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ABSTRACT.
One-dimensional and 2-dimensional proton nmr techniques were used to characterise
and quantify lipids extracted from host (blood) and parasites including Leishmania
donovani, L. major, L. mexicana, L. infantum, Giardia lamb lia. Entamoeba
histolytica and the non-parasitic protozoan, Tetrahymena thermophila. Phospholipid
classes and subclasses, sterols, triglycerides, metabolic changes in lipids as well as
fatty acid composition of glycerophospholipids were determined from structurespecific proton resonances and confirmed by cross peaks in the 2-D COSY spectra of
lipid extracts.
Phosphatidylcholine, ethanolamine phospholipids and sphingomyelin were the
principal phospholipids found in the erythrocyte membrane. Cholesterol, the only
neutral lipid, was present in roughly equal proportion to the total phospholipids.
Ethanolam ine

lipids were present in diacyl

and

alkenylacyl

form s.

Phosphatidylcholine was the major phospholipid in the plasma and was quantified
together with cholesterol, cholesterol esters, triglycerides and lysophospholipids.
Leishmania lipid composition differed substantially from the hosts. The major
phospholipids determined were those of choline, ethanolamine and inositol. The
choline lipids were mainly diacyl, the ethanolamine lipids were predominantly
plasmenyl while the inositol lipids existed in diacyl, alkylacyl and ceramide forms.
Several sterols were detected from nmr spectra where parasite-specific ergosteroltype sterols exceeded cholesterol. The glycerophospholipids of Giardia
(phosphatidylglycerol as major lipid) and Entamoeba (phosphatidylcholine as major
lipid), unlike blood and Leishmania, carried predominantly saturated and
monounsaturated fatty acids and were present in the diacyl form. From Tetrahymena,
the determination of phosphonolipids in addition to normal phospholipids was
achieved; its lipid extract contained a high proportions of alkylacyl forms. The
successful analysis of 1-acyl and 2-acyl-lysophospholipids from plasma, Leishmania
and Entamoeba makes the application of proton nmr to the study of phospholipases A

desirable. These analyses agreed substantially with other published information and
therefore, makes proton nmr potentially useful in future parasite lipid research.

Preface.
This thesis deals principally with the proton nmr approach to the analysis of host and
parasite lipids. It is divided into seven chapters. The first chapter provides a general
introduction to lipids and also gives a summary of lipid analysis by nmr spectroscopy
in recent years. The objectives of the thesis are presented at the end of this chapter.
Materials and the methods employed in the studies are given in chapter 2. Host
(blood) lipid analysis is presented in chapter 3 while Leishmania, Giardia and
Entamoeba, and Tetrahymena lipid analyses are discussed in chapters 4, 5 and 6
respectively. Each chapter, ie 3-6 has a separate introduction and conclusion while an
o v e r a l l t o the thesis is presented in chapter 7.
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CHAPTER 1

GENERAL INTRODUCTION : LIPIDS AND LIPID ANALYSIS.

1.1 Lipids Defined.
Lipids are a heterogenous class of molecules which share similar physical properties.
They are relatively insoluble in water but soluble in organic solvents.

Generally, a

large proportion of the molecule is hydrophobic (long hydrocarbon chains) while the
rest of the compound is hydrophilic (polar head group) so that many lipid molecules
are able to orient at aqueous/organic solvent interfaces to form interfacial films of
lipid layers
1.2 Lipid Classification.
Because of the diverse chemical structures of lipids, a general consensus on
classification is usually difficult. However, this diversity in chemical structure has
been used to classify lipids and the following classification which is commonly
encountered in the literature is based on the chemical diversity of the lipid molecules.
1.2.1 Fatty acids.
Fatty acids are long hydrocarbon chains with carboxylic head groups (RCHoCOOH, R
could be longer than 34 carbon atoms). Naturally occurring fatty acids differ in their
chemistry. Some are fully saturated, others are branched, while others contain
unsaturated carbon-carbon double bonds normally in the cis configuration. When
there is more than one double bond ie polyunsaturated fatty acids (PUFAs), the
double bonds are normally separated by methylene groups. A few naturally-occurring
fatty acid chains contain cyclopropane [2] and cyclopentane [3] rings and hydroxyl
groups [3].
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Unbranched saturated fatty acids are straight chains and pack closely together, but
unsaturated chains are kinked due to the cis double bonds and therefore, pack less
closely. The different inter chain interactive forces are reflected in different physical
properties so that saturated chains, for example, melt at higher temperatures than
unsaturated chains of identical weight.
Free fatty acids normally ionise at about neutral pH so that in the blood, the
carboxyl ate ion (RCH2COO) circulates mostly bound to plasma proteins. However,
the majority of naturally-occurring fatty acids form amide and ester linkages with
other molecules.
1.2.2 Acylglycerols.
Acylglycerols may be present in various combinations of fatty acids esterified to
glycerol. Examples include monoglycerides (one fatty chain), diacylglycerol and
triglycerides (three fatty chains). Others acylglycerols include diacylglycerol
alkylether and diacylglycerol alkenylether, where an ether linkage rather than and
ester bond is present at the glycerol C-1 position. Because the carboxylic acid is
locked in ester bonding with glycerol, the acylglycerols are normally neutral
molecules. It is possible to have any combination of fatty acids (chain length and
degree of unsaturation) esterified to the glycerol C-1, C-2 and C-3 positions. Where
the same fatty acid occupies the three positions, we have a simple triglyceride eg
triolein (oleic acid at the three positions).
CH2 - CH(OH) - CH2 OH

CH2 -CH - CH2 OH

I

I

I

I

I

0

0

0

0

0

1

CO

I

I

CO

I

I

I

I

I

1

1

CO

R

R

R'

monoglyceride

1,2-diacyl glycerol
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CH2 - CH - CH2

CO

R

I

0
I

CO CO
1

R'

R"

triglyceride

1.2.3 Glycerophospholipids.
The glycerophospholipids are membrane phospholipids in which two fatty acids are
esterified to glycerol C-1 and C-2 positions while a polar or charged molecule is
linked to the glycerol C-3 position via a phosphodiester bridge as illustrated below.

R
I
CO
I
0
1
CH2
1

}fatty chain

R'
CO
I
0o
3
I
- CH -CH 2

}glycerol backbone

O

2

I

0-P=0

I
0

1

}polar or charged head group

X

diacyl phospholipid
When X = H, the lipid is called phosphatidic acid so that all glycerophospholipids are
derivatives of phosphatidic acid. The phosphate group is negatively charged at about
pH 7. Table 1.1 gives a summary of the commonly-occurring glycerophospholipids.
Table 1. Examples of glycerophospholipids of cells and tissues.
Name of linid

Head group

Net charge at dH 7

phosphatidic acid

H

phosphatidylcholine

-CH2 CH2 N+(CH3)3

0

phosphatidylethanolamine

-CH2 CH2 N+H3

0

phosphatidylinositol

inositol

-1

phosphatidylserine

-CH2 ÇHN+H3

-1

-1

COO-

phosphatidylglycerol

-CH2CH(0H)CH20H

-1

cardiolipin

-ÇH2
ÇH-OH
CH2 - OPO2 - ÇH2
0
ÇHOCOR
CH2 OCOR'

-2

(diphosphatidylglycerol)
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Small structural variations give rise to other members of this class of lipids. For
example:
i. In ether phospholipids, the glycerol C-1 position has an O-alkyl (-OCH2R) or
0-alkenyl (-0CH=CHCH2R) linkage [4] and the glycerol C-2 position is occupied by an
ester bond. The 1-0-alkenyl lipids are sometimes called plasmalogens.
ii. In lysophospholipids the glycerol C-1 or C-2 position loses its fatty acyl chain
usually through enzymatic (phospholipases A) hydrolysis [5].
iii. In phosphonolipids, the head group is linked to the phosphorous atom through a
direct carbon-phosphorous bond [6].
iv. In platelet activating factor (a choline phospholipid), the glycerol C-2 position is
occupied by acetic acid rather than a long chain fatty acid while the glycerol C-1
position is O-alkyl linked [7],
1.2.4 Sphingolipids.
This is another group of membrane lipids containing polar head groups. Instead of
glycerol, they have the sphingosine (a long chain aminoalcohol) backbone.
3 CH2 - OH

I
2 CH-NH2
I
HO-CH-CH=CH-CH2(CH2)i 1CH3
1 a
b c
sphingosine (the sphingenine analogue)
Reduction of the double bond in the hydrocarbon chain results in the sphinganine
analogue. Fatty acids form amide linkages with sphingosine to give ceramide. The
primary alcohol of ceramide bonds to various polar head groups to give a variety of
sphingolipids [1]. For example phosphocholine and phosphoethanolamine give
sphingom yelins, glucose (sugar) gives cerebrosides, oligosacharides give
gangliosides.
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1.2.5 Sterols.
Sterols consist of the steroid nucleus - four fused hydrocarbon rings with a
hydrocarbon chain at C-17 and a polar -OH group at C-3. The major sterol present in
cells and tissues is cholesterol [4]. Closely related sterols such as ergosterol are
present in several species of protozoa. The sterols are sometimes present esterified to
fatty acids.
1.2.6 Other lipids.
Other less easily classified lipids include isoprenoids (fat soluble vitamins etc), long
chain aldehydes, long chain alcohols and their esters.
1.3 Functions of lipids.
Lipids play various functions in the cell including the following.
i Cell structure.
The glycerophospholipids, sphingolipids and sterols provide the basic structure of the
cell membrane as well as the membranes of all cytoplasmic organelles such as
mitochondria. They also provide the matrix for holding in place membrane spanning
peptides and proteins [8].
ii Metabolic substances.
Sterols, especially cholesterol, provide the precursor for the biosynthesis of many
steroidal hormones such as the corticosteroids (eg cortisol, aldosterone) and sex
hormones (eg testosterone, oestradiol) [9]. Cholesterol is also the precursor for the
synthesis of the digestive bile salts [10]. Arachidonic acid, obtained in the cell usually
by phospholipase A action on glycerophospholipids, is the precursor for the
biosynthesis of the biologically potent hormone-like eicosanoids, the prostaglandins,
thromboxanes and leukotrienes. These substances regulate a wide range of tissue and
cell functions [11,12].
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iii Cell signalling.
Phosphatidylinositol and its higher phosphatides are well-established as substrates for
the generation of the intracellular messengers, the inositol phosphates and
diacylglycerol [13,14]. Other phospholipids such as phosphatidylcholine [15,16] and
sphingomyelin [17-20] are becoming increasingly implicated as substrates producing
cell signalling molecules eg diacylglycerol and sphingosine.
iv Cofactors for enzyme reactions.
Due to specific interactions with membrane-bound enzymes, some phospholipids eg
phosphatidylserine and phosphatidylethanolamine are required for the optimum
functioning of some enzymes [21].
V Membrane anchors.
Some membrane phospholipids eg the ethanolamine and inositol lipids provide
anchors for cell surface proteins [22] and antigens [23].
vi Energy storage.
The cell’s excess energy is mostly reserved as fatty acids in the form of triglycerides,
sometimes stored in specialised fat cells called adipocytes.
1.4 Lipid analysis, the traditional approach.
The first step in any lipid analysis involves extraction of total lipids from cells or
tissues [24]. Total lipid extracts are normally fractionated into neutral and polar lipids
on a column of silicic acid [25] after which the individual lipid classes are separated
primarily by TLC [26] and comparing TLC spots with authentic lipid samples using a
variety of detection reagents including H 2SO4 [27], iodine vapour [28] and ninhydrin
[29] etc. Poorly resolved phospholipids on TLC plates have been separated using 2dimensional TLC [30]. Normal-phase HPLC is also widely used to separate classes of
phospholipids [31,32] while reverse-phase HPLC is sometimes used to analyse
molecular species of phospholipid classes [33].
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To determine the fatty acid content of the separated lipids, lipid spots are scraped, the
lipids hydrolysed and the methyl esters of the released fatty acids prepared for
subsequent analysis by GC [34,35]. Authentic fatty acid methyl esters are normally
analysed for comparison. To quantify phospholipids, the method of phosphorous
analysis is widely used [36] which strictly excludes the use of any phosphates in the
extraction and other procedures. Diacyl and ether phospholipids of the same class
have been analysed by differential acid hydrolysis [37], separating the products for
further phosphorous determination.
1.5 Lipid analysis, the proton nmr approach.
In the proton nmr approach, use is made of the fact that the varied structures of
different lipid classes and individual lipids exhibit characteristic proton magnetic
resonances which distinguish one lipid from the other. At sufficiently high operating
frequencies (high fields) many of these characteristic resonances are highly resolved
and permit identification of individual lipids in a complex mixture [38] without prior
chromatographic separation. Integration of such characteristic signals affords a simple
means of quantifying the component lipids. With the current use of pulsed
spectrometers [39] very small quantities of lipids can easily be analysed. Table 1.2
gives some characteristic lipid proton resonances identifiable from proton nmr spectra
of lipid mixtures.
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Table 2. Some characteristic lipid proton resonances recognisable in 1-dimensional
nmr spectra.
Group

Lioid

Chemical shift (oom)

-N+(CH3)3, choline

diacyl

3.2065

sphingo

3.1965

ether

3.2014

lyso

3.2026

diacyl, ether, sphingo

3.1

-CHoCHiNH?, ethanolamine

inositol

[singlet]

[triplet]

3.78,3.2,3.63
[triplets]
sphingo

5.4, 5.7

[multiplet]

diacyl

5.23

[multiplet]

ether

5.15

2-acyllysophospholipids

4.98

-0CH=CHCH2R

plasmenyl

5.92

[doublet]

glycerol C-1/C-3

triglyceride, downfield
protons

4.34

[doublet of
doublets]

cholesterol C-18 methyl protons

0.68

[singlet]

cholesterol ester C-3 proton

4.56

[multiplet]

n-3 fatty acids

0.95

[triplet]

other fatty chains

0.86

=CHCH2CH=

linoleic acid

2.75

[triplet]

=CHCH2CH2C00-

docosahexaenoic acid

2.4

[multiplet]

=CHCH2CH2CH2C00-

arachidonic acid

1.69

[multiplet]

^HNHH0-CHCH=CHCH2R

glycerol C-2 proton

(o-CHg
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1.6 Previous work on proton nmr and lipid analysis.
Significant research has been published in the past few years on a variety of lipid
determinations using nmr spectroscopy.
i Phospholipid metabolism.
The concentration of ethanolamine phospholipids in the medium was shown by
and

nmr to affect the levels of ethanolamine phospholipids in human T

lymphocytes and T lym phoblastoid cell line [40]. M etabolic studies of
glycerophosphocholine lipids based on proton nmr characteristics particularly of the
N+-methyl singlet have been reported [41, 42], as well as phosphatidylethanolamine
to phosphatidylcholine ratio in tissues [43].
ii Diagnosis.
In breast cancer cell lines MCF-7, MDA-MB231 and T45D, proton nmr spectral lines
of lipid in their membrane preparations were found to be less intense than in normal
cells [44]. Compared to age-matched controls, elevated levels of unsaturated fatty
acids were found in the cerebral cortex phospholipids in Alzheimer's disease using
high resolution proton nmr [45,46]. Lipid nmr is therefore, potentially useful in the
diagnosis of disease.
iii Toxicology.
Using both proton nmr and gas chromatography, Ellingson et al. [47] found that the
fatty acid composition of microsomal phosphatidylinositol in the livers of rats
chronically fed with ethanol for five weeks varied considerably. Arachidonic acid
decreased by 8.4% while oleic acid increased by 20% as determined by both
techniques. In isolated rabbit parietal cells, disorganisation of membrane
phospholipids by ethanol was observed by measuring the N+(CH3)3 proton
resonance at 3.2ppm [48]. Lipid changes caused by the toxic effects of drugs and
chemicals can quickly be assessed by nmr.
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iv Enzyme studies.
In vitro nmr studies in Friend leukemia cells (undergoing induced erythroid
differentiation) showed that the activity of glycerophosphocholine phosphodiesterase
could be determined from substrate phospholipid nmr signals [49]. Nmr spectroscopy
was used by Kaszuba and Hunt to investigate the effect of n-alcohols on the activity
of phospholipase A? on small unilamellar egg yolk phosphatidylcholine vesicles [50].
V Drug interactions.
Alterations in chemical shifts of drug and phospholipid was utilised in the study of
interactions between ergosine (an ergot alkaloid) and dipalmitoylphosphatidylcholine
[51]. Using dioleolyiphosphatidylethanolamine and dioleolylphosphatidylcholine and
proton nmr, it was shown in vitro that phospholipids with an amine on their polar
head groups were a more important target for mercuric chloride (H gCb) [52].
Interacting with isolated nuclei, phospholipid liposomes are known to influence DNA
template availability for RNA synthesis. Proton nmr studies were used to elucidate
the mechanism of the interaction [53].
vi Routine lipid analysis.
Forbes et al., 1988 reported that the observation of numerous lipid proton chemical
shifted peaks permits the use of 2-D nmr techniques in lipid analysis [38]. In a single
experiment, all major phospholipids were characterised using 2-D heterocorrelation
nmr [54]. In other studies using proton nmr and human peripheral blood lymphocytes
[55], rat liver [56], fertilised sea urchin embryos and mixtures of standard diacyl
phospholipids [57], various membrane phospholipids and neutral lipids were
characterised and quantified from structure-specific nmr resonances in the spectra of
lipid extracts.
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1.7 Aims and objectives.
As outlined above the application of proton nmr to membrane lipid analysis has been
undertaken in some laboratories in recent years. Much of the attention was focused on
artificial lipid systems or lipid systems of higher life forms such as mammalian
tissues. Although much is known about lipids of parasitic protozoa from traditional
chromatographic/chemical techniques, very little application of nmr to the study of
protozoan lipids has been undertaken. Such studies could form the basis for future
research on parasite lipids since some of the unusual parasite lipids may be valuable
in future drug development studies.
In this thesis therefore, one of the aims is to use proton nmr to characterise and
quantify as many lipids as possible from several protozoan parasites as well as lipids
from potential host tissues and to compare their lipid contents.
Secondly, it was desired to determine the effectiveness of the proton nmr approach in
determining parasite lipids as well as detecting changes in parasite lipid metabolism.
These were to be done by comparing the nmr analytical results with published data
from TLC/chemical analyses.
Lipid patterns could provide a useful source of information in chemotaxonomy.
Another objective in this thesis was to identify proton nmr lipid patterns among
closely related protozoan parasites such as the Leishmania which could be useful in
species identification.
One problem encounted in the nmr analysis of lipid mixtures as reported by some
researchers [55, 56] is that, resolution of a number of lipid classes such as the acidic
phospholipids was difficult, especially when present in relatively small quantities.
This was due to overlap of characteristic acidic phospholipid head group signals with
other lipid resonances. Using Bond Elut™ aminopropyl columns, Choi et al. [5 S J
separated rat liver lipid extracts into four fractions prior to nmr determination which
greatly improved the analysis of all fractions including the acidic phospholipid,
26

phosphatidylinositol [58]. However, the determination of the proportions of each lipid
class present as diacyl, alkylacyl or alkenylacyl phospholipid was difficult in such
mixtures. In this thesis therefore, it was desired to determine the acidic phospholipids
and quantify the subspecies of each class of lipid and determine the variation in fatty
acids between phospholipid classes in both host and parasites, using proton nmr.
Even though rare in nature, the phosphonolipids are important in certain membrane
systems. It was therefore, desired to determine these lipids by proton nmr along with
their normal counterparts.
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CHAPTER 2.

MATERIALS AND METHODS.

2.1 Materials.
i Host tissues.
Erythrocyte membranes and platelet-free plasma were prepared from human blood,
which was obtained from The North London Blood Transfusion Centre.
n Protozoan parasites.
The following protozoa were used in the studies in this thesis: Leishmania donovani
(MHOM/ET/67/L82), L. major (LV39) L. mexicana (B E L .3I), L

infantum

(Khartoum), Entamoeba histolytica, Giardia lamblia and Tetrahymena thermophila.
ill Standard lipids.
Diacyl phospholipids and sterols were obtained from Sigma Chemical Company,
U.K. ie phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol,
cardiolipin, phosphatidylserine, phosphatidylinositol, cholesterol, ergosterol,
lanosterol and desmosterol.
iv Solvents.
The following solvents were used in the analyses. Chloroform (analytical grade),
methanol (HPLC grade) and acetonitrile (HPLC grade) were obtained from Fisons,
U.K.. Chloroform-d 1 and methanol-d^ (nmr solvents) were obtained from Altech.
V HPLC column.
Spherisorb grade silica gel SWIO column (4x250mm), lOpm particle size, was
obtained from Altech.
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2.2 Fractionation of whole blood to obtain erythrocytes and platelet-free plasma.
(See Flow chart I).
Whole blood (10ml) was centrifuged at low speed (500g) for 5min, the platelet-rich
supernatant removed and kept and the interfacial white fluff removed and discarded.
The packed red cells (5.5ml) were washed three times with three volumes each of
cold normal saline and centrifuged. The washings were discarded and the cells kept.
The platelet-rich plasma was centrifuged at high speed to pellet the platelets. The
platelet-free supernatant was removed and freeze-dried immediately prior to lipid
extraction.
2.3 Preparation of erythrocyte membranes from red blood cells.
Erythrocyte membranes were obtained by hypotonic lysis of 5.5ml of packed red
blood cells . Four volumes of ice-cold acetic acid solution (0.2%^/v) was added to the
washed red cells obtained above, vortexed and kept cold for five minutes, with
occasional shaking, to achieve osmotic lysis of the cells. The suspension was then
centrifuged (2000g) for lOmin and the supernatant haemoglobin solution discarded.
The membrane pellet was washed with fresh acetic acid solution and centrifuged. The
washing was repeated until the membrane pellet was free of haemoglobin, which was
indicated by the clear supernatant of the last few washings(see Flow chart I). The
erythrocyte membranes thus obtained were immediately extracted with chloroformmethanol mixtures.
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Flow chart I:
Preparation of erythrocyte membranes
and plasma soUds.
Who] e blood
centrifuge, 5 0 0 j

r

r e d c e lls

p la te le t-r ic h

wash with normal saline,
centrifuge, 5 0 0 j
r e d c e lls
(c le a n )

p la s m a

centrifuge, 25000^

p e lle t
(p la te le ts )

w a s h in g s
(d is c a r d )

p la te le t-fr e e p la s m a

freeze-dry
p la s m a s o lid s .

1. lyse with 0.2% acetic acid,
5min.
2. centrifuge, discard supernatant
3. wash(0.2% acetic acid), centrifuge,
discard washings.

M em b ran es
(h a e m o g lo b in -fr e e ).

2.4 Extraction of total lipids from erythrocyte membranes.
About ten volumes of chloroform : methanol (2:1) was added to the erythrocyte
membrane pellet obtained above in a glass tube, vortexed occasionally for five
minutes and centrifuged. The supernatant aqueous layer was discarded and the lower
chloroform layer retained. The pellet was re-extracted twice with the chloroformmethanol mixture and the lower chloroform layers pooled, washed twice with equal
volumes of 0.5M KCl in 50%)!jjmethanol to remove non-lipid substances. After
centrifugation, the lipid-rich chloroform layer was removed and dried in a stream of
nitrogen, re-dissolved in the chloroform - methanol mixture and kept at -20®C
awaiting nmr analysis. The extraction procedure is outlined in Flow chart II.
2.5 Extraction of lipids from platelet-free plasma.
The lipid extraction procedure was identical to the one described above for
erythrocyte membranes, except that freeze-dried plasma solids were used.
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Flow chart II: Lipid extraction.
M embranes/plasma solids.
add chloroform : methanol(2:l),
vortex, centrifuge (2500^ .)
1
a q e o u s su p e r n a ta n t
(d is c a r d )
p e l le t

re-extract twice with
chloroform : methanol(2:l),
centrifuge (2500^ )
1
a q u e o u s su p e r n a ta n t

I

p el
(d i.! c lr d )
lo w e r c h lo r o fo r m
(p o o l)

la y e r s

wash twice with 0.5M KCl in
50% methanol, centrifuge

lo w e r c h lo r o fo r m

la y e r

a q u e o u s su p e r n a ta n t
(d is c a r d )

d ry in stream o f
nitrogen

T O T A L L IP ID E X T R A C T .

