by a concomitant stoichiometric loss of unsaturated fatty

acids, as once again the former is produced from the latter.

3. Changes in Energy Metabolism. The changes in the propor-

tions of PG and CL which occur during the transition from
exponential to stationary phase also occur during the fol-
lowing manipulations: addition of colicin X, dinitrophenocl,
penicillin, or cyanide, and infection with bacteriophage T,
(eafs 1)

Changes in the amount of cellular cyclopropane fatty
acid can be engendered by changes in the medium, although
the data are not explained by a simple hypothesis (c¢.f. 1).
Decreased oxygen tension dramatically increases the amount
of cyclopropane fatty acid (19) and (20). In addition to
the variables listed, limitation of carbon source decreases
cyclopropane acid content while phosphate starvation has no
effect (21).

Many investigators have studied the effect of changing
the growth medium on the composition of E. coli lipids.
Dagley and Johnson (22) reviewed the work of Stephenson and
Whetham (c.f. 22) who showed that the addition of acetate
to an inorganic salt medium increased the lipid content of
the Timothy grass bacillus but did not affect protein
formation. Glucose additions increased both protein and

lipid contents, the former more than the latter. Dagley
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and Dawes 1949 (c.f. 22) demonstrated increased polysaccharide
contents for bact. coli when glucose and other sugars were
added to the growth medium. Dagley and Johnson {22} esti-
mated both lipid and polysaccharide in the same batches of
bact. coli, harvested from media containing varying amounts

of glucose and acetate 90 minutes after the end of the loga-
rithmic phase when polysaccharide storage is maximal (from
Dagley and Dawes 1949).

Polysaccharide and lipid contents were determined for
the fully-grown cultures and for the inocula. The results
showed that the increase in polysaccharide provided by added
glucose accompanies a fall in lipid content. Additional
lipid storage resulting from the presence of acetate in
glucose media is associated with a decrease in stored
polysaccharide. Marr and Ingraham (18) showed that E. coli
cells grown in a chemostat, 1limited by the concentration
of ammonium salts, show a much higher content of saturated
fatty acids (principally palmitic acid) than do cells har-
vested from an exponentially-growing batch culture in the
same medium. Cells grown in a chemostat, limited by the
concentration of gluccse, show a slightly higher content of
unsaturated fatty acids than cells from the corresponding
batch culture. Their results suggested a significant influ-
ence of nutrition on the proportions of fatty acids produced

by E. coli.