2.6 TLC separation to obtain erythrocyte membrane total phospholipids.
Erythrocyte membrane lipid extract (chloroform/methanol solution) was applied to
TLC plates (silica gel G, 0.25mm) and developed in the solvent system, diethyl ether :
glacial acetic acid (99:1). In this system, all phospholipids remained close to the point
of application while the neutral lipids moved close to the solvent front, effectively
separating phospholipids from neutral lipids. The phospholipids were obtained by
scraping and extracting with 1% chloroform in methanol, 3x4ml, and centrifuged to
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sediment the silica. The clear supernatant solutions of the phospholipids were pooled
and dried in a stream of nitrogen. About 4mg of phospholipids were obtained from ca
10ml of packed red cells for nmr analysis.
2.7 Bond Elut chromatography of erythrocyte membrane lipid extract.
Small columns packed with aminopropyl bonded silica (about 500mg) obtained from
Altech were used [58]. The silica matrix behaves as an adsorption/ion exchange
material and the lipid molecules are separated according to their polarity and charge.
The lipid extract, about 3.5mg was applied to the column in 0.5ml chloroform and
eluted with different solvents in the following order.
i. Chloroform, 2x2ml, to elute neutral lipids.
ii. 2 % acetic acid in diethyl ether, 2x2ml, to elute (unesterifled) free fatty acids,
in Methanol, 2x2ml, to elute non-acidic phospholipids.
iv. Ammonium acetate solution, 2x2ml, to elute acidic phospholipids.
The column was centrifuged at 500rpm during each elution, the fractions dried in a
stream of nitrogen and the lipids dissolved in methanol-d4 : chloroform-d i (2:1) for
nmr determination. This procedure was used to fractionate erythrocyte lipids for
further analysis.
Ammonium acetate solution was freshly prepared by mixing a. 2 volumes of 28%^/v
ammonia and b. 98 volumes of 0.05M ammonium acetate in methanol : chloroform
(4:1).
2.8 Cultoring of parasites.
All Leishmania promastigotes were obtained from the London School of Hygiene and
Tropical Medicine, grown in Schneider's medium (Gibco) containing 10% heat
inactivated foetal calf serum (Serl-Lab) at 24®C (Adosraku, R.K., et al., 1993, Mol.
Biochem. Parasitol., 62, 251-262). E. histolytica and G. lamblia were grown at 37®C
in Diamond's TPS-1 medium containing 10% inactivated bovine serum and
supplemented with vitamins (Meyer, E.A., 1990, Giardiasis, pg 99, Elsevier,
Amsterdam, New York, Oxford). T. thermophila was grown at 37®C in a medium
consisting of 2% Proteose-peptone (Difco), 0.2% glucose, 0.1% yeast extract (Difco)
and 0.003% iron-EDTA (Smith, J.D., 1983, Arch. Biochem. Biophys., 233,193-201).
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2.9 Extraction of total parasite lipids.
Parasites were harvested during the late log phase of growth, washed with 0.9% KCl,
centrifuged, and the pellet of cells suspended in methanol. The suspension was
transferred to a glass tube, two volumes of chloroform added [11], sonicated in ice for
two minutes, vortexed for ten minutes, centrifuged and the lower chloroform layer
removed and kept. The extraction was repeated twice (2x2ml chloroformimethanol,
2:1) and the chloroform layers pooled and washed twice with equal volumes of 0.5M
KCl in 50% methanol. After centrifugation, the chloroform layer containing the
lipids, was removed and dried in a stream of nitrogen. The lipids were immediately
dissolved in chloroform-d i : methanol-d4 ( 1:2) for proton nmr determination.
2.10 HPLC of total lipids.
The HPLC separation of the total lipids was carried out on a Gilson instrument,
programmed with an IBM computer and monitored by ultraviolet (uv) detection at
205nm. A gradient profile (shown on each chromatogram) of 5mM potassium
dihydrogen phosphate into acetonitrile, 2.5%-15%, (5-20min) was used at a flow rate
of 1.5ml/min. Extracted lipids were redissolved in 400-500/^1 of chloroform :
methanol (1:1) and injected three times onto the silica column. Peaks were collected
manually during each run. Corresponding peaks were pooled and dried in a stream of
nitrogen at 45°C. Similar, but not identical HPLC systems were used by other
workers to separate mixtures of phospholipids [12, 13].
Solvent system

Solvent A - Acetonitrile : 5mM KH2PO4 (4:1).
Solvent B - Acetonitrile.

2.11 Proton nmr of extracted lipids.
All nmr spectra were determined using a Bruker AM500 nmr spectrometer operating
at 500MHz. Chemical shifts were referenced to the residual methanol peak at
3.31 ppm. For the 1-dimensional nmr, determination, a 45° pulse was applied with
solvent presaturation during relaxation to remove excess HOD signal at about
4.7ppm. The FID was acquired with 16K data points in the Fourier transform mode.
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the temperature regulated at 298K. In all cases, dried lipids were dissolved in 600/d
of methanol-d4 : chloroform-d %(2:1) for the nmr determination. Due to the low
abundance of some lipids, long periods of FID accumulation were necessary to obtain
meaningful resonance signals to make quantitation more reliable. The 2-dimensional
COSY experiment was performed on the total lipid extracts in the non-phase sensitive
mode, with presaturation during relaxation to remove excess HOD peak. The
presaturation power was then switched to a minimum level during pulses and
evolution to hold the saturation. 512 FIDs of 48 scans each were acquired with 2K
data points per increment. Lipids obtained from about 2-5x10^ cells were used for
these experiments.
2.12 Calculation and quantification of lipids.
Characteristic lipid peaks were integrated after baseline correction was applied to the
1-dimensional spectrum. The integrals of the peaks related directly to the amount of
each lipid present. Corrections were applied where peaks overlapped. The number of
protons responsible for a signal was also considered in the calculations. Quantitation
of major lipids from as small as 0.1x10^ cells was possible. In estimating the fatty
acid composition of phospholipids, the integral of the (U-CH3 signal(s) at about
0.86ppm and 0.95ppm was taken as a measure of total fatty chains in the lipid. The
integrals of characteristic fatty acid resonances were compared to this value, making
appropriate subtractions where signals overlapped.
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CHAPTERS

HUMAN BLOOD LIPIDS ; PROTON NMR ANALYSIS OF TOTAL LIPIDS
AND CHROMATOGRAPHIC FRACTIONS.

3.1 Introduction.
Blood is the main vehicle for transporting organic and inorganic nutrients to target
organs in the body and metabolic wastes for excretion. About half the blood volume
consists of red blood cells, erythrocytes (the 0 %and CO2 carrying cells), simple non
nucleated cells with lipid bilayer and haemoglobin-rich cytoplasm. Defects in the
lipid organisation of the erythrocyte membrane produce abnormal cells leading to
diseases such as hereditary haemolytic anaemia [59]. Other physiologically important
cells in the blood include the white cells (leukocytes) and platelets which exist in
smaller numbers.
The liquid portion of the blood, the plasma, contains various proteins as the major
solute. Because lipids are largely hydrophobic, they are carried in the plasma bound
to plasma proteins called apolipoproteins. The lipoproteins thus formed depend on the
special organisation of the lipid/protein complexes resulting in globules of different
sizes and densities referred to by such names as chylomicrons, high density
lipoproteins (HDL) and low density lipoproteins (LDL) [60]. These lipoproteins
contain different proportions of phospholipids, triglycerides, cholesterol and
cholesterol esters and transport lipids to their target organs for utilization. The
proportions and nature of these plasma lipids vary greatly depending on diet and
metabolic state of the individual. The following are some values of lipid composition
reported for the lipoproteins [61]. Chylomicrons:- free cholesterol (1%), cholesterol
ester (3%), phospholipids (9%), triglycerides (85%); HDL:- free cholesterol (2%),
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cholesterol ester (15%), phospholipids (24%), triglycerides (4%); LDL:- free
cholesterol (8%) cholesterol ester (37%), phospholipids (20%), triglycerides (10%).
Body fluid metabolite assays or analyses are useful in clinical evaluation of body
functions, being valuable in the detection and diagnosis of disease states. Few human
inherited diseases are a result of defective lipid metabolism. For example in NiemannPick disease, genetic defect in sphingomyelinase leads to accumulation of
sphingolipids and their intermediates in the brain, liver and spleen and leads to mental
retardation and death in infants [62]. Abnormally high levels of circulating
cholesterol have been implicated in certain cardiac diseases [63,64]. Cholesterol and
phospholipids are present in about equal proportions in the erythrocyte membrane
[65]. Abnormally high levels of cholesterol in excess of phospholipids usually
indicate underlying severe hepatocellular liver disease [66]. High PC haemolytic
anaemia (HPCHA), a defect in the active incorporation pathway which results in
increased cation permeability of the erythrocyte membrane, occurs when PC levels
are raised significantly and PE levels are reduced but the overall phospholipid level
remains normal [59]. Lipid analyses are, therefore, important not only in routine
scientific research but also for clinical application.
In this analysis of blood lipids, high resolution proton nmr operating at 500MHz was
used in all experiments on total lipid extracts and lipids fractionated or isolated by
TLC, ion exchange chromatography and HPLC. No chemical reactions were carried
out so that the determinations were carried out on intact lipid molecules. Different
types of phospholipids as well as neutral lipids were identified and quantified from
their nmr spectra. Information on the fatty acid composition of, particularly, the major
glycerophospholipids were also obtained from the proton nmr spectra as well as
average levels of unsaturation and fatty chain length.
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The analytical sequence adopted to obtain maximum information about the blood
lipids is listed as follows.
1. Fractionation of whole blood to obtain erythrocytes and platelet-free plasma.
2. Preparation of erythrocyte membranes
3. Extraction of lipids from erythrocyte membranes.
4. Extraction of lipids from platelet-free plasma.
5. Nmr analysis of erythrocyte membrane lipids:
a. Total lipids.
b. Phospholipids obtained by TLC.
c. Lipid classes obtained by Bond Elut chromatography:
i. neutral lipids.
ii. unesterifled fatty acids.
iii. non-acidic phospholipids.
iv. acidic phospholipids.
d. Nmr of individual lipids obtained by HPLC separation of total phospholipids.
6. Nmr analysis of platelet-free plasma lipids:a. Total lipids.
b. Lipids separated by HPLC.
7. Plasma and erythrocyte lipids compared.
8. Conclusion.
3.2 Results and discussion.
The preparation of erythrocyte membranes and platelet-free plasma and the extraction
of lipids is presented under materials and methods ie chapter 2.
3.2.1 Erythrocyte membrane total lipids by proton nmr.
The 1-D proton nmr spectrum of the total lipid extract of the erythrocyte membrane
lipids is shown in Fig.l while the 2-D COSY spectrum is shown in Fig 2. Proton
resonances between 0.68ppm and 6.0ppm can be divided into three broad regions; 1.
fatty chain and sterol methyl and methylene proton resonances between 0.65ppm and
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Fig.l Proton nmr spectrum of human erythrocyte membrane total lipids.
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Fig.2 2-D COSY spectrum of erythrocyte membrane total lipids (continued overleaf)
PLGL, phospholipid glycerol; PS-1V2\ phosphatidylserine head group protons; u,
upfield proton; d, downfield proton; C, cholesterol; FA, fatty acid; ARA, arachidonic
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Fig.2 continued
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2.9ppm, 2. phospholipid head group and glycerol backbone proton resonances
between 3.05ppm and 5.25ppm and 3. vinyl proton signals between 53ppm and
5.95ppm (17).
Choline phospholipids were identified by their characteristic -N'^(CH3)3 proton
singlets at about 3.2ppm which consisted of two partially overlapping singlets (Fig.3).
These two signals suggested the presence of two principal choline lipids which were
later identified as phosphatidylcholine and sphingomyelin after chromatographic
separation and nmr analysis of the fractions. The proportions of the two types of
choline lipids were estimated from the integrals and/or heights of the singlets. Any
[67]
induced changes in these lipids^may, therefore, be easily noted by running a proton
nmr experiment on the total lipid extract. The two choline head group methylene
protons, -OCH2CH2N+, resonated at 3.6ppm (-CH2N+) and 4.25ppm (-OCH2-),
were confirmed by their cross peaks in the 2-D COSY spectrum of the total lipids
(Fig.2).
Ethanolamine phospholipids were also identified by their characteristic head group
-CH7NH7 methylene proton resonance at about 3.12ppm. The shape of this signal
indicated the presence of a mixture of ethanolamine lipids, which were later identified
as diacyl and plasmenyl glycerophosphoethanolamine after HPLC separation of the
total lipids for further nmr determination. Examination of the 2-D COSY spectrum of
the total lipids showed the cross peak (3.12ppm, 3.98ppm), which identified the
-OCH7 head group methylene protons at 3.98ppm.
Diacylglycerophospholipids were represented by the backbone glycerol Sn2 proton
multiplet at 5.21 ppm. The magnetically inequivalent glycerol Sni methylene protons
resonated at 4.42ppm (downfield) and 4.15ppm (upfield), while both glycerol Sn3
methylene proton resonances overlapped at about 4.0ppm. Coupling between these
glycerol backbone protons were confirmed by cross peaks in the 2-D COSY spectrum
of the total lipids and unequivocably gave their assignments.
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R g 3 The choline head group singlets of the total membrane lipids.
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Ether phospholipids gave characteristic resonances identified in the nmr spectrum of
the total lipids. When the ester link at the glycerol Sni position is replaced by an alkyl
or vinyl ether bond, the resonance positions of the glycerol Sni and Sn2 protons of
the resulting ether phospholipids shift significantly and characteristically from those
of the corresponding diacyl phospholipid. The multiplet at 5.15ppm, arising from the
glycerol Sn% proton, represented all the ether lipids, both alkylacyl and alkenylacyl
(plasmenyl). The ratio of diacyl to total ether lipids was determined from the integrals
of their glycerol Sn% proton signals. The glycerol Sn i proton signals were, however,
not readily recognised in the 1-D spectrum of the total lipids, because of overlapping
signals from other phospholipid protons. Plasmenyl lipids gave their characteristic
vinyl proton resonances at 5.92ppm (doublet) and 4.33ppm (quartet). The difference
between the integrals at 5.15ppm and 5.92ppm, therefore, represented the measure of
1-alky 1-2-acyl glycerophospholipids present.
Sphingenine lipids were identified by the specific vinyl proton resonances of the
sphingenine moeity at 5.7ppm (multiplet) and 5.44ppm (quartet of singlets). The
coupling of these vinyl protons was confirmed by cross peaks in the 2-D COSY
spectrum of the total lipids (Fig.2). The proportion of sphingolipids present as choline
or ethanolamine lipids was not, however, determined at this stage.
Some difficulties were encountered in the determination of phospholipids from the
nmr spectra of the total lipid extracts which included the following. Acidic
phospholipids such as phosphatidylserine, phosphatidylinositol and phosphatidyl
glycerol, give head group resonances which largely overlapped with the
corresponding glycerol and head group signals from non-acidic phospholipids. It was,
therefore, possible but not simple to identify and quantify all the acidic lipids. Thus
when non-acidic phospholipids are present mainly in the diacyl form, the head group
region of the spectrum is less complicated and inositol lipids may be identified and
quantified from one or more of the inositol ring triplets [56] at about 3.8ppm.
However, when significant proportions of ether lipids are present, the head group
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region of the spectrum is much more complicated by additional glycerol Sni proton
signals, so that even inositol lipids are not easily determined. Again, because
backbone glycerol proton signals of eg choline and ethanolamine lipids are almost
identical, it was difficult at this stage to determine the proportions of each
phospholipid present as diacyl, ether or ceramide lipids. These problems were largely
resolved by chromatographic separation of the lipids and nmr analysis of the
chromatographic fractions.
Cholesterol was identified in the 1-D nmr spectrum of the total lipids by its
characteristic C-18 methyl singlet at 0.68ppm from which it was quantified. Other
diagnostic cholesterol resonances easily identified in the spectrum included the C-19
methyl singlet at l.Oppm and the C-3 proton multiplet at 3.41 ppm. Examination of the
spectrum suggested that cholesterol was the only major neutral lipid present in the
erythrocyte membranes. Triglycerides were clearly absent from the lipid extract due
to the absence of one of their characteristic glycerol C-l/C-3 proton resonance at
4.33ppm. This signal would have overlapped the plasmenyl vinyl proton quartet at the
same resonance frequency.
The fatty acid chains of the erythrocyte membrane phospholipids consisted of
MUFAs and different PUFAs. The complex signal at 5.33ppm arose collectively from
vinyl (-CH=CH-) protons in the fatty acid chains and cholesterol. The contribution of
cholesterol protons was subtracted and the remaining integral of this resonance was a
measure of the extent of unsaturation in the fatty acid chains. The presence of
MUFAs was indicated by the cross peak, 2.0ppm, 5.33ppm (-CH?CH=CHCH?R.
Fig.2). The presence of polyunsaturated fatty chains was indicated by the overlapping
resonances at ca 2.8ppm. These signals arose from the methylene protons within the
series of double bonds in the chain \-CH=CH-CH?-(CH=CH-CH?-)n1. For linoleic
acid, n= l, the specific methylene gave rise to the triplet at 2.75ppm of area two
protons which was resolved and, therefore, readily quantified. Cross peaks in the 2-D
COSY spectrum (2.8ppm, 5.33ppm) confirmed coupling between these methylene
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and vinyl protons of the various unsaturated fatty acids (Fig.2). Tetraenoic (ie
arachidonic) and related fatty acid chains gave rise to the multiplet at 1.69ppm as a
result of the characteristic p-methylene groups, -CH=CHCH?CH7CH7C00~.
Coupling between the a- and p-methylene protons of these fatty chains was indicated
in the 2-D COSY spectrum at 1.69ppm, 2.12ppm. Docosahexaenoic acid was
indicated in the 2-D COSY spectrum by the cross peak, 2.4ppm, 5.33ppm, which
confirmed coupling between its specific p-methylene and adjacent vinyl proton
(-CH=CHCH7CH7C00~). Bulk -CH2- resonances occurred at 1.3ppm while the
0)-CH3 protons resonated at ca 0.86ppm with interference from cholesterol methyl
resonances. It was possible to deduce, from the integral at 0.68ppm, the appropriate
cholesterol methyl resonance integral, and hence obtain a measure of the total fatty
acid chains from the 0.68ppm resonance.
Again, it was not possible at this stage to determine the variation of fatty acid chains
among individual phospholipids. This was possible after chromatographic separation,
which also removed overlapping cholesterol resonances and revealed other fatty acid
characteristic peaks. The total lipid extract was, therefore, subjected to (a) TLC
separation to remove neutral lipids, (b) Bond Elut column chromatography to obtain
the three lipid classes, neutral lipids, non-acidic phospholipids and acidic
phospholipids, and (c) HPLC to obtain individual lipids and lipid classes, for further
analysis by proton nmr. These procedures were described in chapter 2 (materials and
methods). The results of these analyses are discussed in the following sections.
3.2.2 Nmr analysis of erythrocyte membrane total phospholipids obtained by
TLC.
The proton nmr profile of the erythrocyte membrane TLC-separated total
phospholipids (Fig.4) was similar to that of the total lipid extract (Fig.l) in the vinyl
and glycerol backbone and phospholipid head group region (3ppm-6ppm). The same
phospholipid spectral features were identified; specific choline and ethanolamine
head group resonances, diacyl, ether and ceramide phospholipid characteristic
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Fig.4 Proton nmr spectrum of erythrocyte membrane TLC-separated phospholipids
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resonances. Acidic phospholipid head group resonances were again not easily
identifiable; apart from overlapping signals, they were known to be present in very
small amounts as reported elsewhere [65].
In the principal fatty acid region (Fig.4), 0.8ppm-2.9ppm, cholesterol resonances were
clearly absent and the fatty chain methyl and methylene resonances were more
distinctly shown. The main (0-CH3 triplet of the bulk of fatty acid chains appeared at
0.86ppm while the nearby triplet at 0.95ppm arose from the C0-CH3 protons of n-3
fatty chains (-CH=CHCH?CH3). The downfield shift was due to the effect of the
double bond p to the methyl group. This resonance was completely obscured by
cholesterol methyl signals. The sum of the integrals of the two 0)-CH3 resonances
represented the measure of the total fatty acid chains of the phospholipids. The
proportions of particular fatty chains were, therefore, obtained as a percentage of this
total fatty chains. Hexaenoic fatty chains were indicated by their specific methylene
proton (CH=CHCH?CH?COO") signal at 2.4ppm, slightly downfield from the a
methylene proton resonance of the bulk of fatty chains at 2.32ppm. The complex
signal at about 2.03ppm arose from the methylene protons outside the series of double
bonds in the unsaturated fatty chains (-CH7-CH=CH- --CH=CH-CH9~). With the
appropriate considerations, (eg the contribution of the methylene of hexaenoic fatty
chains) the integral of this resonance (2.03ppm) was taken as an approximate measure
of total unsaturated fatty acid chains. Other fatty acids, eg linoleic acid, 2.75ppm and
arachidonic acid, 1.69ppm, were the same as described under total lipid extract. The
average extent of unsaturation in the fatty chains was obtained by dividing the
integral of the vinyl proton resonance at about 5.33ppm by that of the (0-CH3
resonances. The ratio obtained, 1.13, suggested that at least one chain of each
phospholipid was saturated and the other unsaturated. Again, because the value was
close to unity, there was present, in the phospholipids, higher proportions of lower
unsaturates, eg MUFAs than higher polyunsaturates (PUFAs).
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3.2.3 Nmr analysis o f erythrocyte membrane lipid Bond Elut fractions.

The Bond Elut chromatographic fractionation was described under materials and
methods (chapter 2).
i Bond Elut fraction 1.
The proton nmr spectrum of this fraction is shown in Fig.5. Examination of the
spectrum showed that the neutral lipid fraction consisted almost entirely of
cholesterol. The sharp signals between 0.68ppm and 1.02ppm represented all the
methyl protons of cholesterol with the most characteristic C-18 methyl singlet at
0.69ppm. The C-3 proton occurred as a 7-line multiplet at 3.42ppm while the vinyl
proton gave the signal at 5.32ppm, The integrals of these peaks were consistent with
the number of cholesterol protons giving rise to these signals. The absence of any
7-line multiplet at about 4.52ppm clearly indicated the absence of any cholesterol
ester while the absence of glyceride Sni and Sng proton resonances at about 4.32ppm
and 4.15ppm indicated the absence of triglycerides in this neutral lipid eluate. The
erythrocyte membranes, therefore, contained only cholesterol as the neutral lipid [65].
ii Bond Elut fraction 2.
This fraction was expected to contain unesterifled fatty acids [58], its nmr spectrum,
Fig.6, confirmed that negligible amounts of free (non-esterified) fatty chains existed
in the erythrocyte membrane as reported elsewhere [65]. The complex signal at about
1.26ppm represented the bulk methylene proton resonances while the signal at
0.86ppm arose from the C0-CH3 protons. Alpha and ^methylene proton resonances
were barely detectable at 2.33ppm and 2.02ppm respectively, while vinyl proton
signals were not detectable at 5.33ppm.
iii Bond Elut fraction 3.
This fraction was expected to contain non-acidic phospholipids ie choline and
ethanolamine phospholipids [58]. The nmr spectrum, Fig.7, indicated the absence of
neutral lipids and acidic phospholipids and that a number of the non-acidic
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Fig.5 Proton nmr spectrum, erythrocyte membrane lipids Bond Elut fraction 1
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Fig.6 Proton nmr spectrum, erythrocyte membrane lipids Bond Hut fraction 2
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Fig.7 Proton nmr spectrum, erythrocyte membrane lipids Bond Elut fraction 3
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phospholipids were eluted by methanol. The multiplet at about 3.12ppm, the head
group (-CH7NH9) methylene proton resonance indicated the presence of
ethanolamine phospholipids. The two partially overlapping singlets at about 3.2ppm
represented the head group N+-methyl protons of all choline phospholipids, ie
glycero and sphingo lipids. The choline head group methylenes appeared at 3.6ppm
and 4.25ppm.
Sphingenine phospholipids gave rise to their characteristic ceramide vinyl proton
multiplets at 5.7ppm and 5.46ppm. The presence of diacyl and ether phospholipids
was indicated by their glycerol Sn2 proton multiplets at 5.23ppm and 5.18ppm
respectively. The ether phospholipid was predominantly plasmenyl as shown by a
comparison of the integral of its characteristic vinyl proton doublet at 5.92ppm with
the multiplet at 5.18ppm. Again, it was not clearly evident from the spectrum the
proportion of choline and ethanolamine lipids that were present as diacyl, plasmenyl
and ceramide phospholipids. However the ratio of choline to ethanolamine
phospholipids as well as the ratio of diacyl to ether to ceramide phospholipids can
readily be obtained from the integrals of their characteristic resonances.
It was noted that, apart from some variation in the relative integrals of some signals,
the spectrum of this Bond Elut fraction was very similar to the spectrum of the TLCseparated phospholipids (Fig.4) discussed earlier, in the head group, glycerol
backbone and fatty acid regions. The same fatty acid chains, linoleic (2.7ppm),
arachidonic (1.69ppm), hexaenoic (2.4ppm) and n-3 chains (0.96ppm) were all
present. Compared to the total lipid extract (Fig.l), a small but significant decrease in
the proportion of glycerophospholipids observed in the bond elut fraction 3 suggested
that the erythrocyte membrane consisted predominantly of non-acidic choline and
ethanolamine phospholipids. Together with cholesterol as the main neutral lipid, they
constituted the bulk of the erythrocyte membrane lipids [65]. Acidic phospholipids
were present only in small proportions [65] (see Table 5).
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iv Bond Elut fraction 4.
This fraction was expected to contain any acidic phospholipids present in the total
lipid extract [58]. The phospholipid head group region of the nmr spectrum of this
fraction, Fig.8, showed that no clearly defined acidic lipid resonances were identified
presumably due to the low abundance (<2%) of these lipids in the erythrocyte
membrane [65]. However, a longer period of scanning would improve the signal-tonoise ratio and enhance the analysis of these lipid signals. These are further discussed
under HPLC-separated lipids.

53

Fig.8 Proton nmr spectrum, erythrocyte membrane lipids Bond Elut fraction 4
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3.2.4 Nmr analysis of erythrocyte membrane phospholipids separated by H PLC .

In view of the problems encounted earlier in analysing mixtures of lipids, eg
overlapping resonances which make assignments difficult, it was desirable to separate
the lipid extract, as much as possible, into individual lipids prior to nmr analysis to
obtain more comprehensive information about the lipids. HPLC was, therefore,
applied to separate the total phospholipid extract for nmr analysis. Fig.9 shows the
HPLC profile of the phospholipids extracted from the erythrocyte membranes. The
lipids, Img/lOO/d, were injected and separated as described under materials and
methods (chapter 2). The sepapation was repeated three times.
Erythrocyte membrane glycerophosphocholine lipids.
This class of lipids eluted with an Rf of 26min from the HPLC column (Fig.9). The
proton nmr spectrum. Fig. 10, showed that this fraction was almost entirely
diacylglycerophosphocholine as indicated by the glycerol Sn2 proton resonance of
diacylphospholipids at 5.23ppm and the single N+-methyl proton singlet of the
choline head group at 3.2068ppm. No ether lipid or sphingolipid-specific N+-methyl
or other proton resonances were detected. The upfield and downfield proton signals of
the magnetically inequivalent glycerol Sni protons at 4.15ppm (4-line multiplet) and
4.42ppm (double doublets) respectively, the triplet at 3.98ppm from the glycerol Sng
protons and the head group choline methylene (-OCH2CH2N+) proton resonances at
4.25ppm (-OCH2-) and 3.6ppm(-CH2N+) confirmed this analysis which was further
confirmed by the corresponding cross peaks in the 2-D COSY spectrum (Fig.2).
The fatty acid region (0.8ppm-2.9ppm) was much simpler than in the Bond Elut
fraction 3 (Fig.7) or TLC-separated phospholipid (Fig.4) spectra. The average
unsaturation,ie the ratio of the integral of the vinyl peak at 5.34ppm to that of the
(u-CHg peak at 0.86ppm, was calculated at 0.91. This value, less than unity, suggested
relatively low levels of the PUFAs. Total unsaturated chains was calculated at about
48% of total fatty chains ie ratio of integral of peak at 2.04ppm (=CHCH2CH2 ) to
that of the C0-CH3 signal. This confirmed the presence of roughly equal proportions of
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Fig.9: HPLC profile of erythrocyte membrane lipids.
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SF, solvent front; PI, phosphatidylinositol; PS, phosphatidylserine;
PE, phosphatidylethanolamine; PC, phosphatidylcholine; SM, sphingomyelin.
Solvent A, acetonitrile:5mM KH2PO4 (4:1); solvent B, acetonitrile.
Flow rate, 1.5ml/min; detection, uv at 205nm.
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Fig. 10 Proton nmr spectrum of erythrocyte membrane phosphatidylcholine.
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saturated and unsaturated fatty chains in erythrocyte membrane phosphatidylcholine
(Table 3). Examination of the fatty acid region confirmed that linoleic acid (2.75ppm)
was the predominant polyunsaturated fatty chain present [68]. Docosahexaenoic acid
and other n-3 fatty chains were present only in trace amounts and relatively low levels
of arachidonic acid was detected. The ratio of the integral of the N+-methyl singlet to
that of the (0-CH3 signal (ie 0.506) was consistent with two fatty chains per choline
head group in phosphatidylcholine. The fatty acid composition of erythrocyte
membrane phosphatidylcholine, as determined from nmr integrals is given in Table 3.
Table 3: Fatty acid composition of erythrocyte membrane phosphatidylcholine
Fattv chain

Chemical shift(ppm)

% of total chains

Total chains

0.86

100

Total unsaturated

2.02

48.4

Total saturated

-

51.6

Linoleic (C:2)

2.75

23.0

Arachidonic (C:4)

1.69

4.3

Docosahexaenoic (C:6)

2.4,0.96

0.8

a-Linolenic (C:3)

0.96

2.0

Monounsaturated

-

18.3

Cm denotes fatty acid chains with n double bonds.
a-Linolenic acid (C:3) was determined by difference from the integral o f o)-CH3
triplet at 0.96ppm. This assumes that other n-3 fa tty acids, apart from
docosahexaenoic and linolenic acids, were present in negligible amounts. The fatty
acid composition o f erythrocyte membrane phosphatidylcholine compares favourably
with values reported by Shohet (1977) using GC analysis as follows [ 68]: saturated
fatty acids, C:0 (43%); monoenoic, C:1 (19%); linoleic, C:2 (23%); arachidonic, C:4
(7%).
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Erythrocyte membrane ether and diacyl glycerophospholipids containing
ethanolamine.
These lipids eluted at about 21 min from the HPLC column (Fig.9) and gave the
proton nmr spectrum shown in F ig.l 1. The head group methylene protons
(-CH9CH7NH7) resonated at about 3.1 ppm and specifically characterised this
fraction as ethanolamine lipids. The shape of this signal depicted a heterogeneous
mixture of ethanolamine lipids and further spectral examination revealed the presence
of two main types of glycerophosphoethanolamine lipids, the diacyl and ether lipids,
distinguishable by their glycerol Sn2 proton resonances at 5.23ppm (diacyl) and
5.15ppm (ether). The integrals of these resonances confirmed that the diacyl lipids
made up about 52% while the ether lipids made up about 48% of the ethanolamine
phospholipids (see Table 5 for lipid composition of erythrocyte membrane). The ratio
of the integral at 3.1 ppm to the combined glycerol Sn2 integrals (2.04), indicated that
there was one ethanolamine group per glycerol moeity.
The ether lipids were further distinguished by the specific vinyl proton doublet and
quartet at 5.92ppm and 4.33ppm respectively, which characterised the l-alkenyl-2acyl glycerophospholipids (plasmenyl lipids). Both the l-alkenyl-2-acyl and the
l-alkyl-2-acyl lipids give overlapping glycerol Sn2 peaks at 5.15ppm and the
proportion of the 1-alkyl-2-acyl lipid was, therefore, determined by subtracting the
integral at 5.92ppm, of the alkenylacyl lipid, from the integral of the glycerol Sn2
peak at 5.15ppm. The plasmenyl lipid thus made up about 90% of the ether lipids
while the alkyl acyl lipid was calculated at about 10% of the ether lipids. The
resonances of the magnetically inequivalent glycerol Sn% protons of the diacyl lipid
appeared at 4.42ppm and 4.17ppm. In the ether lipids, the substitution of the acyl
linkage with the 0-alkyl or 0-alkenyl linkage, produced an upfield shift in the
resonance frequency of the Sni protons to between 3.85ppm and 3.95ppm. These
additional signals complicated the head group region when significant amounts of
ether phospholipids were present in the lipid extract. The 2D-C0SY spectrum (Fig.2)
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showed that the glycerol Sng protons and the head group methylene protons,
-OCH?CH7NH9, gave rise to the complex signal at about 4.0ppm.
The ratio of the integral of the (0-CH3 signals (0.86ppm, 0.95ppm) to that at 3.1ppm
(1.93) confirmed that there were two fatty chains per ethanolamine head group but,
significantly, unlike the choline glycerophospholipids, the ethanolamine
phospholipids contained high levels of PUFAs. This was reflected in the higher value
of the average unsaturation in the ethanolamine (1.7) than the choline (0.91)
phospholipids. A summary of the nmr-based fatty chain analysis of the ethanolamine
phospholipids is presented in Table 4.
T ab le 4: Fatty chain composition of erythrocyte membrane ethanolamine
phospholipids.
Fattv chain

Chemical shift (ppm)

% of total chains

Total chains

0.86, 0.95

Total unsaturated

2.02

63.9

Saturated chains

-

36.1

Linoleic (C:2)

2.75

7.9

Arachidonic (C:4)

1.69

18.0

Docosahexaenoic (C:6)

2.4,0.95

4.6

Linolenic (C:3)

0.95

4.3*

-

29.1*

Monounsaturated

100

C:n denotes fatty acid chains with n double bonds. *Rough estimates
Shohet (1977), reported the following values fo r the fatty acid composition o f
erythrocyte membrane ethanolamine phospholipids [ 68]: saturated chains, C:0
(25%); monoenoic, C:I (18%); linoleic, C:2 (7); arachadonic, C:4 (24%). Some
differences exist between these and the proton nmr values. However, compared with
phosphatidylcholine, both methods strongly emphasised the same trends in fatty acid
composition.
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Hexaenoic acid (2.4ppm), arachidonic and related MJFAs (1.69ppm, 2.12ppm) and
n-3 fatty chains (0.95ppm) which were likely to consist predominantly of trienoic
a-linolenic acid chains, were almost entirely confined to the ethanolamine
phospholipids. Linoleic acid (2.75ppm) was, however, less abundant in ethanolamine
than choline phospholipids.
It was not possible to predict this distribution of fatty chains in the analysis of
mixtures of these phospholipids discussed in earlier sections and in many reports.
Erythrocyte membrane sphingenine and sphinganine phospholipids.
These lipids eluted with an Rf value between 31 and 35 minutes as a relatively broad
peak in the chromatogram (Fig.9) and their proton nmr spectrum is shown in Fig. 12.
The spectrum revealed the presence of the choline N+-(CH3)3 singlet at 3.196ppm.
As in the glycerophosphocholine lipids, the choline head group methylene protons
were indicated by the triplet at 3.6ppm (-CH?.N+) and the multiplet at 4.25ppm
(-0CH?CH7N+). The integrals of the choline resonances compared to the integral of
the C0-CH3 triplet at 0.87ppm confirmed that there were two hydrocarbon chains per
choline head group. The multiplets at 5.7ppm and 5.44ppm were indicative of the
characteristic sphingenine moeity vinyl protons (HO-CH-CH=CH-) and, therefore,
confirmed the presence of sphingomyelin in the erythrocyte membrane. The amide amethylene protons (-NHCOCH7-). common to both sphinganine and sphingenine
lipids, gave rise to the signal at 2.16ppm, whose integral gave it a 1:1 ratio with the
choline N+-methyl singlet. The integrals of the sphingenine moeity vinyl resonances
compared to that of the choline N+-methyl singlet showed that 89% of the
sphingolipids occurred as the sphingenine analogue of sphingomyelin. This,
therefore, suggested that the sphinganine analogue was present at ca 11% of the
sphingolipids. It was noted that no HPLC peak, when analysed by nmr, showed
evidence of sphingosine moeities with ethanolamine head groups, confirming the
absence of ceramide phosphoethanolamine lipids.
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Fig. 12 Proton nmr spectrum of membrane sphingomyelin.
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The resonance at 5.26ppm indicated the presence of vinyl linkages in the hydrocarbon
chains. From the resonance at about 2.02ppm (-CH?CH=CH— -CH=CHCH?-),
unsaturated chains (mainly monounsaturated) were calculated at ca 25% of total
chains.
Minor lipids of the erythrocyte membrane.
These were the acidic phospholipids which eluted between 12.5 and 18 minutes of the
HPLC separation (Fig.9). At least three broad peaks were located in this region of the
chromatogram at 13, 15 and 18 minutes, and were indicative of the presence of acidic
head groups containing glycerol, inositol and serine. The proton nmr spectra of these
three fractions are shown in Figs. 13, 14 and 15 respectively. The low levels of these
lipids resulted in poorly defined nmr signals. The spectra indicated the presence of
high proportions of PUFAs in all three acidic lipids [2.8ppm, -CH=CH(CH2CH=CH-)n;
5.35ppm, -CH=CH-], a factor that contributed to the enhanced uv absorption peaks
observed in the chromatogram. The small proportions of these lipids have been
documented [65]. The total lipid composition of the erythrocyte membrane is
presented in Table 5.
When small amounts of lipids are being analysed, significant proportions of
impurities (relative to lipids) are likely to be carried over from chemicals, solvents
and chromatographic columns so that the nmr spectra obtained may be complicated
by the presence of several signals unrelated to lipid resonances. Such spectra may
therefore, be difficult to analyse completely.
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Fig. 13 Proton nmr spectrum of erythrocyte membrane PG?
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Fig. 14 Proton nmr spectrum of erythrocyte membrane lipid HPLC fraction containing
PI
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Fig. 15 Proton nmr spectrum of erythrocyte membrane lipid HPLC fraction containing
PS among other lipids
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3.50

Table 5: Erythrocyte membrane total lipid composition determined from nmr
integrals of one-dimensional spectra.
Linids

Relative integral

Composition (mol%)

Cholesterol

1.9464

46.6

PC

0.5862

14.0

Total ethanolamine lipids

0.6696

16.0

Diacyl-GPE

0.3495

8.4

alkenylacyl-GPE

0.2893

6.9

alkylacyl-GPE

0.0308

0.7

Total choline sphingolipids

0.7825

18.7

Sphingenine analogue

0.6964

16.6

Sphinganine analogue

-

2.1

Minor lipids (PS, PI)

-

4.7

Lysolipids

-

trace

The proportions o f erythrocyte membrane lipids obtained in the nmr analysis closely
reflected those reported elsewhere eg Ways and Hanahan (1964) reported the
following values as approximate molar percentages [65J; PC (17%), PE (15%),
sphingomyelin (13%), PS and PI (8%), lysolipids and free fatty acids (3-5%)
cholesterol (42%).
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3.2.5 Estimation of the average fatty chain length of erythrocyte membrane
choline and ethanolamine glycerophospholipids.
In this estimation, use was made of the integrals of the different methyl and
methylene proton resonances in the fatty acid region of the spectra of the choline and
ethanolamine phospholipids (Figs. 10 and 11 respectively). These resonances are
shown below in a typical fatty acid chain.
CH3 - (CH2)n - CH2 - CH=CH - CH2 (CH2)n - CH2-CH2-C O 0 ‘
a
b
c
d
d
c
b
e f g
'a' is the (0-CH3 of all fatty acid chains and the integral per proton at about 0.86ppm is
taken as a measure of one carbon atom in the chain. The integral per proton at about
1.3ppm ie the bulk methylenes, 'b', is divided by that of 'a' to give the number of these
methylene carbon atoms. Dividing the integral at about 5.34ppm by that of 'a'
provides the average unsaturation in the fatty chains. This value multiplied by two
gives the average number of carbon atoms involved in double bonds. The signal(s) at
about 2.05ppm arose from 'c', the integral is divided by 4 and then by the integral of
'a'. The signals at about 1.6ppm ('e’) and 2.32ppm (T) normally accounts for 2 carbon
atoms. The carboxylic carbon (’g') is added as 1 atom. Additional approximations
must be made when polyunsaturated fatty chains are present, eg the resonances at
about 2.8ppm. The estimation of the average chain lengths of erythrocyte membrane
phosphatidylcholine and ethanolamine phospholipids are given in Tables 6 and 7
respectively.
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Table 6: Erythrocyte membrane choline phospholipids - estimation of average length

of fatty acid chains.
Chemical srouofDom)
q)-CH3

(0.86,0.95)

Integral

No. of carbon

3.153

1

bulk CH 2(13)

22.740

10.8

a-CH2(2.32)

2.089

1

P-CH2(1.6)

2.094

1

-CH2(CH=CHCH2)n (2.05)

2.017

0.5

-CH=CH-(5.34)

1.922

1.8

-

1

=CHCH2CH= (2.75)

0.470

0.2

=CH(CH2CH=CH-)n (2.82)

0.462

0.07

-co o -

Average number of carbon atoms per chain
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17.37

Table 7: Erythrocyte membrane ethanolamine phospholipids - estimation of average

fatty acid chain length.
Chemical group (ppm)
o)-CH3

(0.86,0.95)

Integral

No. of carbon atoms

42.56

1

bulk CH 2(13)

264.32

9.3

a-CH2(2.32)

23.99

1

P-CH2(1.6)

21.6

1

-CH2(CH=CHCH2)n (2.05)

39.65

0.7

-CH=CH- (5.32)

48.69

3.4

3.10

0.4

-c o o -

-

1

=CHCH2CH= (2.8)*

*

0.7

-OCH=CH- (5.92)

Average no. of carbon

atoms per chain

18.5

"^Estimated from the average unsaturation o f 1.7. For 'n' double bonds in a chain,
there are n-1 o f these specific methylenes. For 1.7 double bonds, therefore, there are
1.7-1 - 0.7 o f these methylenes. This condition is not valid when average
unsaturation is less than 1. In this way, the average length o f fatty chains o f
phospholipids from different sources may be compared.
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3.2.6 Nmr analysis of total lipids extracted from platelet-free plasma.

Total lipids were extracted, as described in chapter 2, from freeze-dried platelet-free
plasma. The nmr spectrum of the total lipid extract is shown in Fig. 16 while the 2-D
COSY experiment is shown in Fig. 17. From the spectra the following lipids have
been identified by their characteristic resonances as the predominant lipids in the
plasma : phosphatidylcholine, sphingomyelin, cholesterol, cholesterol esters and
triglycerides.
The N+(CH3)3 singlets at about 3.2ppm identified all the choline phospholipids, the
diacylglycerophosphocholine lipids at 3.2068ppm and sphingomyelin at 3.1965ppm
(Fig. 18). The multiplet at 5.7ppm is indicative of sphingosine-specific vinyl protons.
Because of low abundance, ethanolamine phospholipids were not clearly identified in
the spectrum. Their characteristic -CH2NH2 methylene proton resonance at about
3.1ppm was visible only after excessive magnification of the spectrum.
Cholesterol and its esters were responsible for the overlapping C-18 methyl singlets at
0.6874ppm and 0.6911 ppm respectively. The C-3 proton multiplet of cholesterol
occurred at about 3.41ppm while the corresponding diagnostic proton multiplet of the
cholesterol esters resonated at 4.55ppm. The presence of triglycerides was indicated
by the doublet of doublets at about 4.34ppm, from the downfield protons of the
glycerol C-1 and C-3 methylene groups. There were smaller amounts of other lipids
in the mixture and the HPLC approach was used to separate the lipids of the extract
for further nmr analysis which also gave extra information about the major lipids in
the extract.
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Fi g. 16 Proton nmr spectrum of total plasma lipids.
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Fig. 17.2-D COSY spectrum of platelet-free plasma total lipids (continued overleaf)
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Fig.18 Choline head group singlet of the total plasma lipids.
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3.2.7 Nmr analysis o f plasma lipids separated by HPLC.

Plasma choline glycerophospholipids.
This class of lipids eluted during the HPLC separation at 26min (Fig. 19) and the nmr
spectrum is shown in Fig.20. The singlet due to the choline -N+(CH3)3 protons
appeared at about 3.2ppm (3.2068ppm exactly). The other choline methylene protons
appear at 3.6ppm (-OCH9CH9N+) and 4.25ppm (-OCH9CH9N+). The integrals of
the glycerol backbone proton resonances at 4.0ppm (Sn3), 4.15ppm and 4.43ppm
(Sni) and 5.23ppm (Sn2) compared to the choline head group resonances suggested
that over 95% of this choline lipid was present in the diacyl form.
The fatty chain region of the spectrum (0.8ppm-2.9ppm) indicated the presence of a
diversity of fatty acyl chains. The fatty acid composition of the plasma
glycerophosphocholine lipid is given in Table 8 while the estimation of the average
fatty chain length is shown in Table 9.
Table 8: Fatty acid composition of plasma glycerophosphocholine lipids.
% of total chains
Fattv chain

Relative integral

nmr

GÇ**

153.7

100

79.8

51.9

50.4

-

48.1

49.4

linoleic (C:2)

32.5

21.1

23.6

arachidonic (C:4)

25

16.3

10.3

total chains
unsaturated chains
saturated chains

docosahexaenoic (C:6)

4.25

2.8

monounsaturated

-

7.9*

C:n denotes fatty chains with n double bonds.

3.3?
12.6

*Rough estimate.

After Nelson, G.J., and Freeman, N.K., 1960, J. Biol. Chem., 235.578-583 [69].
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Fio.l9 HPLC profile of plasma total lipids.
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SF, solvent front; PI, phosphatidylinositol; PE, phosphatidylethanolamine;
LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; SM, sphingomyelin;
LPC, lysophosphatidylcholine.
Solvent A, acetonitrile; solvent B, acetonitrile:5mM KH2P04(4:1).
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Fig.20 Proton nmr spectrum of plasma phosphatidylcholine.
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The nmr analysis of the fatty chains of human plasma PC compared reasonably with
reported GC values as shown in Table 8. The ratio of saturated to unsaturated fatty
chains was calculated at 48:52 (integral of methylene resonances at about 2.05ppm to
that of the (u-CHg at 0.86ppm). The polyunsaturated fatty acids clearly indicated
included linoleic acid (dienoic), 2.75ppm, arachidonic (tetraenoic), 2.14ppm and
1.69ppm, and docosahexaenoic acid, 2.4ppm. The average unsaturation was
calculated at 1.26 indicating significant levels of unsaturation in the choline lipids.
Table 9: Average fatty chain length estimation of plasma glycerophosphocholine
lipids.

Chemical group
(0-CH3

Integral

No. of carbon atoms

461

bulk -CH2-

1

2906

9.45

P-CH2

315

1

a -C H 2

291

1

C H 2(CH=CHCH2-)n

319

0.52

-CH=CH-

388

2.52

65

0.26

=CHCH2CH=, linoleic
"

, arachidonic

150

0.48

"

, hexaenoic

42

0.13

-

1

-COO-

Average no of carbon atoms per chain

17.36

Human plasma PC was reported to contain about 29% C:16, 57% C:18 and 10%
C:20 fatty chains [69J. The average chain length o f 17.36 was, therefore, a
reasonable estimation from nmr integrals.
Plasma ethanolamine phospholipids.
The ethanolamine lipids of the plasma lipid extract eluted at 20min from the HPLC
column (Fig. 19), and the proton nmr spectrum is shown in Fig.21. Unlike the choline
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Fig,21 Proton nmr spectrum of plasma glycerophosphoethanolamine lipids.
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glycerophospholipids, the ethanolamine phospholipids were present at very low
concentrations [69] (see Table 10). The characteristic ethanolamine head group
-CH7NH7 methylene proton resonance was seen at 2.98ppm. The spectrum revealed
the presence of at least two forms, the diacyl and plasmenyl phosphoethanolamines.
The diacyl lipid was characterised by the glycerol Sn2 proton multiplet at 5.22ppm
while the corresponding multiplet of the plasmenyl lipid occurred at 5.16ppm. The
doublet at 5.93ppm and the quartet at 4.33ppm are further evidence of the presence of
the plasmenyl lipid, arising from the structure-specific O-alkenyl (-0CH=CHCH2R)
protons of the 1-alkenyl ether side chain. The integrals of these resonances indicated
that the diacyl and plasmenyl lipids were present in roughly equal proportions.
The fatty chain region revealed the presence of polyunsaturated fatty acids including
linoleic acid (dienoic), 2.75ppm, docosahexaenoic acid, 2.4ppm and 0.96ppm,
a-linolenic acid (trienoic), 0.96ppm and arachidonic acid (tetraenoic), 2.13ppm.
Plasma sphingolipids.
The plasma sphingolipids eluted at about 32min from the HPLC column (Fig. 19), and
the proton nmr spectrum is shown as Fig.22. The characteristic resonances at 5.7ppm
and 5.44ppm of the sphingenine moeity, arising from its specific double bond, was
confirmed by cross peaks in the 2-D COSY spectrum of the total lipid extract
(Fig. 17). The singlet at 3.1965ppm was also diagnostic for the N+-methyl singlet of
the sphingomyelin choline head group. Other sphingosine backbone and choline head
group methylene resonances are labelled in Fig.22. The ratio of the sphingosine
specific vinyl proton resonance to that of the N+-methyl resonance was 0.902. This
suggested that about 90% of sphingomyelin was present as the sphingenine lipid
while the remaining 10% was probably the sphinganine analogue.
The sphingolipids contained no polyunsaturated side chains as shown by the absence
of PUFA-specific methylene signals at about 2.8ppm. Monoenoic side chains,
however, made up about 22% of total chains ie a high proportion (78%) of saturated
chains. These values were determined from the integral at about 2.02ppm
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Fig.22 Proton nmr spectrum of plasma sphingomyelin.
1, 2 a n d 3, s p h in g o s in e b a c k b o n e c a r b o n s 1 ,2 a n d 3 .
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(-CH7CH=CHCH9-) and that of the CD-CH3 signal at 0.87ppm. The variation in the
molecular species of sphingomyelin was likely to have resulted in the broad
overlapping HPLC peak (Fig. 19).
Plasma lysophosphatidylcholine lipids.
The plasma lysophosphatidylcholines are shown in the chromatogram (Fig. 19) as a
double peak at about Rf value of 36min; the proton nmr spectrum is shown in Fig.23.
The presence of the choline head group indicated by the N+-methyl singlet at
3.2038ppm, the -CH2N+ methylene triplet at 3.6ppm and the -OCH2CH2N+
methylene multiplet at 4.26ppm were diagnostic. The spectrum also revealed the
presence of a mixture of two lysophospholipids shown as follows.
CH2 - CH - CH2-0P02-0CH2CH2-N+(CH3)3
OH
OCOR
2-acyUysophosphatidylcholine, R was made up of unsaturated fatty acids.
CH2 - CH - CH2-0P02-0CH2CH2-N+(CH3)3
OCOR' OH
l-acyllysophosphatidylcholine, R’ was predominantly saturated fatty chains.

The 2-acyllysophospholipid has one of its fatty chains hydrolysed form the glycerol
C-1 position. With the fatty acyl linkage retained at the glycerol C-2 position, the
glycerol C-2 proton resonated at about 4.98ppm while the glycerol C-1 methylene
protons gave an 8-line multiplet at 3.7ppm. The ratio of the integral of the glycerol C2 proton signal to that of the choline N+-methyl singlet was 0.20.
The more abundant lysophospholipid in the mixture was the 1-acyllysophospholipid.
In this lipid the acyl chain is hydrolysed from the glycerol C-2 position so that the
glycerol C-1 position carried the acyl chain [71,72]. The absence of the ester bond at
glycerol C-2 position caused the glycerol C-2 proton to resonate further upfield at
3.97ppm, while the magnetically inequivalent glycerol C-1 protons resonated at 4.16ppm and

84

Fig.23 Proton nmr spectrum of plasma choline lysophospholipids.
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4.12ppm. The ratio of the integral of the glycerol C-1 proton signals to that of the
choline N+-methyl singlet was 0.802. Interestingly therefore, the 1-acylly so p h o sp h atid y lch o lin e ,

m ade

up

ab o u t

80%

w hile

the

2-acyl-

lysophosphatidylcholine consisted of about 20% of the lysolipid mixture.
The fatty chains showed a high proportion, over 70%, of saturated fatty acids. Only
about 3% of the total fatty chains was present as polyunsaturated fatty acids which
were more likely to be associated with the 2-acyllysophospholipid since unsaturated
fatty chains are usually positioned at the glycerol C-2 carbon. As expected, therefore,
the 1-acyllysophospholipid carried almost all of the saturated fatty chains at the
glycerol C-1 position as evidenced from the ratios of glycerol backbone proton
resonance integrals to fatty acid proton signal integrals.
If the l-acyllysophosphatidylcholine had resulted from isomérisation of the 2acyllysolipid, the fatty chains would have consisted significantly of unsaturated fatty
chains as found in the phosphatidylcholine portion of the plasma lipid extract. Both
lysolipids were, therefore, independently produced from phosphatidylcholine.
Plasma neutral lipids.
The neutral lipids eluted from the HPLC column at the solvent front (Fig 19) and gave
the proton nmr spectrum shown in Fig.24. The spectrum revealed a mixture of three
principal neutral lipids, cholesterol, cholesterol esters and triglycerides. The
overlapping singlets at 0.6874ppm (cholesterol) and 0.691 Ippm (cholesterol esters)
resulted from resonance of their C-18 methyl protons. The integral of this resonance
is a measure of all the cholesterol lipids. The two types of cholesterol lipids were
further distinguished by their C-3 proton resonances, both of which gave the 7-line
multiplets at 3.4Ippm (cholesterol) and 4.55ppm (cholesterol esters). As expected,
three times the sum of these C-3 proton resonance integrals equaled that of the
overlapping C-18 methyl singlets.
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Fig.24 Proton nmr spectrum of plasma neutral lipids.
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Triglycerides were identified from their glycerol C-1 and C-3 methylene resonances.
The protons on each of the C-1 and C-3 carbons are magnetically inequivalent, and
gave upfield (4.16ppm, 4-line multiplet) and downfield (4.34ppm, doublet of
doublets) resonances from which the triglycerides were quantified. Cross peaks in the
2-D COSY spectrum. Fig. 17, confirmed sterol and triglyceride specific proton
couplings.
The signals at about 2.8ppm indicated the presence of polyunsaturated fatty chains of
which dienoic linoleic acid (2.75ppm, triplet) was predominant, and present at about
3.5 times the molar amount of triglycerides. This suggested that the cholesterol esters
were present as cholesterol esterified to both saturated and unsaturated fatty acids.
Other lipids.
The chromatogram. Fig. 19, shows at least one acidic phospholipid peak at Rf 12min.
The quantity of this lipid was so small that not much information was obtained from
its proton nm r spectrum . It could be either phosphatidylinositol or
phosphatidylglycerol. The tiny peak at R f 23min in the chromatogram was consistent
with a small quantity of lysophosphatidylethanolamine in the plasma. The total lipid
composition of platelet-free plasma as estimated from nmr integrals is presented in
Table 10.
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Table 10: Composition of platelet-free plasma lipids obtained from nmr spectra.

Lipid

Normalised integral

Composition (mol%)

1902

13.44

69

0.49

Sphingomyelin

654

4.62

Choline LPL

624

4.41

Cholesterol

3200

22.60

Cholesterol esters

6500

45.91

Triglycerides

1208

8.53

PC
Ethanolamine GP

Others

trace

GP, glycerophospholipids; LPL, lysophospholipids.
These proportions will vary greatly depending on diet, eg the level o f cholesterol
esters is governed by dietary cholesterol intake [61 J. Nelson and Freeman [69],
reported the following values as % o f total phospholipids; PC (74.4), PE-PS (6.1),
sphingomyelin (19.4) from phosphorus analysis. The composition determined in this
nmr analysis closely reflected these values ie PC (77), PE (2), sphingomyelin (20).

3.3 Conclusion.
From the spectrum of the total lipid extract, the following lipids were identified and
quantified: choline and ethanolamine phospholipids, diacyl and ether phospholipids,
sphingolipids and cholesterol. Triglycerides were clearly absent from the spectrum
and no cholesterol esters were detected.
The overall fatty acid profile of the total phospholipids was obtained from TLCseparated phospholipids after the removal of overlapping cholesterol resonances.
Characteristic chemical shifts and integrals indicated the presence of the following
fatty chains: linoleic acid, docosahexaenoic acid, a-linolenic acid, arachidonic acid
and MUFAs.
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From the analysis of the Bond Elut fractions, cholesterol was shown to be virtually
the only neutral lipid present in the erythrocyte membranes. The non-acidic
phospholipids, choline and ethanolamine glycerolipids and sphingomyelin, were
shown to be the principal phospholipids of the membrane. Low levels of acidic
phospholipids resulted in poor nmr spectra and negligible amounts of unseterified
(free) fatty acids.
After HPLC separation, the individual lipid classes were analysed in greater detail.
Erythrocyte membrane PC was persent mainly in the diacyl form and the major
molecular species carried linoleic acid, saturated and MUFAs. Other fatty chains such
as arachidonic, docosahexaenoic and a-linolenic acids were present in relatively
small amountsf 7 0 ] .
Ethanolamine lipids were present in about equal proportions of the diacyl and ether
(mainly plasmenyl) forms. Their predominant fatty chains included saturated,
MUFAs and arachidonic acid. Other fatty chains present in lower but significant
proportions include docosahexaenoic, linoleic and a-linolenic acids. The average
fatty chain length of the ethanolamine lipids (18.5), estimated from nmr integrals, was
more than that of PC (17.37) which probably reflected the significantly higher
proportions of long chain PUFAs such as arachidonic and docosahexaenoic acids
present in the ethanolamine lipids.
Sphingomyelin was the most abundant phospholipid in the erythrocyte membranes
analysed. It was present mainly as the sphingenine analogue (about 90%), with about
75% of the hydrocarbon chains present in the saturated form.
From platelet-free plasma, PC was the predominant phospholipid and was present
mainly in the diacyl form. Saturated, linoleic and arachidonic acids were the major
fatty chains of plasma PC. Significant levels of mixed choline lysophospholipids
(predominantly the 1-acyllysolipid) were present in the plasma which carried mainly
saturated fatty chains. Also present in significant amounts in the plasma was
90

sphingomyelin with over 75% of saturated chains. Plasma ethanolamine lipids were
present only in very small amounts, about 2% of total phospholipids, in diacyl and
plasmenyl forms. Their nmr spectrum showed the presence of highly unsaturated fatty
chains.
Three major lipids were identified in the neutral lipid portion of the plasma from their
nmr spectrum; cholesterol, cholesterol esters of fatty acids and triglycerides. The ratio
of cholesterol to cholesterol esters was about 1:2.
It was observed that the proportions of all the major lipids and several minor lipids in
both the erythrocyte membrane and plasma was readily obtained by acquiring and
integrating a one dimensional proton nmr spectrum of the total lipid extracts. Without
■further

employing any chromatographic o^chemical procedures, the nmr approach provides a
quick and effective diagnostic means of determining many phospholipid and neutral
lipid levels in clinical blood samples. The nmr method should also provide a useful
means of assessing the effectiveness of lipid lowering agents during drug treatment
and clinical trials and any lipid inbalances due to genetic or other pathological or
toxicological conditions.
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CHAPTER4

LEISHM ANIA LIPIDS BY PROTON NMR.

4.1 Introduction: Review of lipids of Leishmania parasites.
Leishmanial lipids

b e.co m a

important over the years because of their

value in chemotherapy and chemotaxcrnomy. The protozoa contain a complex mixture
of lipids which can be exploited for these purposes. Much of the leishmanial lipid
research was carried out on the promastigotes since this form of the parasites is more
easily cultured in the laboratory than the amastigotes.
Phospholipids.
Beach et al., 1979 reported that between 45-86mol% of the leishmanial lipids consists
of phospholipids, the proportion depending on the cultural status of the promastigotes,
with the higher proportions resulting from more vigorous growths [73]. They later
showed that phospholipid proportions changed when culture temperatures were varied
between 25°C and 37®C, typical of temperatures between the gut of the sandfly
vector and the mammalian host [74]. The predominant phospholipids of the
Leishmania species contain choline, ethanolamine and inositol head groups [75].
Choline glycerophospholipids.
This is usually the most abundant class of leishmanial phospholipids, predominantly
present in the diacyl form. Beach et al. 1979, found that about 5% of the choline lipid
was present in the ether (alkylacyl and alkenylacyl) form [73]. About 44% of
]eishmanial phosphotipids is made up of glycerophosphocholine lipids [73].
The major fatty chains of the choline phospholipids was reported to be 18:3 (n-3)
with reasonable quantities of 18:2(n-6) and 22:6(n-3). In L. braziliensis, however,
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18:2 (n-6) is the most abundant chain, making up about 45% of total chains. Other
fatty chains found include 18:4 (n-9) and 18:1 (n-9) [75].
Ethanolamine glycerophospholipids.
This class of lipids was reported to make up about 25-30mol% of leishmanial
phospholipids [73, 76]. Gercken et al. 1976, suggested that the ethanolamine
phospholipids were present predominantly in the alkenylacyl (plasmenyl) form, with
small quantities of alkylacyl and phosphatidyl forms [76]. However,
phosphatidylethanolamine was the major form of the lipid found in L. tarentolae in
which the alkenylacyl form made up 20% and the alkylacyl form made up 12% of the
ethanolamine lipids [73].
The fatty chains of leishmanial ethanolamine lipids contain mainly 16 and 18 carbon
atoms and the chains differ from species to species. For example in L. tarentolae, the
major fatty chain is 18:1 (n-9) while in L. donovani, the major chain is 18:2 (n-6).
C-19 cyclopropane fatty acids were reported to be present in some species of
Leishmania, eg L. donovani and said to be restricted to the ethanolamine
phospholipids [73].
Inositol phospholipids.
The inositol phospholipids were reported to account for between 10-20mol% of total
leishmanial phospholipids [73, 76, 77]. The diacyl lipid formed the higher proportion
while the alkenylacyl/alkylacyl lipids were present in lower proportions of the
glycerophosphoinositols [73]. Lyso-1-alkylphosphatidylinositol was identified in L.
mexicana mexicana and was thought to be due to degradation of 1-alky 1-2acylphosphatidylinositols [78]. Apart from the glycerophosphoinositols, inositol
phosphosphingolipids were reported to be present in the Leishmania [78]. In L.
donovani for example, the sphingophosphoinositols form part of an antigen complex
[77].
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The fatty chains reported for the leishmanial glyceroinositols include 18:1 (n-9), 18:0
and 18:3 (n-3).
Other phospholipids.
Minor phospholipids reported to be present in the Leishmania include cardiolipin
[73], phosphatidylglycerol [79], phosphatidyl serine and lysophospholipids [73,76].
Neutral lipids.
Leishmanial neutral lipids are made up of predominantly triglycerides and sterols.
Triglycerides.
Triglycerides are present in significant amounts in the Leishmania., about 43 mol % of
the neutral lipid fraction was reported by Beach et al 1979, to consist of triglycerides
[73]. In trypanosome cultures, triglycerides were found to decrease steadily with
aging in fatty acid depleted media. Triglycerides were, therefore, thought to serve as
fatty acid storage for the parasite [80]. They may also be used by the protozoa as
energy reserves. Leishmanial triglycerides were found to contain significant amounts
of highly unsaturated (1-6 double bonds) fatty chains up to 22 carbon atoms [76].
Sterols.
Leishmania parasites are known to take up cholesterol from the growth medium [81].
They also synthesise parasite-specific sterols so that a mixture of cholesterol and
other sterols are present in the parasite [81, 82]. Ergosta-5,7,24-trien-3^ol
(ergosterol) was identified in L. donovani and L. tropica [76]. Goad et al. 1984,
identified lanosterol, squalene and 4a, 14a dimethylcholesta-8-24-dien-3p-ol in
several Leishmania species and suggested that their synthetic pathways were similar
to those of the fungi [83]. In L. major, ergosta-7,24-dien-3 P-ol was found to be the
major sterol while in L. donovani, L. tropica and L. mexicana, ergosta-5,7,24-trien3p-ol is the predominant sterol [83-85].
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Sterols are thought to play two roles in developing cells. They participate in forming
and maintaining the cell membrane structure as they interact with phospholipid fatty
chains and regulate normal cell growth by involvement in some of the cell's metabolic
processes. The ergosterol-type sterols are thought to play significant metabolic roles
in the Leishmania [85].
The parasite-specific sterols serve as targets for chemotherapy in leishmaniasis. The
imidazole drugs such as ketoconazole and iconazole disrupt the biosynthesis of these
ergosterol-type sterols by blocking

their synthetic pathways leading to

the accumulation of metabolically undesirable sterols. These drugs have also been
used to study the biosynthetic pathways of the sterols in Leishmania [84,86-88].
Minor neutral lipids o f the Leishmania.
Alkyldiacylglycerols, the ether analogues of triglycerides, occur in small quantities in
the Leishmania. They are normally present as mixed ethers (alkyl and alkenyl
diacylglycerols) in which the glycerol C-1 position is occupied by a saturated ether
chain while the glycerol C-2 and C-3 positions are occupied by unsaturated fatty acyl
chains [76]. In L. tarentolae, they were reported to have accounted for 1.7% of the
neutral lipid fraction [73]. Sphingoid bases have also been reported in the neutral
lipids of Leishmania [89].

95

4.2 Results and discussion.

The following approach was adopted in the determination of Leishmania lipids by
proton nmr.
i. Cutaneous and visceral leishmaniasis. L. donovani was taken to represent the
causative parasites of visceral leishmaniasis while L. major was taken to represent
those parasites causing cutaneous leishmaniasis. Detailed nmr lipid analysis (total
lipids and HPLC-separated lipids) was carried out on these parasites to compare their
lipid profiles.
n Species differences. To assess nmr as a potential tool in chemotaxonomy, the total
lipid proton nmr spectra of L. major, L. donovani, L. mexicana

and L.

infantum (Khartoum) were obtained and compared.
iii. Parasite resistance. The nmr lipid profiles of sinefungin-resistant and nonresistant strains of L donovani were obtained in order to assess any possible changes
ossociqted
in membrane lipid:^with drug resistance.
iv. Chemotherapy. As a potential technique in assessing the effect of chemo
therapeutic agents, nmr spectroscopy was used to analyse the lipids extracted from
pentostam-inhibited L. donovani promastigotes.
V.

Nmr lipid analysis results were compared with those obtained by other researchers

using conventional methods of lipid analysis so as to assess the usefulness of the nmr
approach to lipid analysis.
4.2.1 L, donovani total lipids.
Total lipids (1.8mg) were extracted as described under materials and methods
(chapter 2). Several lipids were identified from the nmr spectrum of the total lipid
extract (Fig.25). Singlets at 3.20ppm and 3.196ppm are characteristic of the
-N+(CH3)3 head groups of choline glycerophospholipids and choline
phosphosphingolipids respectively. The latter signal was not observed and hence
indicates low levels or absence of choline phosphosphingolipids. The resonance at
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Fig.25 1-dimensional proton n m r spectrum of L. donovani total lipids.
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about 3 .Ippm (Fig.25) was diagnostic of ethanolamine phospholipids, arising from
the head group -CH?NH? methylene protons. The proportion of choline to
ethanolamine phospholipids may be determined from the ratio of the integrals of
these signals.
Resonances arising from the glycerol Sn2 proton further characterised phospholipids.
The diacyl and ether multiplets at 5.2ppm and 5.16ppm respectively were partially
overlapped by a sterol triplet. Alkyl/alkenyldiacylglycerol lipids gave the multiplet at
5.08ppm (Fig.25) due to their glycerol Sn2 proton. The glycerol Sn2 proton resonance
of 2-acyllysophospholipids occurred at 4.97ppm (Fig.25) as a quintet without any
interference from other signals, a suitable condition for quantitation. The doublet at
5.92ppm arose from one of the vinyl ether protons of the plasmenyl phospholipid
from which it was quantified.
Cholesterol and ergosterol-type sterols were quantified from their sterol C-18 methyl
singlets at about 0.68ppm and 0.63ppm respectively (Fig.25). Other singlets of less
intensity appeared in this region indicating the presence of less abundant sterols [75].
Additional ergosterol resonances arising from vinyl protons occurred at 5.20ppm and
5.52ppm.
The vinyl protons in the fatty chains gave rise to the complex resonance at about
5.34ppm and provided a measure of the extent of unsaturation in the chains. Several
types of fatty chain methylene proton resonances occurred between 2.84ppm and
1.2ppm, overlapping sterol methylene resonances. The methylene protons within a
series of double bonds gave the complex overlapping triplets at about 2.8ppm. This
was diagnostic of the presence of polyunsaturated fatty acids. Linoleic acid was
estimated from its characteristic methylene triplet at 2.75ppm. Generally the less
complex the level of unsaturation, the more accurate is the estimation of the fatty acid
composition. Cyclopropyl rings in some of the fatty chains [75] were indicated by the
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Fig.26 2-D COSY spectrum of L donovani total lipids (continued overleaf)
PLGL, phospholipid glycerol; LPC, 2-acyllysophosphatidylcholine glycerol; TGGL,
triglyceride glycerol; u, upfield proton; d, downfield proton; E, ergosterol; FA, fatty
acid; IN, inositol head group protons; CP, cyclopropane ring (-CHŒ2-)
SPH, sphingosine ( 3 CH2OP2 CHNHCOHOCHCH=CHCH2 ); PLMGL, plasmenyl glycerol
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resonance at -0.35ppm (Fig.25) due to the highly shielded methylene ring protons.
The (0-CH3 proton resonances of the fatty chains occurred at about 0.86ppm together
with sterol methyl resonances. In rat liver, where cholesterol is the only sterol, the
methyl resonance overlap was less pronounced and the estimation of total chains from
the C0-CH3 triplet [56] was more accurate than in this analysis. Significant levels of
unesterified (free) fatty acids present in the lipid extract were indicated by their
a-methylene proton triplet at 2.22ppm (Fig.25) which, as expected, resonated slightly
upfleld to the a-methylene proton signal of the esterified fatty acids at 2.32ppm.
Significant overlap of resonances in the phospholipids head group region (about
3.2ppm-4.5ppm) made the estimation of acidic phospholipids in the mixture difficult.
However, cross peaks in the 2-dimensional COSY spectrum of the total lipids
revealed the presence of inositol lipids (Fig.26) and further confirmation was obtained
by HPLC separation of the lipids (Fig.27) prior to nmr determination and analysis of
the fractions.
4.2.2 L. donovani: proton nmr determination of HPLC-separated lipids.
The HPLC separation of the lipid extract was described under materials and methods
(chapter 2).
Choline phospholipids.
The significant levels of lysophosphatidylcholine found in this study was attributed to
post-harvest enzymatic action of a surface-oriented diacylphosphatidylcholine
specific phospholipase A [90] and was considered in estimating the amount of choline
lipids. Activation of cell surface phospholipases A after cells have been killed was
demonstrated by Weiss et al. in Escherichia coli [91]. Diacylglycerophosphocholine
and l-alkenyl-2-acylglycerophosphocholine lipids eluted together after 25min of
HPLC (Fig.27) and were shown by proton nmr to contain largely the alkenylacyl
form; 5.92ppm, 4.34ppm, 5.16ppm (Fig.28). {Much of the diacyl form appeared as
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Fig.27 HPLC profile of L donovani total lipids
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Fig.28 Proton nmr spectrum of L. donovani choline phospholipids
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Fig.29 Proton nmr spectrum of L. donovani lysophosphatidylcholine
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lysophosphatidylcholine (Fig.29), predominantly the 2-acyl form, between 30.5 and
33min of HPLC}. In the diacyl form, the glycerol Sn2 proton would resonate at
5.23ppm while the glycerol Sn i protons would resonate at 4.42ppm and 4.16ppm, but
these signals were largely absent from the spectrum (Fig.28). The head group
-N+(CH3)3 singlet at about 3.20ppm (Fig.28&29) distinguished the choline lipids
from others. Choline lipids were estimated, from proton nmr integrals, at about 47%
of total phospholipids of L donovani promastigotes.
The fatty chains of the choline lipids, deduced from the spectra (Figs.28&29)
included saturated and polyunsaturated fatty acids (Table 11).
Table 11: Fatty acid analysis of Leishmania donovani choline glycerophospholipids.
Fatty acid

Percentage of total chains

C:0

5

0.1

21

C:2

18

C:3

30

C:4&5

18

C:6

8

C:l-6; fatty chains with 1 to 6 -CH=CH- per chain.
The -CH2" protons withinthe series of double bondsresonated at 2.74ppm-2.86ppm.
The diversity of the fatty chains was reflected in the asymmetry of the (D-CH3 triplet
at 0.84ppm-0.98ppm (Fig.29). Even though inconsistent proportions of fatty chains
have been reported [73, 90], the choline lipids of L. donovani generally contained
diverse and high levels of fatty acid unsaturation. About 40% of fatty chains were in
the n-3 form (Fig.29, (D-CH3 of n-3 chains at 0.95ppm) [73]. The enzymatic loss of
glycerol Sni acyl chains was thought to have been reflected in the values obtained for
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the fatty acid composition of choline lipids, ie the low value of saturated chains
(Table 11). This would suggest that the glycerol C-1 position of the diacyl choline
phospholipids was largely occupied by saturated fatty chains. The unesterified fatty
acids observed earlier (2.22ppm, Fig.25) were thought to have largely resulted from
this post-harvest li polytic activity.
Ethanolamine phospholipids.
All members of this class of phospholipids had a retention time of about 20min
(Fig.27). The proton nmr spectrum (Fig.30) showed that the lipid was almost entirely
plasmenyl. This is because no significant signal due to the backbone glycerol Sn%
proton of the the diacyl form was observed at 5.25ppm. This proton signal is shifted
slightly upfield to 5 .16ppm in the plasmenyl form. The integrated areas of the vinyl
ether proton signals at 5.92ppm (IH) and 4.34ppm (IH) were identical to that of the
head group -CH2NH2 methylene proton signal at 3.11ppm (2H). This indicated that
the glycerol Sni position was almost entirely occupied by vinyl ether chains. The
glycerol Sng -CH2- and the head group ethanolamine -OCH7CH9NH7- methylene
proton resonances overlapped to give a complex signal at 4.03-3.96ppm. The glycerol
Sni methylene protons were magnetically inequivalent, the downfield proton
resonated at 3.95ppm-3.92ppm as a doublet of doublets while the upfield proton gave
a quartet of singlets at 3.90-3.86ppm, whereas in the diacyl form the two resonances
are widely separated and shifted downfield. From the integral of the characteristic
methylene signal at 3.11ppm, ethanolamine lipids were determined at about 36% of
the phospholipids of whole cells of L donovani. The significantly higher proportion
of ethanolamine phospholipids obtained in this analysis compared to the 13.3%
reported by Wassef et al. [90] could be due to the different strains of parasites used,
the specific culture conditions and the age of the culture at the time of harvest [92].
The high levels of plasmenyl forms of the lipid was particularly consistent with other
published information [79,93].
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Fig.30 Proton nmr spectrum of L. donovani ethanolamine phospholipids
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Linoleic acid (C:2) was the major fatty acyl chain (Table 12) as shown by its specific
(=CH-CH2“CH=) methylene signal at 2.75ppm. Higher polyunsaturates were present
only in trace amounts. This trend in the fatty acid composition of ethanolamine lipids
agrees significantly with other published information [90].
Table 12: Fatty acid composition of L. donovani ethanolamine phospholipids.
Fatty acid

Percentage of total chains

C:0

16

C:1

27

C:2

51

C:3

7

Cyclopropyl

6

C:4&5

-

C:n denotes fatty chains with n double bonds.
Inositol phospholipids.
The nmr spectra (Fig.31&32) showed that four classes of inositol phospholipids
eluted between 12.5 and 13.8min of HPLC (Fig.27). These fractions showed
characteristic inositol ring triplets between 4.2ppm and 3.0ppm, eg the triplets at
3.21 ppm, 3.64ppm and 3.78ppm (Fig.31&32). Three main types of leishmanial
inositol phospholipids were documented in the literature [75]; ceramide, phosphatidyl
and alkyl acyl inositols. The nmr spectrum (Fig.31) showed that the peak eluting at
12.5min in the HPLC separation contained phosphatidyl-, lyso and alkylacyl forms of
inositol phospholipids. Their glycerol Sn2 protons resonated at 5.24ppm
(diacylglycerophospholipids); at 5 .17ppm (alkylacylglycerophospholipids); 4.98ppm
(lysophospholipids). The peak eluting at 13.8min had sphingosine specific vinyl
(-CH=CH-CHOH) multiplets at 5.68ppm and 5.44ppm (Fig.32). Together with the
inositol ring triplets, this fraction contained mainly ceramide phosphoinositol.
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Fig.31 Proton nmr spectrum of L. donovani inositol phospholipids
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Fig.32 Proton nmr spectrum of L. donovani ceramide phosphoinositol
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Total phosphoinositol lipids made up about 14% of phospholipids of L. donovani.,
which compared closely to the 10-20mol% reported for the inositol phospholipids of
Leishmania species [75]. Ceramide phosphoinositols form part of an antigen complex
in L donovani [77] while lyso-l-alkyl-phosphatidylinositols are anchors for the
lipophosphoglycans of L.

major

[94,

95].

The

fatty

acids

of

the

glycerophosphoinositols are shown in Table 0 compared with other published
compositions [73, 90]. Monounsaturated fatty acids (C:l) were the major fatty chains
found in this work. Together with saturated fatty acids (C:0), they constituted the
predominant fatty chains (69-70%) of the glycerophosphoinositols of L. donovani as
shown in the values in Table 13. Higher polyunsaturates are less prominent.

Table 13: Fatty acid composition of L. donovani glycerophosphoinositol lipids.
Fatty acid

Percentage of total chains

C:0

24

C:1

46

02

12

C:3

10

C:4&5

4

C:6

5

C:n denotes fatty chains with n double bonds.
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Neutral lipids.
Sterols and triglycerides made up the bulk of the neutral lipid fraction which eluted,
together with non-esterified fatty acids, at the solvent front in less than 7min during
the HPLC separation (Fig.27).
Sterols made up about 60% of the neutral lipid fraction and 32% of total lipids (Table
14), as estimated from integrals in the proton nmr spectrum. The ratio of ergosteroltype sterols to cholesterol type sterols was about 1.3, which indicates the presence of
a high proportion of parasite-specific sterols. Sterols were identified from their C-18
methyl singlets between 0.54ppm and 0.70ppm and were quantified from these
signals (Fig.33). Ergosterol-type sterols were also quantified from their -CH=CHresonances at 5.52ppm and 5.20ppm. Additional minor sterol peaks appeared in the
upfield C-18 methyl region. These observations were consistent with sterol
metabolism in Leishmania [83,84].
Characteristic triglyceride resonances were clearly separated from sterol resonances.
The glycerol C-2 proton resonated at 5.09ppm while the C-1 and C-3 methylenes
showed downfield (doublet of doublets) and upfield (quartet of singlets) proton
resonances at 4.34ppm and 4.15ppm respectively (Fig.33). The triglycerides were
quantified from these signals to give 38% of neutral lipids and 20% of total lipids
(Table 14). The vinyl resonances at about 5.32ppm and the methylene resonances at
about 2.80ppm confirmed the high proportions of polyunsaturated fatty chains
documented elsewhere [75].
As reported in the literature [76, 79], there is evidence to suggest the presence of
alkyl/alkenyldiacylglycerols. The multiplet at 5.08ppm (Fig.33) is indicative of the
resonance due to the glycerol C-2 proton of l-alkyl/alkenyl-2,3-diacylglycerolipids,
analogous to the ether phospholipids discussed earlier. (The slightly downfield
chemical shift, about 5.15ppm, observed for the ether phospholipids was due to the
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Fig.33 Proton nmr spectrum of L. donovani neutral lipids
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more polar phosphoester head group at the glycerol C-3 position). The alkenyl
analogue of these neutral lipids was indicated by the vinyl ether (-0CH=CHCH2R)
proton signal at 5.91 ppm.
Traces of sphingolipid bases [96] were also detected in the spectrum of the neutral
lipids (sphingoid multiplets at 5.7ppm and 5.4ppm).
Total lipid composition of the whole cells of L. donovani promastigotes, and the
phospholipid composition of the cells, as estimated from the integrals in the nmr.
spectra, are shown in Table 14 and Table 15 respectively.
Table 14: Total lipids of Leishmania donovani.
Lipid

Composition (mol%)

Phospholipids

48.4

±3.2

Sterols

31.7

±3.8

Triglycerides

19.9

±2.5

Total neutral lipids

51.6

±3.1

The figures are the mean of three analyses (n=3).
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Table 15: Phospholipid composition of Leishmania donovani:.
PhosDholinid
Diacyl-GPC

mol% of total
41.5
4.2

Aikenylacyl-GPC
Alkylacyl-GPC

1.6

Diacyl-GPE

0.8

Akenylacyl-GPE

35.8

Aikylacyl-GPE

trace

Diacyl-GPI

4.5

Alkylacyl-GPI

5.9

Ceramide phosphoinositol

3.6

Others

2.0

Choline lipids

47.3

Ethanolamine lipids

36.7

Inositol lipids

14.0
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4 .2 3 L. major total lipids.

The 1-D proton nmr spectrum of the total lipids (4mg) of L. major is presented as
Fig.34 while the 2-D COSY spectrum is shown as Fig.35. The following lipids were
identified from the spectra.
Choline phospholipids: Characteristic singlet at about 3.2ppm arising from the
choline head group -N+(CH3)3 protons.
Ethanolamine phospholipids: The characteristic signal at 3.1ppm arose from the
ethanolamine head group methylene ( CH iCH iN H ?) protons.
Sphingoliplds: The multiplet at 5.7ppm arose from one of the sphingosine-specific
vinyl protons.
Plasmalogens: The doublet at 5.92ppm arose from one of the 0-alkenyl (0CH=CHCH2R) protons of the glycerol C-1 ether chain.
Diacylglycerophospholipids: The multiplet at 5.18ppm arose from the glycerol C-2
proton of all diacyl phospholipids.
2-acyllysophospholipids: The quintet at 4.98ppm is characteristic of the glycerol C-2
proton of 2-acyllysophospholipids.
Triglycerides: The doublet of doublets at 4.34ppm is characteristic of the downfield
protons of the magnetically inequivalent glycerol C-1 and C-3 methylene protons.
Sterols: The C-18 methyl singlets between 0.5ppm and 0.75ppm and the vinyl proton
resonance at 5.53ppm characterised sterols.
PUFAs: The complex overlapping triplets at about 2.8 ppm indicated the presence of
polyunsaturated (2-6 double bonds) fatty acid chains (=CHCH?CH=).
Non-esterified fatty acids: The triplet at 2.22ppm characterised the a-methylene
protons of free fatty acids.
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Fig.34 Proton nmr spectrum of L. major total lipids
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Fig35 2-D COSY spectrum of L. major total lipids (continued overleaf)
PLGL, phospholipid glycerol; LPC, 2-acyllysophosphatidylcholine glycerol; TGGL,
triglyceride glycerol; u, upfield proton; d, downfield proton; E, ergosterol; FA, fatty
acid; IN, inositol head group protons; DHA, docosahexaenoic acid (=CHCH2CH2COO‘)
SPH, sphingosine ( 3 CH2OP2 CHNHCOH0CHCH=CHCH2-); PLMGL, plasmenyl glycerol
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Fig.35 continued
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4.2.4 L, major: Proton nmr determination o f HPLC-separated lipids.

Choline glycerophospholipids.
Two main peaks of glycerophosphocholine lipids eluted at retention times of 25min
and 29min (Fig.36), representing the intact lipid and lysophospholipids respectively,
as shown later by proton nmr.
The 1-D proton nmr spectrum of the intact choline lipid is given as Fig.37. Three
subclasses of this lipid was shown in the spectrum. 1. The diacyl lipid gave the
characteristic choline -N+-methyl singlet at 3.2063ppm and the glycerol C-2 proton
multiplet of diacyl phospholipids at 5.23ppm. 2. Mixed ether phospholipids were
shown by their characteristic glycerol C-2 proton multiplet at 5.15ppm. 3. The
plasmenyl analogue of the ether lipids was indicated by the its specific 0-vinyl
doublet at 5.92ppm.
The fatty acid portion of the spectrum showed significant levels of PUFAs {2.8ppm,
-CH=CHCH?(CH=CHCH?-)n). Docosahexaenoic fatty chains (n-3) were indicated
by the signal at 2.4ppm (-CH=CHCH9CH9COO"). There was little evidence of
arachodonic acid but significant amounts of trienoic fatty acids (n-3) were present
(0.95ppm, -CH=CHCH2CH3).
The 1-D proton nmr spectrum of the L. major choline lysophospholipids is shown in
Fig.38. The head group choline N+-methyl singlet occurred at 3.2035ppm. Two
choline lysophospholipids were indicated in the spectrum. 1. The

2-

acyllysophosphatidylcholine gave rise to its specific glycerol C-2 proton multiplet at
4.98ppm whose integral represented 94% of the integral of the N+-methyl singlet. 2.
The minor component, 1-acyllysophosphatidylcholine, was indicated by its specific
glycerol proton multiplets at 3.88ppm and 4 .14ppm and represented 6% of the choline
lysophospholipids.
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Fi0.36 HPLC profile of L major total lipids
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SF/NL, solvent front and neutral lipid; PI, phosphatidylinositol;
CPI, ceramide phosphoinositol; PE, phosphatidylethanolamine;
LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine;
LPC, lysophosphatidylcholine.
Solvent A, acetonitrile; solvent B, acetonitrile:5mM KH2P0 4 (4:1).
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40.

Fig.37 Proton nmr spectrum of L. major intact glycerophosphocholine lipids
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Fig.38 Proton nmr spectrum of L. major choline lysophospholipids
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The lysophospholipids were present at about 16 times the level of the intact choline
lipids. Since it is unusual the such high levels of lysophospholipids would exist
endogenously, they were possibly products of lipolytic degradation of
phosphatidylcholine by leishmanial cell surface phospholipases [90]. This cell surface
enzyme activity was probably due partly to post-harvest aggregation of the
promastigotes prior to lipid extraction.
The fatty chains contained high proportions of PUFAs (average unsaturation
estimated at 2.7) {2.8ppm, -CH^CHCH?(CH=CHCH9-)n>. Total unsaturated fatty
chains were estimated, from the methylene resonance at 2.0ppm, at about 94% of total
fatty chains so that saturated fatty chains were present at about 6% of total chains.
From these proportions therefore, it was concluded that the 2-acyllysophosphatidylcholine carried all the unsaturated fatty acid chains while the 1-acyl
lysophosphatidylcholine carried the saturated fatty

chains. Since the

lysophosphatidylcholines resulted largely from phosphatidylcholine, it was concluded
that saturated fatty chains occupied the glycerol C -1 position while unsaturated fatty
acid chains occupied the glycerol C-2 position of leishmanial phosphatidylcholine.
Examples of the PUFAs present include docosahexaenoic acid (2.4ppm), a-linolenic
acid {trienoic acid} (0.95ppm) and linoleic acid (2.75ppm). Their composition is
given in Table 16.
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Table 16. Fatty acid composition of L. major lysophosphatidylcholine.
Fatty chain

Percentage of total chains

unsaturated

94.0

saturated (C:0)

6.0

linoleic (C:2)

28.4

a-linolenic (C:3)

14.7

docosahexaenoic (C:6)

18.6

others*

32.2

*Others include largely monounsaturated fatty chains. There is little evidence o f
eicosatetraenoic and related acids.
Ethanolamine phospholipids.
Two classes of glycerophosphoethanolamine lipids eluted from the HPLC column at
retention times of 19min and 21min (Fig.36).
Fig.39 represents the proton nmr spectrum of the peak eluting at 19min. The spectrum
revealed the presence of three ethanolamine lipids all of which gave rise to the
characteristic ethanolamine methylene (-QCH9CH9NH7) resonance at 3.1 Ippm. 1.
The l-O-alkenyl-2-acylglycerophosphoethanolamine (plasmenyl) lipid gave rise to
the O-vinyl specific proton resonances at 5.92ppm ( 0CH=CHCH2-, doublet) and
4.34ppm (-0C H =C H Œ 2-, quartet) and made up 80% of the ethanolamine lipids in
this fraction. 2. The diacyl lipid was identified by its characteristic glycerol proton
resonances at 5.23ppm (C-2 proton) and 4.42ppm (C-1 downfield proton) and
quantified at 7.3% of the lipids in this fraction. 3. The amount of 1-alky 1-2-acylglycerophosphoethanolamine, 12.7% of the lipids in this fraction, was obtained by
difference from the integral of the multiplet at 5.15ppm, the glycerol C-2 proton
resonance of all ether lipids.
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Fig.39 Proton nmr spectrum of L. major ethanolamine lipids
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The fatty acid composition of these ethanolamine lipids was much sim pler than that
of the choline lipids. PUFAs with more than two double bonds were only present in
very small amounts so that fatty chains with 0, 1 and 2 double bonds were the main
fatty acids of the ethanolamine lipids [73] as shown in Table 17.
The nmr spectrum of the lipids eluting at retention time, 21min , is shown in Fig.40
which revealed the presence of mixed lysophosphatidylethanolamines, the 1-acyl and
2-acyl lysolipids. The characteristic head group -OCH9CH7NH9 methylene triplet at
3.1 Ippm. The 2-acyllysolipid gave rise to its characteristic glycerol C-2 proton
quintet at 4.98ppm while the corresponding resonance of the 1-acyllysolipid
overlapped with glycerol signals at about 4.0ppm. However, the 1-acyllysolipid was
identified by its glycerol C-1 methylene proton resonance at 4.13ppm as an 8-line
multiplet, the protons of which showed slight magnetic inequivalence. The glycerol
C-1 methylene protons of the 2-acyllysolipid gave rise to the 8-line multiplet at
3.71 ppm. Other resonances are labelled in Fig.40. The traces of plasmenyl lipid
(5.92ppm, doublet) was due to contamination from the intact ethanolamine lipids.
Table 17. Fatty acid composition of L. major ethanolamine phospholipids
Fattv acid

Percentage of total chains

unsaturated

47.0

saturated

53.0

dienoic

14.0

trienoic

2.8

MUFAs

30.2
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Inositol glycerophospholipids.
The glycerophosphoinositol lipids eluted as a broad peak at a retention time of I2min
(Fig.36) and the proton nmr spectrum is shown as Fig.41. Characteristic inositol head
group triplets occurred at 3.2ppm 3.63ppm and 3.78ppm. Cross peaks between the
inositol proton resonances were indicated on the 2-D COSY spectrum. Two types of
glycerophosphoinositols were indicated in the spectrum. 1. The diacyl lipid was
indicated by the characteristic glycerol C-2 proton multiplet of diacyl lipids at
5.23ppm. 2. The l-alkyl-2-acyl lipid was indicated by its characteristic glycerol C-2
proton multiplet at 5.17ppm.
The fatty chains of the glyceroinositol lipids contained significant amounts of PUFAs
including linoleic acid (2.75ppm), docosahexaenoic acid (2.4ppm) and a-linolenic
acid (0.95ppm). Their composition is presented in Table 18.
Table 18. Fatty acid composition of L. major glycerophosphoinositol lipids.
Fattv chain

Percentage composition

unsaturated

70.1

saturated

29.9

linoleic

9.7

11.0

total n-3 chains
a-linolenic (n-3)

5.7

docosahexaenoic (n-3)

5.3

Others*

49.4

^Others would include largely MUFAs
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Fig.41 Proton nmr spectrum of L. major inositol glycerophospholipids
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Fig.42 Proton nmr spectrum of L. major ceramide phosphoinositol lipids
1, 2 and 3, sphingosine backbone carbons 1, 2 and 3.
u and d, upfield and downfield protons.
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Inositol phosphosphingolipids.
The phosphosphingoinositols of L. major eluted from the HPLC column between
about 13.5min and 16.5min (36) and the proton nmr spectrum is shown in Fig.42. The
sphingosine moeity was indicated by its specific vinyl proton (H0CHCH=CHCH2R)
resonances at 5.44ppm and 5.69ppm. The inositol head group proton triplets were
also indicated at 3.2ppm, 3.65ppm and 3.79ppm. Only a veiy small fraction of the
aliphatic chains contained some form of unsaturation. From these characteristic
resonances, the lipid was identified and quantified as mainly ceramide
phosphoinositol [78].
Neutral lipids.
All the neutral lipids eluted with the solvent front in less than 6min (Fig.36) and the
proton nmr spectrum is shown as Fig.43. Several lipids were identifiable from the
spectrum.
a. Sterols. These were identified by their C-18 methyl singlets between 0.5ppm and
0.75ppm. Three ergosterol-type sterols were indicated by the overlapping singlets at
0.619ppm, 0.625ppm and 0.630ppm. A very small amount of cholesterol-type sterols
were indicated at 0.685ppm and 0.688ppm. The signal at 0.72Ippm and 0.729ppm
were probably related to lanosterol while another parasite specific sterol was
indicated by the signal at 0.538ppm.
b. Triglvcerides. The resonances characteristic of triglycerides are the glycerol
C-1/C-3 methylene proton resonances at 4.15ppm (4-line quartet, upfield protons) and
4.34ppm (doublet of doublets, downfield protons). The triglycerides were quantified
from these signals. As reported elsewhere [76], the triglycerides contained significant
levels of long chain fatty acids of high unsaturation, indicated by the complex
overlapping PUFA methylene resonances at about 2.8ppm.
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Fig.43 Proton nmr spectrum of L. major neutral lipids
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c. Alkvldiacvlglvcerols. Small but significant amounts of 1-alkyl-2,3-diacylglycerols
were indicated by the characteristic glycerol C-2 proton multiplet of ether lipids at
5.09ppm. The 1-alkenyl analogue was probably present only in trace amounts.
d. Free fattv acids. The unesterified fatty acids present in the neutral lipid fraction
were identified from their a-methylene (-CH?CH?COO i proton triplet at 2.18ppm.
They were thought to have largely resulted from lipolytic activity on the
phospholipids especially phosphatidylcholine.
e. Traces of sphingolipid bases were identified (vinyl multiplets at 5.4ppm and
5.7ppm). The total lipid composition and phospholipid composition of L. major
promastigotes are given in Tables 19 and 20 respectively.
Table 19: Total lipid composition of L. major LV39.
Lipid

nmr integral

composition. mol%

Phospholipids

0.5638

40.6 ±4.2

Sterols

0.3587

25.8 ±3.0

Triglycerides

0.3614

26.1 ±3.1

Alkyldiacylglycerols

0.1033

7.4 ±3.5

Sphingo bases

trace

-

The values represent the average ± St<^r\dorc\ d t v i o b i o n o f "tkc
o f tWv-ee b c i t c b ^ s

of

p<^^Gsites.
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Table 20: Phospholipid composition of L. major LV39.
Phosoholioid

nmr integral

comoosition, mol %

total GPC lipids

03216

57.0

diacyl-GPC

03169

56.2

alkylacyl-GPC

0.0027

0.5

alkenylacyl-GPC

0.0020

0.3

0.1691

30.0

diacyl-GPE

0.0497

8.8

alkylacyl-GPE

0.0164

2.9

alkenylacyl-GPE

0.1030

18.3

0.0731

13.0

diacyl-GPI

0.0219

3.9

alkylacyl-GPI

0.0180

3.2

ceramide phosphoinositol

0.0332

5.9

total GPE lipids

total inositols
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4.2.5 Lipids of L. donovani and L. major compared.
Three main classes of phospholipids were identified in L. donovani and L major in
the quantitative order, choline > ethanolamine > inositol phospholipids. Qualitatively,
identical subclasses of these phospholipids were present in both parasites. Important
quantitative differences, however, existed in the phospholipids of both parasites as
shown in Table 21.
Table 21: Overall ether and diacyl phospholipid content of L. donovani and L. major.
Percentage of total phospholipids
Parasite

total ether lipids

total diacvl lipids

L. donovani*

45.7

46.3

L. major

25.1

68.9

* Ethanolamine phospholipid was almost entirely plasmenyl.
In L. donovani, ether (O-alkyl and plasmenyl) and diacyl phospholipids were present
in almost equal proportions, both of which constituted over 90% of cellular
phospholipids. However, in L. major ether phospholipids constituted only a quarter of
total phospholipids.
Since the cells were sonicated in chloroform/methanol mixture during extraction, they
were disrupted so that the lipid profiles obtained were representative of whole cells
instead of surface membranes or membranes of intracellular organelles such as the
mitochondria. Ether lipids are known to be more resistant to lipolytic hydrolysis than
diacyl lipids. Due to the higher proportion of ether lipids in L. donovani than L.
major, the former is likely to be less susceptible to lipolytic activity in its
environment. L. donovani invades the inner tissues of the host to cause visceral
leishmaniasis while L. major largely infects the tissues of the skin to cause cutaneous
leishmaniasis [97]. In both cases, the parasites reside in macrophage cells of the host
13 6

in the amastigote form. The transformation from a promastigote form is likely to be
accompanied by biochemical changes in the parasites. It is therefore, not clear if these
lipid differences between the promastigotes of L. donovani and L. major play any role
in the infective tendencies of the two parasites. A combination of other biochemical
mechanisms are more likely to determine the orientation of infection in the parasites
rather than differences in the proportion of ether and diacyl lipids.
T h e fa tty

c h a in s in

b o th
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L , major w a s

p o s s i b l y d u e t o t h e h i g h e r c o n t e n t o f d i a c y l e t h a n o l a m i n e l i p i d s i n L . î?iajor t h a n i n

L

donovani.

4.2.6 Leishmania species differences: Evidence from lipid proton nmr.
Sterol patterns have been used in identification of closely related protozoa [75].
Gomez-Eichelmann et al. reported lipid differences and similarities between several
species of the trypanosomatids [98]. For example it was indicated that Leishmania
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and Trypanosoma platydactyli contain significant amounts of ergosta-5,7,24-trien-3P-ol which is completely absent from T, cyclops, T. lewisi and T. conorrhini. The
proton nmr spectrum, apart from giving relative proportions of lipids by integration of
characteristic lipid resonances [56, 58], offers a valuable pictorial pattern, the details
of which provide lipid fingerprints for the identification and characterisation of
different species of protozoa.
Table 22 shows some lipid patterns as obtained from integrals of characteristic lipid
signals of four Leishmania species, L. donovani, L. major, L. mexicana and L
infantum (Khartoum). Their total lipid profiles are shown as Figs.25, 34, 44 and 45
respectively.
Table 22: Some lipid patterns of Leishmania promastigotes.
Lipid pattern

L. donovani

L- major

L. mexicana

L‘ infantum

sterol numbers

6

>8

3

7

major sterol peak

0.626ppm

0.626ppm

0.625ppm

0.627pprn

PE/plasmalogen

0.99

1.19

0.25

0.92

PC/PE

1.45

2.35

3.90

1.39

sterol vinyl/PC

0.74

0.60

1.28

0.65

sterol vinyl/PE

1.09

1.42

5.0

0.91

cyclopropyl

present

absent

absent

absent
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Fig.44 Proton nmr spectrum of L. mexicana total lipid extract
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Fig.45 Proton nmr spectrum of L. infantum total lipid extract
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From Table 22, the following can be deduced.
1. Sterol numbers differ among the species of Leishmania and serve as a clear
indicator of species differences. Moreover, the relative intensities of the C-18 methyl
singlets and their chemical shift positions, the presence and absence of particular
singlets, can be visualised in the spectrum between about 0.5ppm and O.Sppm as a
pattern of sterols. These patterns form unique nmr lipid fingerprints which distinguish
one parasite from the other. These leishmanial sterol C-18 methyl proton nmr
fingerprints are shown as Figs. 46 (L. donovani), 47 (L. major), 48 (L. mexicana) and
49 (L. infantum).
2. In most Leishmania species, the plasmenyl subclass of phospholipids is largely
confined to the ethanolamine lipids. The ratio of the ethanolamine lipid (-CH7NH7,
3 .Ippm) to the vinyl ether resonance (-OCH=CHR, 5.92ppm) could reveal
differences between the species. Except in L. mexicana, this ratio is close to unity. L
mexicana stands out unique in showing a small ratio, 0.25, so that unlike the other
protozoa, L. mexicana ethanolamine lipids were predominantly diacyl and, therefore,
could serve as a distinguishing feature among the species.
3. The choline to ethanolamine ratio also shows a clear pattern where L. mexicana
was still unique in which choline lipids were present at about four times the amount
of ethanolamine lipids.
4. Variation was also observed in the ratio of the parasite-specific sterol vinyl peak
(5.5Ippm) to the amount of choline lipids. L. donovani and L. major showed similar
ratios, much less than unity, but L mexicana showed a significantly much higher ratio
well above unity.
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Fig.46 Nmr C-18 methyl fingerprint of L donovani sterols
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Fig.47 Nmr C-18 methyl fingerprint of L major sterols
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Fig.48 Nmr C-18 methyl fingerprint of L mexicana sterols
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Fig.49 Nmr C-18 methyl fingerprint of L. infantum sterols
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5. A similar ratio, sterol vinyl to ethanolamine lipids showed significant variations
among the species of Leishmania. In L. mexicana., where the ethanolamine content
was low, this ratio was uniquely higher (about 3 ^ times) than in the other protozoa.
6. Cyclopropane and cyclopentane rings form part of the fatty acyl chains in few
microorganisms in nature[2, 3], their presence ( or absence) therefore, offers a
valuable clue to species identification. Among the Leishmania parasites analysed,
only L. donovani contained cyclopropyl fatty chains and readily identifies this
protozoan from the others. The cyclopropane -CH2- proton resonance is readily
identifiable as a highly upfield shift at -0.35ppm.
These observations indicated that, using standardised culture conditions, it is possible
to use proton nmr lipid patterns to identify various protozoa.

4.2.7 P arasite resistance: n m r lipid profiles of sinefungin-resistant and nonresistant strains of L, donovani.
Resistance to chemotherapeutic agents by bacteria and parasitic protozoa is a well
known phenomenon [99] often frustrating efforts in the control of parasitic infections.
The biochemical mechanisms involved in such resistance may vary from one parasite
to the other.
Sinefungin is an antiprotozoal agent produced from Streptomyces griseolus which
shows activity against a range of protozoa including Leishmania, Plasmodium,
Trichomonas and trypanosomes [100]. It is also reported to have antifungal activity. It
is related in structure to S-adenosylmethionine (SAM) and S-adenosylhomocysteine
(SAH).
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The mode of action of sinefungin is still not clear but Nolan, 1987 suggested from his
experiments that its activity appears to involve inhibition of DNA replication at a site
unique to these lower eukaryotes [101]. He also reported that inhibition of growth of
L. mexicana by sinefungin was reversed by SAM.
Lipid patterns obtained from the nmr lipid profiles of sinefungin-resistant and nonresistant strains of L. donovani (Fig.50 and 25) were compared in order to find out
whether any lipid differences existed between the two strains.
Table 23: Lipid patterns of sinefungin-resistant and non-resistant strains of L.
donovani.
Linid pattern

non-resistant

resistant

choline/ethanolamine

1.45

1.40

sterol vinyl/choline

0.74

0.79

sterol vinyl/ethanolamine

1.09

1.04

cyclopropyl/ethanol amine

0.11

0.18

1 45

Fig.50 Nmr spectrum of sinefungin-resistant L donovani lipid extract
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The lipid patterns shown in Table 23 do not seem to differ significantly between the
resistant and the non-resistant strains of L. donovani. Lipids, therefore, may not play
direct roles in the incidence of resistance in the parasite. Unlike in bacteria [102], the
biochemical determinants of resistance in Leishmania and other parasitic protozoa are
not well understood [103]. Much work is therefore, required to reveal the biochemical
basis of drug resistance in Leishmania and other protozoan parasites.
4.2.8 Lipids of pentostam-inhibited L. donovani promastigotes.
Pentostam (sodium stibogluconate) is a pentavalent antimony compound, the first line
treatment of choice in visceral, cutaneous and mucocutaneous leishmaniasis.
Trivaient antimony is known to react readily with sulphydryl groups, but the
mechanism of action of the organic antimonials in leishmanisis is unknown [104].
Sodium stibogluconate is a complex mixture of mass from 100-4000Da [105] and the
activity is thought to be due to several units of the mixture, so that some batches of
the drug show little activity due to low proportions of active units [106]. The basic
structure of the drug is shown below.
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Stibogluconate unit.
Undoubtedly, the significant amounts of parasite-specific lipids of L donovani would
play some role in the infectivity of the protozoan. The promastigotes were therefore,
exposed to 30/<g/ml of sodium stibogluconate for 24 hours. This strength of drug was
shown to inhibit parasite growth within 24 hours. The lipids were extracted and

14 7

analysed by proton nmr. Fig.51 shows the 1-D proton nmr spectrum of the total lipid
extract of the inhibited promastigotes.
Compared to the spectrum of control L. donovani lipid extract (Fig.25), changes in
lipid profile of pentostam-inhibited cells can be seen in Fig.51. The major change is
the virtual disappearance of the ethanolamine phospholipids, recognised as follows.
1. The characteristic ethanolamine headgroup methylene (-OCH9CH7NH7)
resonance at about 3 .Ippm cannot be seen in Fig.51.
2. Most of the plasmenyl lipids of L. donovani, characterised by the doublet at
5.92ppm, was found to be associated with the ethanolamine phospholipid. The low
intensity doublet at 5.92ppm was probably due to the small amounts of plasmenyl
choline lipids known to be present in control promastigotes.
3. Linoleic acid, characterised by the triplet at 2.75ppm (-CH=CHCH9CH=CH-).
which was mainly associated with the ethanolamine phospholipids in control
promastigotes, was accordingly reduced to a relatively small amount.
4. The other lipids, choline phospholipids, inositol lipids and sterols were not
significantly affected.
Antiprotozoal activity has been reported for L. donovani promastigotes exposed to
Pentostam. But whether the activity was due to drug or preservative was questioned
by Roberts and Rainey, 1993 [106] since preservative alone produced similar
antiprotozoal action. However, sodium stibogluconate without preservative was found
to be active against the amastigotes.
What is, however, important at the moment is the fact that proton nmr is a potentially
useful and quick approach to detect changes in protozoan lipid composition without
chromatography and chemical reactions to degrade the lipids.
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Fig.51 Nmr spectrum of pentostam-inhibited L. donovani lipid extract
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4 3 Conclusion.

In this chapter, proton nmr was used to determine, in detail, the lipids of the
promastigotes of L major and L. donovani and to obtain the total lipid profiles of L
mexicana and L. infantum (Khartoum). The predominant phospholipids analysed were
choline, ethanolamine and inositol phospholipids. The choline lipids were
predominantly diacyl, the ethanolamine lipids were mostly plasmenyl while the
inositol lipids were present in mixed diacyl, alkylacyl and sphingo forms. Significant
levels of long chain PUFAs were present including docosahexaenoic acid which were
quantitatively more associated with the choline lipids. Little evidence existed for the
presence of arachidonic acid.
The cells contained significant levels of triglycerides and several sterols. Important
among the sterols were the parasite-specific ergosterol-type sterols. The sterols
differed quantitatively among the species of Leishmania analysed. They produced
distinct nmr patterns of sterol C-18 methyl singlets which is useful in species
identification. The triglycerides contained significant proportions of long chain fatty
acids similar to those of the phospholipids. Minor neutral lipids including
sphingolipid bases and alkyldiacylglycerols have been identified.
The presence of large quantities of lysophospholipids especially 2-acyllysophosphatidylcholine in the lipid extracts suggested the presence of cell surface
phospholipases A in the Leishmania parasites.
Lipids of sinefungin-resistant strains of L. donovani were found not to differ
significantly from non-resistant strains. Changes in the 1-D proton nmr lipid profile of
pentostam-inhibited L. donovani promastigotes were observed. Ethanolamine lipids
were almost completely absent from the spectrum.
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The observations made in these studies closely reflected those reported in the
literature and, therefore, suggested that proton nmr is a useful tool in parasite lipid
research.

151

CHAPTERS

GIARDIA LAMBLIA AND ENTAMOEBA HISTOLYTICA LIPIDS AS
DETERMINED BY PROTON NMR

5.1 Introduction.
Giardia lamblia is the protozoal agent that causes, in humans, the intestinal condition
referred to clinically as giardiasis [107]. In the intestine it may cause significant
depression in the levels of phospholipids and neutral lipids [108]. G. lamblia was
reported to be incapable of de novo lipid synthesis [109] because labelled precursors
were not incorporated into membrane lipids [110]. However, G. lamblia appeared to
incorporate fatty acids into cellular phospholipids [111] and the lipids of the cells
were found to be similar to those of the growth medium [112]. Previous
investigations of G. lamblia lipids have been determined by initial separations on
Sephadex and Florisil columns prior to identification by TLC. The following
phospholipids were identified from

G. lamblia : phosphatidylcholine,

phosphatidylethanolamine, phosphatidylglycerol and sphingomyelin [112]. The
presence of phosphatidylserine and phosphatidylinositol had been reported previously
by other workers [111] although these phospholipids were not detected by other
researchers in a subsequent study [113], in which cholesterol was found to be the
main component in the neutral lipid fraction.
Entamoeba histolytica is an infective amoeba with varied shapes and sizes based on a
simple cytoplasmic layout lacking complex organelles but capable of destroying
practically any tissue in the body [114], causing amoebic dysentery and other forms
of amoebasis.

152

There is limited information on the lipid content of E histolytica [115]. Sawyer et al
1967, found that essentially, all the lipids of the cell were obtained from the medium
(probably due to the primitive nature of the protozoan). They also estimated that
about 60% of total lipids were phospholipids and that cholesterol was the major
unsaponifiable fraction. The lipid composition of the trophozoite was shown to be
quantitatively and qualitatively different from that of mammalian cells [116]. The
metronidazole-reversible decrease in phospholipid levels and hypocholesterolemia
observed in infected hamsters [117] suggested that the trophozoites take up host lipids
rather than completely synthesise their own lipids [118]. Ceramide aminoethyl
phosphonate was detected in trophozoite lipid extracts in addition to PI, PS PA and
sphingomyelin [119-121]. Cerbon and Flores 1981, reported that ethanolamine lipids
exceeded choline lipids in the trophozoite [121]. It was suggested that a surface
membrane-bound lipase may be active in the invasive action of the parasite in contact
with the host cell wall [115]. Phospholipase A from E. histolytica was resolved by
electrophoresis on polyacrylamide gel into two bands. The two heat-stable enzymes
which were activated by Ca^"*", gave pH optima at 4.0 and 9.0 [122].
5.2 Proton nmr analysis of the total lipid extract of G. lamblia.
Total lipids (2.2mg) were extracted as described under materials and methods
(chapter 2). Several lipids were readily identifiable from the 1-D nmr spectrum of the
total lipid extract of G. lamblia (Fig.52) and confirmed by cross peaks in the 2-D
COSY spectrum (Fig.53). Relative proportions of the various lipids were determined
from these characteristic peaks.
1. Choline phospholipids were indicated by their N^-methyl head group proton
singlet at 3.2ppm.
2. Ethanolamine phospholipids were identified by the relatively low intensity
resonance of the head group methylene (-CH2NH2) protons at about 2.9ppm.
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Fig.52 Proton nmr spectrum of G. lamblia total lipid extract
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Fig.53 2-D COSY spectrum of G. lamblia total lipid extract (continued overleaf)
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3. The presence of sphingolipids was indicated by the multiplets at 5.44ppm and
5.7ppm which arose from ceramide-specific vinyl (H0-CHCH=CH Œ 2-) protons.
4 The multiplet at 5.22ppm identified the presence of diacyl phospholipids, ie the
signal from their glycerol C-2 protons. The absence of the corresponding glycerol C-2
proton multiplet at about 5.14ppm indicated the absence of or negligible amounts of
glyceryl ether or plasmenyl lipids.
5. The integral of the glycerol C-2 proton multiplet at 5.22ppm exceeded the integrals
of choline and ethanolamine lipids. This indicated the presence of other diacyl
phospholipids. Furthermore, the signal at 3.76ppm and the overlapping signals at
about 3.6ppm, strongly suggested the presence of other phospholipids. (Choline lipids
give a triplet at 3.6ppm from -CH9CH?N+). The identity of these lipids were
confirmed after HPLC separation and nmr analysis of fractions.
6. Cholesterol was identified by its specific C-18 methyl singlet at 0.68ppm as the
predominant neutral lipid. The absence of triglycerides was indicated by the absence
of its specific glycerol C-l/C-3 doublet of doublets at 4.34ppm.
7. The spectrum indicated that the glycerophospholipids carried mainly saturated and
m onounsaturated fatty acids. This is because PUFA-specific methylene
(=CHCH2CH=) signals at about 2.75ppm-2.8ppm were barely recognisable, so that
the intense signal at 5.32ppm was due to vinyl protons of MUFAs.
5.3 Analysis of G. lamblia lipids separated by HPLC.
The HPLC separation was carried out according to the procedure described under
materials and methods (chapter 2).
G. lamblia phosphatidylglycerol.
This lipid eluted within 13min of chromatography (Fig.54) and the proton nmr
spectrum is shown in Fig.55. It was shown by nmr to be phosphatidylglycerol,
entirely diacyl. PG has glycerol as its head group and a glycerol backbone as shown
overleaf.
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Fig.54 HPLC profile of G. lamblia lipid extract
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Fig.55 Proton nmr spectrum of G. lamblia phosphatidylglycerol
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phosphatidylglycerol.
Phosphatidylglycerol was the major phospholipid found in the cells used in this work,
making up about 23% of total lipids. The resonances of the glycerol protons are
labelled in Fig.55. Cross peaks between the resonances of the glycerol head group
protons in the 2-D COSY spectrum of the total lipids (Fig.53) confirmed the presence
of phosphatidylglycerol in the mixture. Cross peaks between the glycerol backbone
protons were also clearly shown. However, since these resonances overlapped
significantly with those of other diacylglycerophospholipids, they were not
particularly confirmatory of phosphatidylglycerol if nmr alone was used for lipid
analysis.
Two principal types of fatty chains were present in phosphatidylglycerol; 84% of the
chains were saturated and 15% were MUFAs. The absence of any significant
methylene resonances at about 2.8ppm suggested that PUFAs were present at less
than 1% of fatty chains.
G lamblia phosphatidylcholine.
Phosphatidylcholine was the next abundant phospholipid in the whole cells of G.
lamblia. The proton nmr spectrum of phosphatidylcholine is shown in Fig.56. It
eluted in the HPLC separation after 26min (Fig.54) and was quantified, from
characteristic nmr integrals, at about 14% of total lipids. The characteristic N+-methyl
proton resonated as a sharp singlet at 3.2087ppm (Fig.56). In the 2-D COSY spectrum
of the lipid extract, the cross peak at 3.60ppm, 4.25ppm (-0CH9CH?N+) confirmed
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Fig.56 Proton nmr spectrum of G. lamblia phosphatidylcholine
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the presence of choline phospholipids. Comparison of the integrals of the glycerol
backbone and the choline head group proton resonances indicated that
glycerophosphocholine was present almost entirely in the diacyl form. Traces of vinyl
ether (plasmenyl) forms were detected (vinyl ether proton doublet at 5.92ppm).
MUFAs were the most abundant fatty chains of the lipid, constituting about 73% of
fatty chains. Other fatty acids included dienoic eg linoleic acid (about 6%), trienoic eg
linolenic acid (about 4%) and saturated fatty acids (about 17%). Average unsaturation
was calculated at about 0.96. Higher polyunsaturated fatty chains were present only in
trace amounts. However, examination of the nmr spectrum of phosphatidylcholine
isolated from the nutrient medium, which contained 10% of bovine serum, showed
that significantly higher proportions of PUFAs were present, including n-3 fatty
chains (about 10% of total fatty chains). This indicates that some fatty acids were not
common to both parasite and nutrient medium. Moreover, the fatty chains that were
common to both parasite and medium were not present in identical proportions. These
observations were previously reported by Kaneda and Goutsu, 1988 [113]. The
observations suggest that G. lamblia carefully controls incorporation of lipids into its
membranes.
G. lamblia ethanolamine phospholipids.
These lipids eluted with a retention time of 20min from the HPLC column (Fig.54)
and their nmr spectrum is shown in Fig.57. The ethanolamine -OCH9CH7Nmethylene proton signal overlaped with that of the glycerol C-3 methylene protons to
give the complex signal at about 3.96ppm. The other ethanolamine -CH7NH7
methylene protons resonated at 2.99ppm to give the most characteristic signal. From
the integral of this resonance (Fig.57), ethanolamine phospholipids were quantified at
about 7% of total lipids. The ratio of the integral of the resonances at 2.99ppm and
5.21 ppm showed that G. lamblia ethanolamine phospholipids were present almost
entirely in the diacyl form. The 2-D COSY spectrum of the total lipids revealed a
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Fig.57 Proton nmr spectrum of G. lamblia phosphatidylethanolamine
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cross peak at the resonances (2.99ppm, 3.97ppm) confirming the presence of
ethanolamine lipids.
The fatty acid analysis of phosphatidylethanolamine (PE) revealed saturated and
MUFAs as the only fatty chains present, occurring in approximately equal
proportions (Table 26). Average unsaturation was calculated at 0.47. Methylene
resonances of polyunsaturated fatty chains at about 2.8ppm were not detected in the
nmr spectrum of phosphatidylethanolamine (Fig.57). It is not clear from this nmr
analysis what the ratio is of fully saturated PE to PE containing one saturated and one
unsaturated fatty acid. However, the ratio is distinct from that of the choline lipids
and suggests that G. lamblia does control its own relative phospholipid levels.
G. lamblia choline sphingolipids.
These lipids eluted after phosphatidylcholine at a retention time of 30min (Fig.54)
and their nmr spectrum is shown in Fig.58. The choline N+-methyl resonance
occurred at 3.196ppm, slightly upfield the corresponding N+-methyl resonance of
phosphatidylcholine, and from this resonance the sphingolipids were quantified at 8%
of total lipids.
In the 2-D COSY spectrum of the total lipids, the cross peak at 5.7ppm, 5.44ppm
confirmed the presence of sphingolipids (H0CHCH=CHCH2-). The integral of the
N+-methyl resonance and that of 5.7ppm or 5.44ppm sugested that about 25% of the
ceramide lipids was present in the saturated sphinganine form. A small proportion,
about 9% of aliphatic chains contained the ethylene linkage as indicated by the vinyl
proton signal at 5.32ppm. No ceramide phosphoethanolamine was observed in this
analysis.
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Fig.58 Proton nmr spectrum of G. lamblia sphingomyelin
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G. lamblia neutral lipids.
The neutral lipids eluted with the solvent front during the HPLC separation of the
lipids (Fig.54). The nmr spectrum of the neutral lipid fraction is shown in Fig.59. The
main neutral lipids present in this fraction were cholesterol and its ester, identified by
the C-18 methyl singlet at about 0.68ppm, and by resonances of the C-3 proton,
3.41ppm (cholesterol) and 4.56ppm (cholesterol ester), the C-6 vinyl proton, 5.33ppm
and the C-19 methyl protons, l.Oppm. Proton resonances of other sterols were not
detected in the spectrum. The integral of the C-18 methyl resonance showed that
cholesterol was present at 41% of total lipids.
Minor lipids ofG . lamblia.
Mixed choline lysophospholipids were present at about 1%, eluted at 34min in the
HPLC separation and showed characteristic choline head group resonances in its nmr
spectrum at 3.2026ppm, 3.60ppm and 4.25ppm. Lysophosphatidylethanolamine
(mixed 1-acyl and 2-acyl) was also present at about 2%, eluting at 24min in the
HPLC separation and showed the characteristic ethanolamine head group resonance at
2.98ppm. Both lysophospholipids could have resulted from post-harvest lipolytic
activity of the lipids or were intrinsically present in the cells. Another minor lipid,
HPLC9, which eluted after 9min of HPLC and probably comes bonded to an acidic
phospholipid, had a proton nmr spectrum similar to that of phosphatidylglycerol. It
was present at about 2% of total lipids. The lipid composition of G. lamblia
trophozoites is presented in Table 24 while the fatty acid composition of the
glycerophospholipids is shown in Table 25.
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Fig.59 Proton nmr spectrum of G. lamblia neutral lipids
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Table 24. Lipid composition of whole cells of G. lamblia.
Lioid

IntesraKxlO"^)

Comoosition( mol%)

PG

65.00

23.5

PC

39.31

14.2

PE

18.57

6.7

Sphingenine lipid

16.82

6.1

Sphinganine lipid

5.60

2.0

LPE

6.84

2.5

LPC

4.17

1.5

HPLC9

5.04

1.8

114.90

41.6

Total cholesterol

HPLC9, lipid eluting at retention time of9min.

Table 25. Fatty acid analysis of glycerophospholipids of G. lamblia.
Fattv acid (percentage of total fattv chains)
Phospholipid

CO

C:1

C:2

C:3

PC

17.1

73.6

5.7

3.6

PE

53.2

46.8

-

-

PG

84.5

15.5

-

-

C:n denotes fatty chains with n double bonds.
PC had a predominance o f monounsaturated fatty chains while PG contained
predominantly saturated fatty acids and PE contained roughly equal proportions o f
saturated and monounsaturated fatty acids.
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5.4 Total and HPLC-separated lipids of Entamoeba histolytica as analysed by
proton nmr.
Total lipids of Entamoeba histolytica (2.1 mg) were extracted as described in chapter
2 (materials and methods) and individual lipid classes were obtained by HPLC and
analysed by proton nmr. The results are briefly discussed as follows.
Total lipids.
Two main classes of phospholipids were identifiable from the total lipid nmr
spectrum (Fig.60) ie choline (-N+-methyl singlet at 3.2ppm) and ethanolamine
(-CH7NH9) methylene signal at 2.93ppm). The phospholipids appeared to be mainly
diacyl lipids (characteristic glycerol C-2 proton multiplet of diacyl phospholipids at
5.23ppm). With little evidence of ether lipids (resonances at 5.14ppm and 5.92ppm
absent), the complexity of the head group region between 3.5ppm and 4.0ppm could
be attributed to the presence of lysophospholipids. The only significant neutral lipid
present was cholesterol (C-18 methyl singlet at 0.69ppm). Reasonable levels of
PUFAs were present (complex overlapping signals at about 2.8ppm, =CHCH2CH=).
E. histolytica phosphatidylcholine.
This fraction eluted at a retention time of 27min from the HPLC column (Fig.61). The
nmr spectrum (Fig.62) revealed the characteristic choline head group N^-methyl
singlet at 3.2065ppm whose integral is equivalent to that of the glycerol C-2 proton
multiplet of diacyl phospholipids at 5.22ppm. The choline lipid was therefore, almost
entirely diacyl. The fatty acid region revealed the presence of PUFAs (=CHCH?CH=.
2.8ppm) and the total unsaturated fatty chains were estimated, from the -CH2resonance at 2.04ppm, at about 54.7% of total fatty chains, so that saturated chains
were present at 45.3%,Linoleic acid made up 11.3% while n-3 fatty acids constituted
7.2% of total chains of phosphatidylcholine. Again, there were present only traces of
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Fig.60 Proton nmr spectrum of E. histolytica total lipid extract
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Fig.61 HPLC profile of E. histolytica lipids
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Fig.62 Proton nmr spectrum of E. histolytica phosphatidylcholine
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arachidonic acid and docosahexaenoic acid so that the remaining 36% of unsaturated
fatty chains were likely to have consisted mainly of MUFAs.
E. histolytica phosphatidylethanolamine.
This lipid eluted from the HPLC column at a retention time of 21min (Fig.61) and
shown by nmr (Fig.63) to be diacyl (glycerol C-2 proton multiplet of diacyl
phospholipids at 5.22ppm), with the characteristic ethanolamine head group
methylene (-CH2NH2) proton resonance at 3.08ppm. Relatively low proportions of
PUFAs were present (=CHCH?CH=, 2.8ppm). Linoleic acid (2.75ppm, triplet) was
present at 11.8% of total chains while n-3 fatty chains (co-CHg triplet, 0.95ppm) were
present at 14.2% of total chains which may be made up largely of a-linolenic acid
since there is no evidence of docosahexaenoic acid at 2.4ppm. There was also little
evidence of arachidonic acid and related fatty chains. Total unsaturated fatty chains
were estimated from the -CH2- resonance at about 2.04ppm at 40% of total chains
much of which would be MUFAs.
The minor HPLC peak eluting at retention time of 22min showed nmr characteristics
similar to phosphatidylethanolamine.
E. histolytica lysophosphatidylcholine.
This fraction eluted as a broad overlapping peak during chromatography at a retention
time of between 32-36min (Fig.61). The nmr spectrum (Fig.64) showed a mixture of
two lysolipids and a small quantity of sphingomyelin.
2-Acyllysophosphatidylcholine was indicated by its specific glycerol C-2 proton
quintet at 4.98ppm which was calculated at 11.5% of the lipids in this fraction. The 1acyllysolipid was the predominant lipid in this fraction, indicated in the spectrum by
its glycerol C-1 methylene proton resonance at about 4 .13ppm (the methylene protons
showed slight magnetic inequivalence, each giving rise to four resonant lines which
were close enough to form nearly an 8-line multiplet). The 1-acyllisolipid was
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Fig.63 Proton nmr spectrum of E, histolytica phosphatidylethanolamine
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Fig.64 Proton nmr spectrum of E. histolytica lysophosphatidylcholine
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calculated at 82.5% of this fraction. The fatty chains were similar to those of
phosphatidylcholine. The small amount of sphingomyelin present was indicated by
the sphingosine-specific vinyl proton multiplet at about 5.42ppm 5.7ppm (visible
after sufficient magnification of the spectrum) and estimated at 4% of this fraction.
E. histolytica l\sophosphatidylethanolamine.
This fraction eluted from the HPLC column at a retention time of 24min (Fig.61). The
nmr spectrum (Fig.65) revealed mixed ethanolamine lysophospholipids with the
characteristic ethanolamine triplet at 3.1 ppm. 1-Acyllysophosphatidylethanolamine
made up 89.7% while 2-acyllysophosphatidylethanolamine made up 9.3% of the
lysolipids of this fraction. The fatty chains contained reasonable levels of unsaturation
eg 17.5% of the lysolipids carried linoleic acid. It is not clear whether isomérisation
occurred ie unsaturated fatty chains migrating from glycerol C-2 position to glycerol
C-1 position.
E. histolytica phosphatidvlinositol.
This fraction eluted at a retention time of 14min (Fig.61). The nmr spectrum (Fig.66)
revealed the presence of inositol phospholipids. Characteristic inositol head group
resonances are the triplets at about 3.2ppm, 3.64ppm and 3.78ppm. The large quartet
at about 3.9ppm did not relate reasonably to other signals in the spectrum and
therefore, difficult to identify. The fatty chain region revealed low levels of
unsaturation. The lipid was diacyl and present in small amounts.
Neutral lipids o f E. histolytica.
This fraction eluted from the HPLC column with the solvent front (Fig.61). The nmr
spectrum (Fig.67) showed the presence of cholesterol (C-18 and C-19 methyl singlets
at 0.68ppm and l.Oppm respectively) and fatty acid chains (a-methylene triplet at
2.31 ppm) which did not seem to be present as glyceryl esters. A small fraction of the
chains were polyunsaturated (=CHCH?CH-. 2.8ppm). A small fraction of the fatty
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Fig.65 Proton nmr spectrum of E. histolytica lysophosphatidylethanolamine
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Fig.66 Proton nmr spectrum of E. histolytica phosphatidylinositol
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Fig.67 Proton nmr spectrum of E. histolytica neutral lipids
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acid chains were esterified to cholesterol (cholesterol ester C-3 proton multiplet at
4.55ppm). Much of the fatty chains were probably present as free fatty acids.
Table 26: Phospholipid composition of whole cell lipid extract of E. histolytica.
Phospholipid

integral

% of total phospholipids

PC*

0.3512

76.7

PE*

0.0659

14.4

PI

0.0079

1.7

sphingomyelin

0.0047

0.8

others

0.0280

6.1

*includes lysolipids. Cholesterol to phospholipid ratio was 0.49.

5.5 Conclusion.
In this study, four main phospholipids were identified from nmr spectra of G. lamblia
lipids namely, phosphatidyl glycerol, phosphatidylcholine, phosphatidylethanolamine
(all present in the diacyl form) and sphingomyelin. PG, the major phospholipid,
contained no PUFAs but only saturated fatty chains (over 80%) and MUFAs (15%).
G. lamblia PC contained MUFAs as the major fatty chains (73%). The other fatty
chains

present

included

saturated

(17% )

and

linoleic

(6%)

acids.

Phosphatidylethanolamine (7% of G. lamblia total lipids) however, contained about
equal proportions of saturated and unsaturated chains (Table 25). The high level of
saturated chains, especially in phosphatidyl glycerol, reflected in the low absorptivity
of these lipids during the HPLC separation. Significant levels of sphingomyelin (8%
o f G. lamblia total lipids), was present predominantly as the sphingenine
an alo g u e(7 5 % ).

C eram ide

p h o sp h o eth an o l am ine

glycerophospholipids were not observed in this analysis.
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The neutral lipid portion of G. lamblia lipid extract consisted mainly of cholesterol
and cholesterol esters of predominantly unsaturated fatty acids. There was no
evidence, in the neutral lipid nmr spectrum, for the presence of triglycerides in G.
lamblia trophozoites.
The simple fatty acid composition of the lipids, mainly saturated and MUFAs,
suggested that they were selectively incorporated into the lipids from the growth
medium. The trophozoites therefore, appeared largely incapable of fatty chain
elongation and desaturation, unlike other protozoan parasites such as the Leishmania
and other trypanosomatids [75].
From E. histolytica, two main phospholipids were identified from their proton nmr
spectra namely, phosphatidylcholine and phosphatidylethanolamine. PC was the
predominant phospholipid (77%) of phospholipids), present mainly in the diacyl
form. The fatty chains present in E. histolytica PC included saturated (45%), linoleic
(11%) and n-3 fatty acids (7%). E. histolytica PE was present at about 14% of total
phospholipids, principally as the diacyl lipid and showed similar fatty acid profile to
that of PC.
Small amounts of phosphatidylinositol were detected in the acidic phospholipid
fractions. Other acidic phospholipids eg PG and PS, which might be present in small
amounts in E. histolytica, were not satisfactorily observed. Ether phospholipids were
probably present only in trace amounts. Sphingomyelin was also present in very small
quantities.
Significant amounts of lysophospholipids (1-acyl and 2-acyl lysophosphatidylcholine,
1-acyl and 2-acyl lysophosphatidylethanolamine) were isolated and determined by
nmr, providing evidence for the presence of surface phospholipases A in E.
histolytica.
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The neutral lipid fraction of E, histolytica contained principally cholesterol.
Cholesterol esters were present in very small amounts. Also present were nonesterified fatty acids which probably resulted from phospholipases A activity.
The findings in this study agreed significantly with other published information
[112,113,116] and therefore strongly suggested that the proton nmr approach to
protozoan lipid analysis can be effectively used in studying several aspects of lipid
metabolism in parasites.
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CHAPTER 6

PHOSPHOLIPIDS AND PHOSPHONOLIPIDS OF TETRAHYMENA
THERMOPHILA : ANALYSIS BY PROTON NMR SPECTROSCOPY

6.1 Introduction.
The protozoa Tetrahymena thermophila provides an excellent model system for the
study of phospholipid and phosphonolipid metabolism and regulation in the
protozoan [123]. In addition to the common phospholipids encountered in most cells
such as phosphatidylcholine and phosphatidylethanolamine, Tetrahymena contains
high proportions of the rare phosphonolipids [124] in which the head group is
attached directly to the phosphorous atom by a direct carbon-phosphorus bond as
shown in the ethanolamine lipids below.

O
CH2 O-P-O-CH2CH2-N+H3
6-

O
II
CH2 O-P-CH2CH2-N+H3
O-

CH - O C O R

CH - O C O R

CH2 - O C O R'

CH2 - O C O R'

phosphatidyl ethanolamine

2-aminoethylphosphonolipid

2-Aminoethylphosphonate is the naturally occurring [125] substrate for the synthesis
of the phosphonolipids of Tetrahymena. The protozoan has been grown in the
presence

of

several

exogenous

phosphonate

substrates

such

as

2-

aminoethylphosphonate [126,127], 3-aminopropanol [128], N,N,N-trimethylaminoethylphosphonate [129,130], and N,N-dimethy]aminoethy]phosphonate [131],
in order to study several aspects of phospholipid and phosphonolipid metabolism in
Tetrahymena. The effects, on phospholipids, of high levels of exogeneous choline and
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ethanolamine were also studied [132] as well as the effects of méthylation inhibitors
such as 3-deazaadenosine and 3-deazaaristeromycin on phosphatidylcholine
formation in Tetrahymena [133]. Hormonal (insulin) influences on the phospholipid
composition of Tetrahymena were investigated [134-136]. The glycerophospholipids
of the protozoan vary greatly in their content of glyceryl ether. The metabolic
regulation of the proportions of these diacyl and alkyl acyl lipids have been studied by
using different diacylglycerols, alkylacylglycerols and mixtures of diacyl and
alkylacyl glycerols [137].
All the above studies involved the determination of the proportions of different
phospholipids and phosphonolipids in which TLC was used to separate these lipids
after prior removal of the neutral lipids on silicic acid columns. Aliquots of TLCseparated lipids were then taken for phospholipid phosphorous analysis and glyceryl
ether determination. The later involved mild alkaline hydrolysis of the phospholipid
after which the glyceryl ether portion was extracted into an organic phase for
subsequent phospholipid phosphorous analysis.
Using four acetoni tril e-methanol -water gradient systems. Smith et al. (1988) reported
an HPLC separation of phospholipids and phosphonolipids of Tetrahymena
thermophila (WH-14), in which cardiolipin, the principal acidic phospholipid in the
protozoan, eluted with the solvent front in three of the systems [138]. They concluded
that the ability to rapidly and efficiently separate phosphonolipids and phospholipids
by HPLC promises to be of great utility in future studies.
The analyses of the lipids separated by chromatography were usually tedious,
involving the preparation of several reagents and solvent extraction of chemical
reaction products of the lipids for subsequent determination. Avoiding these
procedures, intact lipids were used in the present study, applying high resolution
proton nmr spectroscopy to the analysis of phospholipid extracts and HPLC-separated
lipids of Tetrahymena thermophila. The HPLC method used here did not include
methanol, resulting in near horizontal baseline. Control Tetrahymena phospholipids
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and phospholipids obtained after culturing Tetrahymena in the presence of exogenous
2-aminoethylphosphonate were used in the analyses. The results were compared with
those obtained by other researchers using TLC/chemical analytical methods, in order
to assess the effectiveness of the non-invasive proton nmr approach.
The phospholipids of T. thermophila were analysed in the following order.
a. Proton nmr analysis of the total phospholipids of control and 2-aminoethylphosphonate-grown Tetrahymena.
b. Chromatographic (HPLC) separation of the phospholipids.
c. Proton nmr analysis of the individual intact lipids separated by HPLC.
6.2 Proton nmr analysis of the total phospholipids of control T. thermophila.
The 1-D proton nmr spectrum of the total phospholipids (7mg) of control
Tetrahymena is shown as Fig.68 while the 2-D COSY spectrum is shown as Fig.69.
Choline lipids.
The presence of at least two choline phospholipids was indicated by the overlapping
singlets at about 3.2ppm (ie 3.2065ppm and 3.2014ppm). The precise resonance
frequencies suggested that they consisted of diacylglycerophospholipids (3.2065ppm)
and glyceryl ether phospholipids (3.2014ppm). There was no clear evidence of the
presence of sphingomyelin due to the absence of an N+-(CH3)3 singlet at 3.196ppm.
Coupling between choline head group methylene protons, -OCH7CH7N+. was
indicated by cross peaks in the 2-D COSY spectrum (Fig.69) at 3.6ppm, 4.25ppm
which further confirmed the presence of choline phospholipids.
Ethanolamine lipids.
Ethanolamine phospholipids were present as indicated by their head group methylene,
-CH7NH9. resonance at about 3.1ppm. This signal appeared very complex and,
therefore, indicated the presence of a complex mixture of ethanolamine
phospholipids. Coupling between the head group methylene, -CH7CH7NH7. protons
were indicated by the cross peaks 3.1 ppm, 4.05ppm and 3.1 ppm, 1.83ppm (Fig.69).
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Fig.68 Proton nmr spectrum of control T. thermophila total lipids
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Fig.69 2-D COSY spectrum of T. thermophila total lipids (continued overleaf)
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This pattern was different from that observed when mammalian tissues and other
protozoan lipids were analysed, where only the 3.1 ppm, 4.0ppm cross peak was
observed. The 2-D COSY spectrum (Fig.69), therefore, indicated the presence of two
types of ethylamine lipids. One was the ethanolamine lipids in which the methylene p
to the amino group is linked to the phosphorous atom via an oxygen link (-P-0CH9CH9-NH7) and resonating at about 4.05ppm. The chemical shift of the p
methylene of the second type, as shown by coupling in the 2-D COSY experiment,
was 1.83ppm. The significantly upfield shift of this resonance suggested strongly that
this beta methylene was bonded to a much less electronegative atom than oxygen. A
direct carbon-phosphorous bond, (-P-CH 2CH2-NH2) as

present

in

the

phosphonolipids, was therefore, likely to be responsible for this upfield shift.
Glycerophospholipids.
Diacylglycero- and alkylacylglycero lipids were present in roughly equal proportions
as indicated by the multiplets at 5.22ppm and 5.12ppm respectively (Fig.68). These
resonances arose from the glycerol C-2 proton of the glycerolipids. Small but
significant amounts of sphingolipids were also present as indicated by the
sphingosine-specific vinyl proton resonances at 5.71 ppm and 5.45ppm. The
proportions of diacyl, alkylacyl or sphingo moeities carrying ethanolamine or choline
head groups was not certain at this stage.
Acidic phospholipids were difficult to determine from the proton nmr spectrum of the
total phospholipids due to the reasons stated in previous chapters. The absence of any
triplet at about 3.75ppm-3.85ppm, however, suggested the absence of inositol lipids.
Nmr determination on HPLC fractions, however, revealed the presence of other acidic
phospholipids.
Fatty acid chains.{0.75ppm-2.9ppm).
The complex overlapping resonances at about 2.8ppm indicated the presence of
PUFAs. Hexaenoic acid (2.4ppm, -CH=CHCH9CH9COO"). arachidonic acid
(1.69ppm , -CH=CHCH9CH7CH7C00~)
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and

n-3

c h a in s

(0 .9 5 p p m ,

-CH=CHCH2CH3) were not indicated in the nmr spectrum (Fig.68). This suggested
that the PUFAs present were dienoic and trienoic acids, where trienoic acid was not
a-linolenic acid. Roughly 60% of total fatty chains were unsaturated fatty chains of
which monoenoic fatty acids were the predominant chains.
6.3 Nmr analysis of phospholipids of control T. thennophila separated by HPLC.
Choline glycerophospholipids.
This class of lipids separated during the HPLC at a retention time of 25min (Fig. 70)
and the ID proton nmr spectrum is given in Fig 71. The characteristic choline head
group N+-(CH3)3 , methyl singlets appeared at 3.2065ppm and 3.2014ppm as
partially overlapping resonances indicating at least

two types of choline

phospholipids. The lipids were shown to be both diacyl and alkylacyl. The diacyl
lipid gave rise to the following resonances: glycerol C-2 - multiplet at 5.23 ppm;
glycerol C-1 downfield proton resonance - doublet of doublets at 4.43 ppm; glycerol
C-1 upfield proton resonance - 4-line multiplet at 4.16ppm. The alkylacyl lipid was
distinguished by its characteristic glycerol C-2 proton multiplet at 5.15 ppm. The sum
of the integrals of the glycerol C-2 multiplets (5.23ppm and 5.15ppm) accounted for
90% of the integral of the choline N+-methyl resonance at about 3.2 ppm. That
choline methylenes, -O-CH2CH2-N+, were responsible for the peaks at 4.24ppm
(-OCH2 ) and 3.6ppm (-CH2N+), was confirmed by cross peaks in the 2-D COSY
spectrum. However, the integral of the two resonances, 4.24ppm and 3.6ppm,
differed. The 2-D COSY spectrm showed a second coupling between the signal at
3.60 ppm and 5.15 ppm, which suggested that the -CH2N+ and the glycerol C-1
methylene resonances of the alkylacyl lipid overlapped at 3.6 ppm and accounted for
the integral at 3.6ppm. The signal at 3.6 ppm therefore, resulted form :
a. -CH2N+ methylene proton of the diacyl lipid.
b. -CH2N+ methylene proton of the alkylacyl lipid.
c. the glycerol C-1 methylene protons of the akylacyl lipid.
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Fig.70 HPLC profile of T. thermophila lipids
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Fig.71 Proton nmr spectrum of control T. thermophila glycerophosphocholine lipids
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The fatty chain region, showed evidence of the presence of dienoic and trienoic fatty
acids (about 2.8ppm, -CH=CHCH2CH=CH-). No arachidonate, (1.69ppm) hexanoate
(2.4 ppm) or n-3 (0.95ppm) fatty chains were detected. The -OCH2CH2R of the 1-0alkyl side chain gave rise to the complex signal at about 3.45 ppm which showed
coupling with the -OCH9CH9R methylene resonance at 1.52 ppm in the 2-D COSY
spectrum (Fig.69). The approximate composition of the fatty acids of the choline
lipids are given in Table 27.
Ethanolamine phospholipids
The ethanolamine phospholipids eluted at a retention time of 19min during the HPLC
(Fig.70) and the proton nmr spectrum is shown as Fig 72. The characteristic feature is
the triplet at 3.1ppm arising from the -OCH9CH9NH7 methylene protons. The
adjacent methylene, -OCH2, resonated at about 4.0ppm and overlapped the glycerol
C-3 methylene peak at the same frequency giving a complex signal; coupling between
these two methylenes was confirmed by cross peaks in the 2-D COSY spectrum
(3.1 ppm, 4.0ppm).
The ethanolamine lipids were predominantly diacyl as shown by the glycerol C-2
proton multiplet of diacyl phospholipids at 5.22ppm, the integral of which accounted
for 95% of the lipids. The other 5% consisted mainly of the alkylacyl
glycerophospholipid, which gave rise to the glycerol C-2 proton signal at 5.15ppm.
The glycerol C-1 protons gave rise to the upfield and downfield resonances at
4.17ppm (4-line multiplet) and 4.43ppm (double doublets) respectively.
Comparing the integral of the fatty chain vinyl resonances at about 5.35ppm to that of
the (u-CHg resoance at about 0.86ppm, the average unsaturation in the fatty chains
was calculated at 0.91 indicating relatively low levels of PUFAs. The unsaturated
chains were present at about 52% of total chains, calculated from the integral of the
methylene peak at about 2.04ppm. Resonances due to hexaenoic, arachidonic or n-3
fatty chains were not detected in the spectrum. The approximate fatty chain
composition of the ethanolamine glycerophospholipids of Tetrahymena thermophila
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Fig.72 Proton nmr spectrum of control T. thermophila ethanolamine lipids
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is given in Table 27. Unlike the choline lipids which contained O-alkyl chains at
about 34% of total chains, ethanolamine lipids contained only traces of O-alkyl chains
and there was no evidence of O-alkenyl chains in both classes of lipids. This is strong
evidence for the organism’s inability to synthesise plasmenyl lipids.

2-aminoethylphosphonolipids.
The glycerolipids containing the 2-aminoethylphosphonate head group eluted from
the HPLC column at a retention time of 21min (Fig.70) and their proton nmr
spectrum is given as Fig.73. Like the choline lipids, they consisted of diacyl and
alkylacyl glycerolipids, as shown by their glycerol C-2 proton multiplets at 5.21 ppm
(diacyl) and 5.14ppm (alkylacyl). The integrals of these resonances showed that the
diacyl lipid was present at 34% while the alkylacyl lipid was present at 66% of the
glyceroaminoethylphosphonates. The presence of O-alkyl chains (-OCH2CH2R) were
confirmed in the 2-D COSY spectrum (Fig.69) by the coupling between
-OCH9CH7R (3.45ppm) and -OCH7CH7R (1.52ppm). Other glycerol resonances are
indicated in Fig.73.
The aminoethyl head group showed the complex methylene (P-CH7CH7NH7)
resonance at about 3.08ppm. From the 2-D COSY spectrum (Fig.69), coupling was
observed between this resonance (3.08ppm) and that at about 1.83ppm. The second
methylene (P-CH7CH7NH7) therefore resonated at 1.83ppm. As stated earlier, this
upfield shift in the resonance of the second methylene was expected since, unlike the
ethanolamine head group, the methylene is directly linked to phosphorous, a less
electronegative atom than oxygen.
The two methylene resonances (P-CH7CH7NH7) were the same in appearance and
integral. A close examination (Fig.74) suggests the following explanation for the
complex shape of the signal in each case. Magnetically equivalent protons would
have produced triplets for each methylene, as a small difference in the chemical
shifts of the diacyl and alkylacyl lipids would have given rise to two triplets, partially
overlapping, resulting in a 5-line multiplet as illustrated overleaf.
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Fig.73 Proton nmr spectrum of control T. thennophila aminoethylglycerophosphonate
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Fig.74 Expansion of aminoethylglycerophosphonate head group signal of
control T. thermophila
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However, since the complex is more than 5 lines (about 11 lines, twice as much), the
protons on each methylene were likely to be magnetically inequivalent resulting in
further splitting of the resonance signals. Coupling of the adjacent phosphorous atom
would also contribute to this complex resonance pattern.
The absence of a doublet at 5.92ppm showed that no plasmenyl (vinyl ether) analogue
was present. The O-alkyl side chain (-OCH2CH2R) of the alkylacyl lipid was
indicated by the multiplets at about 3.45ppm (-OCH2CH2R) and 1.52ppm
(-CH9CH7R). Coupling between these two methylenes was confirmed by cross peaks
in the 2-D COSY spectrum (Fig.69).
Again, significantly, PUFAs such as hexaenoic acid (2.4ppm) and arachidonic acid
(1.69ppm) were absent from the spectrum and there was very little evidence of the
presence of n-3 chains. Therefore, the overlapping resonances at about 2.8ppm
suggested that dienoic and trienoic fatty acids were probably the only PUFAs present.
The average unsaturation was calculated at 1.01, while the proportion of unsaturated
chains was estimated at about 54% of total chains and O-alkyl chains made up about
41% of total chains. The approximate fatty acid composition, estimated from nmr
integrals is presented in Table 27.
Diphosphatidylglycerol (cardiolipin).
This lipid was probably the only major acidic phospholipid in Tetrahymena
thermophila. It eluted during HPLC at a retention time of 12min (70). However, in
the system containing methanol [138]

the lipid eluted at the solvent front. The

proton nmr spectrum of this fraction is shown as Fig.75.
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Fig.75 Proton nmr spectrum of control T. thermophila cardiolipin
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With the glycerol head group sandwiched between two phosphate groups, the three
glycerol moeities gave overlapping proton resonances between 3.85ppm and 5.25ppm
(labelled in Fig.75). These resonances were obscured by the glycerol backbone
signals of the more abundant glycerophospholipids in the total lipid extract. From the
integral of the glycerol C-2 proton multiplet at 5.23ppm (Fig.75), cardiolipin was
estimated at 4.5% of total phospholipids of T. thermophila.
The fatty chains were similar to those described for the other phospholipids,
containing trienoic, dienoic and monoenoic fatty chains. Again, there was little
evidence of arachidonic acid and hexaenoic acid in the spectrum. Average
unsaturation was determined at 1.6. The fatty acid composition of Tetrahymena
cardiolipin is presented in Table 27.
Table 27. Approximate fatty chain composition (mol% of total fatty chains) of
T. thermophila glycerolipids as determined from nmr integrals.
Linid
Fattv chain

GPC

GPE

DPG

unsaturated

45

52

66

54

saturated

55

48

34

46

trienoic

18

17

32

21

dienoic

10

11

28

12

monoenoic

15

24

6

21

elvcervl-AEP

No n-3 fatty chains were detected, therefore, trienoic acid was not a-linolenic acid.

Ceramide aminoethylphosphonate.
Unlike mammalian tissues and other protozoa analysed, the sphingolipids in
Tetrahymena carried the 2-aminoethylphosphonate head group. They eluted during
the HPLC at a retention time of 21min (Fig.70) and the proton nmr spectrum is given
as Fig.76. The characteristic sphingosine-specific vinyl proton resonances appeared as
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Fig.76 Proton nmr spectrum of control T. thermophila ceramide aminoethyl
phosphonate

x*i

2.00

2 . 5 0

1.00

1 . 5 0
P P M

H O D

(VI

5. 50

5 .0 0

4 . 5 0

4 .0 0

Chemical shift(ppm)

201

3 .5 0

3 .0 0

the multiplets at 5.71 ppm and 5.4ppm. The head group phosphonate ethylamine
methylenes (-PCH2CH2NH2) resonated at 3.09ppm (-PCH9CH7NH9) and 1.84ppm
(-PCH?CH?NH?). The partially overlapping triplets of each magnetically
inequivalent proton of each methylene gave rise to the 5-line multiplet in each case.
The integral of the sphingosine-specific vinyl resonance at 5.71 ppm was only 76% of
the integral of the head group methylene resonance at 3.09ppm. The sphingosine
backbone proton resonances between 3.9ppm and 4.2ppm did not clearly indicate a
single molecule. The remaining 24% was, therefore, likely to consist of the
sphinganine analogue of the lipid, both of which eluted together during the HPLC
separation. Table

gives the phospholipid compositions of control T. thermophila

compared to values reported in the literature while Table 29 gives the glyceryl ether
content of the phospholipids.
6.4

Phospholipids of T, thermophila grown in the presence of 2-aminoethyI-

phosphonate.
The effect of 2-aminoethylphosphonate, the natural substrate for the phosphonolipids
of Tetrahymena, has been studied [127,129]. The aim of this study, as stated earlier,
was to apply proton nmr as a potential alternative to the chemical analytical
procedures employed in the analysis of the lipids so as to assess the usefulness of the
nmr approach.
6.4.1 Total and HPLC-separated phospholipids.
The total phospholipids (7mg) were analysed as in the case of the control, after which
the lipids were separated by the HPLC procedure described in chapter 2 (materials
and methods) and the fractions collected for further nmr determination. Again intact
phospholipids were used throughout.
The proton nmr spectrum of the total phospholipids is shown as Fig.77. The HPLC
profile of the phospho- and phosphono- lipids is shown as Fig.78 while the nmr
spectra of the HPLC-separated lipids are shown as Figs. 79-83. Except for changes in
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Fig.77 Proton nmr spectrum of 2-AEP-grown T. thermophila total lipids
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Fig.78 HPLC profile of 2-AEP-grown T. thermophila lipids
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lipid proportions, the nmr lipid profile of both control and aminoethylphosphonategrown Tetrahymena were similar. Table 30 gives the phospholipid composition of
AEP-grown Tetrahymena as obtained from nmr integrals.
Table 28. Composition (nmr) of phospholipids and phosphonolipids of control
Tetrahymena thermophila compared with literature values.
mol%

of phospholipids

Linid

nmr integral. xlO"^

nmr

+Smith

Choline-GP

117.1

32.9

30.1*

diacyl

27.6

7.7

12.0

alkylacyl

89.5

25.7

18.1

Ethanol ami ne-GP

111.1

31.2

38.1

diacyl

105.4

29.6

36.5

alkylacyl

5.7

1.6

1.6

AEP-glyceride

93.0

26.1

23.4

diacyl

31.7

8.9

11.1

alkylacyl

61.3

17.2

12.2

Cardiolipin

16.2

4.6

3.6

Ceramide-AEP

12.8

3.6

5.0++

Others

5.7

1.6

-

alkylacyl

5.7

1.6

-

After Smith, J.D. et a l, 1988, Journal o f Chromatography 431(ref. 138).
After Smith, J.D., 1985, Journal o f Biological Chemistry 260 (ref.137).
++ After Smith, J.D. et al., 1992, Biochemical Archives, 8 (ref. 132).
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Fig.79 Proton nmr spectrum of 2-AEP-grown T. thermophila choline
glycerolipids
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Fig.80 Proton nmr spectrum of 2-AEP-grown T. thermophila ethanolamine
lipids
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Fig.81 Proton nmr spectrum of 2-AEP-grown T. thermophila glyceryl-2-AEP
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Fig.82 Proton nmr spectrum of 2-AEP-grown T. thermophila cardiolipin
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Fig.83 Proton nmr spectrum of 2-AEP-grown T. thermophila ceramide
aminoethylphosphonate
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Table 29. Glyceryl ether content of Tetrahymena thermophila phospholipids.
Percentage of each phospholipid
Phosnholinid

nmr

*Smith

Choline-GP (A)

76.6

60.1

5.2

4.1

AEP-glyceride (C)

66.3

52.6

A/B

14.73

14.66

C/B

12.75

12.83

A/C

1.15

1.14

Ethanolamine-GP (B)

After Smith, J.D., 1985, Journal o f Biological Chemistry, 260 (ref (^7i.

Table 30. Phospholipid composition of AEP-grown Tetrahymena as determined from
nmr integrals.
Linid

nmr integral, xlO"^

mol% of total nhosnholinids

16.1

19.5

diacyl

6.8

8.2

alkylacyl

9.3

11.3

4.9

5.9

4.9

5.9

not detected

-

3.7

4.5

AEP-glyceride

54.1

65.6

diacyl

38.6

46.9

alkylacyl

15.5

18.7

3.7

4.5

Choline-GP

Ethanolamine-GP
diacyl
alkylacyl
Cardiolipin

AEP-ceramide
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6.5 Tetrahymena phospholipids and phosphonolipids - comparison of analytical
results.
Table 28 shows the composition of phospholipids and phosphonolipids of control
Tetrahymena thermophila, obtained from proton nmr integrals of intact lipids
compared with values obtained elsewhere [132,137,138] using phosphorous analysis.
It was noted that the proportions of lipids in the table (28) fall within reasonable
agreement for the two techniques. Unlike the classical chemical procedures, the nmr
technique identified all the major and minor lipids of interest, ie phospholipids and
phosphonolipids (diacyl, alkylacyl, sphingo) in single pre- and post-chromatographic
proton nmr experiments without any chemical reaction.
How the two analytical procedures compared with each other can also be seen in the
glyceryl ether content of the phospholipids as presented in Table 29. Smith reported
high

proportions

of

glyceryl

ether

in

phosphatidylcholine

and

2-

aminoethylphosphonolipid, but very low levels in phosphatidylethanolamine of
Tetrahymena thermophila. The values followed the same trend in each case: cholineGP > glyceryl-AEP > ethanolamine-GP, the differences between the methods are
probably not very significant. Also, the glyceryl ether ratios shown in Table 29 are
similar:- 1. choline-GP/ethanolamine-GP (14.73, nmr; 14.66, Smith). 2. glycerylAEP/ethanolamine-GP (12.75, nmr; 12.83, Smith. 3. choline-GP/glyceryl-AEP (1.15,
nmr; 1.14, Smith).
The above glyceryl ether ratios are practically constant for both analytical procedures.
These results, therefore, portrayed the important analytical usefulness of proton nmr
spectroscopy in lipid metabolic studies, and illustrated that comparable results can be
obtained more rapidly and comprehensively than many traditional methods.
In the aminoethylphosphonate-grown cells, the phospholipid modifications reported
by Smith 1986 [129], have been observed in the nmr analysis of the phospholipids
(Table 30). They reported a significant (up to 80%) decrease in the level of
phosphatidylethanolamine, and an increase in the proportion of AEP-glyceride. The
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nmr determination revealed 82% decrease in the level of phosphatidylethanolamine
and a 59% increase in the level of AEP-glyceride. Smith also reported that 2aminoethylphosphonate induced a decrease of about 53% in the glyceryl ether content
of AEP-glyceride compared to the control [129]. A decrease of 56% was observed in
the nmr analysis.
The level of choline glycerophospholipids was reported to remain almost unchanged
[127]. However, a significant decrease in the proportion of phosphatidylcholine was
observed in the nmr analysis. The reason for this difference is not certain and
probably requires further investigation.
The levels of the minor lipids were also comparable as determined by both analytical
procedures. The minor lipid, N,N,N-trimethyl-2-aminoethylphosphono-sphingolipid,
was observed in this nmr analysis. Naturally-occurring trimethyl analogues of
aminoethylphosphonolipids have been reported [139]. The lipid eluted during HPLC
together with the AEP-ceramide, and identified by the characteristic N‘^(CH3)3
singlet at ca 3.2ppm. The chromatographic peaks (Fig.70) were resolved sufficiently
so that overlapping of the sphingolipid peak with the choline glycerophospholipid
peak was only remotely possible and, therefore, could not have accounted for the
presence of the N+-methyl singlet in Fig.76. Furthermore, the exact resonance of the
N+-methyl singlet, 3.198ppm, was typical of that of the sphingomyelin analogue
rather than phosphatidylcholine (3.2065ppm). However, the very low level of this
trimethyl sphingolipid (about 0 .6%) could easily elude detection and could be
variable.
6.6 Conclusion.
The phospholipids (diacyl and alkylacyl choline glycerophospholipids, diacyl and
alkylacyl ethanolamine glycerophospholipids and cardiolipin) and phosphonolipids
(AEP-glyceride, AEP-ceramide, N,N,N-trimethyl-AEP-ceramide) of control and
lipid-modified Tetrahymena thermophila were identified and quantified, using ID

213

and 2-D COSY proton nmr spectroscopy on intact lipids, before and after HPLC
separation. The results compared very well with those obtained by other researchers
using classical lipid analytical techniques. The study of enzyme pathways and other
metabolic processes involving phospholipids in Tetrahymena [140-142] and related
protozoa can, therefore, be carried out using proton nmr spectroscopy as the
investigating technique. This eliminates all the time-consuming chemical degradation
procedures that are necessary in the conventional methods.
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CHAPTER 7
SUMMARY

Host (blood) lipids.
Some marked differences and similarities existed in the nature and proportions of the
lipids extracted from the erythrocyte membranes and plasma, as revealed in their
proton nmr spectra.
1. Both tissues contained two main types of choline phospholipids as evidenced by
the duplicity, in each spectrum, of the N+(CH3)3 singlet at about 3.2ppm (Figs 3 &
16), ie glycerophosphocholine and sphingophosphocholine lipids. In the erythrocyte
membrane lipid extract, there existed roughly equal proportions of both the glycero
and sphingo lipids. However, in the plasma, the choline sphingolipids were present at
about one third the amount of glycerophosphocholine lipids. But the isolated choline
sphingolipids were similar in their nmr spectra (Figs. 12 & 22).
2. Small but significant differences existed between the fatty acids of the isolated
glycerophosphocholine lipids (Figs. 10 & 20). For example a higher proportion of
tetraenoic (eg arachidonic) acids were present in the plasma lipids while a higher
proportion of dienoic (eg linoleic) acids were present in the erythrocyte membrane
glycerophosphocholine lipid. Passive phospholipid exchange is thought to occur
between plasma and erythrocyte phosphatidylcholine. However, the rate of exchange
is said to be so slow that, fatty chain differences exist between erythrocyte and plasma
phosphatidylcholine [70]. The differences between erythrocyte and plasma
phosphatidylcholine shown in the nmr analysis probably confirmed this observation.
Ether chains were virtually absent in this lipid class in both erythrocyte membrane
and plasma.
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3. From the spectrum of the total lipids (Figs.l & 16), ethanolamine phospholipids,
unlike choline phospholipids, were just detectable, suggesting a much higher choline
to ethanolamine ratio in the plasma (37:1) than in the erythrocyte membrane (2:1).
Very low ethanolamine phospholipid levels were reported for plasma [68]. However,
the nature of the isolated ethanolamine phospholipids of both erythrocyte membrane
and plasma was about the same, as shown in the glycerol and fatty acid regions
(Figs.l 1 & 21). Significant proportions of similar PUFAs were present including
arachidonic, linoleic, linolenic and hexaenoic acids. Roughly half the ethanolamine
phospholipids in each case consisted of plasmalogens.
4. In both the erythrocyte membranes and plasma, ethanolamine phospholipids
carried significantly higher proportions of PUFAs than the glycerophosphocholine
lipids. The significance of this observation is not clear.
5. Significant amounts of mixed choline lysophospholipids (mainly the 1-acyllyso
form, Fig.23) were isolated from the plasma but were not detectable in the erythrocyte
membrane. In the plasma, the activity of lecithin cholesterol acyl transferase (LCAT),
which transfers acyl chains from the glycerol C-2 position of phosphatidylcholine to
cholesterol [71,72], may be largely responsible for the presence of the 1-acyllysolipid.
In principle therefore, nmr can be used to study lipid metabolising enzymes.
Significant proportions of lysophosphatidylcholine were shown to distort the shape of
the erythrocyte membrane and abnormally high proportions result in cell lysis [68].
Normal red blood cells therefore, must contain very low levels of
lysophosphatidylcholine. No choline lysolipids were detected in the erythrocytes
analysed.
6. In both erythrocyte membranes and plasma, acidic phospholipids (inositol, serine
and glycerol) were present in small proportions, with higher amounts in the
erythrocyte membranes than in the plasma.
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7. The composition of the neutral lipid portion was different in the membranes and
the plasma. In the erythrocyte membrane, cholesterol was the only neutral lipid
detected in the nmr spectrum (Fig.5) but in the plasma, in addition to triglycerides,
about twice the amount of free cholesterol was present as cholesterol esters of
saturated and unsaturated fatty acids (Fig.24). This plasma cholesterol to cholesterol
ester ratio was reported elsewhere [26].
Leishmania and blood.
The proton nmr spectra of the isolated lipids revealed that few similarities existed
between leishmania and blood lipids.
1. Choline glycerophospholipids from both parasite and host were present
predominantly in the diacyl form. However, the fatty chain composition differed
significantly. The parasites contained significant quantities of docosahexaenoic acid
and other n-3 fatty chains eg a-linolenic acid, but negligible amounts of arachidonic
acid. In contrast, host choline glycerolipids contained appreciable amounts of
arachidonic acid but negligible quantities of n-3 fatty chains.
2. The ethanolamine phospholipids also showed significant differences. The parasites
contained predominantly the plasmenyl form, while the host contained about equal
proportions of the ether and diacyl ethanolamine lipid. The fatty chains of the
ethanolamine lipids revealed dramatic host-parasite differences. Linoleic acid was the
major PUFA in the parasite lipid while host ethanolamine lipids contained small
amounts of linoleic acid but significant proportions of n-3 fatty chains and
arachidonic acid. Another significant difference was the presence of cyclopropane
fatty chains in L. donovani ethanolamine lipids but absent from the host.
3. In the host, only small amounts of inositol lipids were detectable from nmr spectra.
However, in the Leishmania, inositol lipids were present in significant quantities and
in appreciable diversity including diacyl alkylacyl and ceramide phosphoinositol
lipids.
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4. A major difference between blood and Leishmania lipids was found in the neutral
lipid portion. The host lipids contained cholesterol as the main sterol but the parasites,
in addition to smaller amounts of cholesterol, contained other specific sterols of
which ergosterol-type sterols predominate. Both host and parasites, however,
contained triglycerides.
The highly specialised lipids of the Leishmania^ eg high plasmenyl content, diverse
inositol lipids, several parasite specific sterols, indicated the metabolically complex
organisation of the Leishmania parasites and may present considerable challenges to
the parasitologist in the search for antileishmanial drugs.
Giadia and Entamoeba.
In E. histolytica, unlike in Giardia, phosphatidylcholine was the predominant
phospholipid (ca 76% of phospholipids). Together with phosphatidylethanolamine,
they constituted about 90% of the phospholipids of E. histolytica. Whereas Giardia
contained a high proportion of the acidic phospholipid, phosphatidylglycerol (23%),
Entamoeba contained only small proportions of acidic lipids eg phosphatidylinositol.
Sphingomyelin was present only in trace amounts in Entamoeba but significant levels
were present in Giardia. The fatty acids of the phospholipids of Entamoeba contained
small but significant proportions of PUFAs including a-linolenic acid. In contrast,
Giardia contained mainly saturated and MUFAs and no n-3 fatty chains were present.
Significant levels of lysophospholipids were found in the lipid extract of E. histolytica
which suggested the presence of cell surface phospholipases A, isolated earlier by
Garg et al. 1983 [122]. On the contrary, very little lysophospholipids were observed
in Giardia and may suggest that cell surface phospholipases A are not expressed in G.
lamblia. Therefore, the more virulent nature of Entamoeba may be partly attributed to
its cell surface phospholipase activity.
Compared with blood and Leishmania, the lipids of Giardia and Entamoeba, as
revealed by proton nmr were much simpler, the phospholipids existing mainly in the
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diacyl form and containing relatively low levels of PUFAs. No triglycerides were
detected in the lipid extracts. The simple lipid picture probably reflected the less
complex metabolic organisation of Giardia and Entamoeba so that, as reported by
some researchers, these parasites depend largely on the host for their lipid
requirements.
Entamoeba and Leishmania differed in the significant amounts of lysophospholipids
observed in their lipid extracts. 1-acyllysophospholipids were the predominant
lysolipids present in the Entamoeba lipid extract (active phospholipase A 2) while 2acyllysophospholipids predom inated the lysolipids of Leishmania (active
phospholipase A 1). This observation suggested marked differences in the cell surface
phospholipases in the two parasites.

In this thesis, proton nmr was applied to the determination of the lipids of several
parasitic protozoa and host lipids. From 1-D and 2-D COSY spectra of total lipid
extracts, many lipids were identified. Due to overlapping resonances, it was difficult
to detect acidic phospholipids notably, PI, PG and DPG from the 1-D spectra of the
total lipids. This problem was substantially overcome by separating the total lipids by
HPLC and determining the collected fractions by nmr. This resulted in effective
determination of the acidic phospholipids, glyceroinositol lipids {Leishmania),
ceramide inositol lipids {Leishmania), phosphatidylglycerol {Giardia) and cardiolipin
{Tetrahymena). This also revealed the subclasses and fatty acid composition of the
individual acidic lipids as well as the choline and ethanolamine phospholipids. It was
therefore, possible to determine the proportions of each phospholipid class present as
diacyl, alkylacyl and alkenylacyl and also the sphingenine and sphinganine content of
the sphingolipids. Such detailed analysis was less probable from the nmr spectra of
mixtures of lipid extracts mostly reported previously. Moreover, the determination of
1-acyl and 2-acyllysophospholipids was achieved in plasma, Leishmania and
Entamoeba lipid extracts which revealed the activity of phospholipases A in these
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systems. The nmr lipid analysis is therefore, potentially applicable to phospholipase
studies.
The nmr spectra provided pictorial as well as numerical differences and similarities
between the host and parasite lipids and between different parasites, so that the visual
aid reinforces the determinations from the nmr integrals. The Leishmania species
analysed in this thesis contained several sterols in unique proportions. Their C-18
methyl singlets between 0.5ppm-0.85ppm presented unique patterns which are
potentially useful in distinguishing between closely related species of parasites.
Tetrahymena provided a natural protozoan source of the rare phosphonolipids- the
aminoethylphosphonates of glycerol and ceramide. The presence of the phosphonates
made the head group -CH9NH9 methylene resonance into a complex at about
3.1ppm. More importantly, however, was the completely different coupling exhibited
by the -PCH7CH9NH7 methylenes in the 2-D COSY spectrum (3.08ppm, 1.83ppm;
Fig.69) from the counterpart ethanolamine -POCH7CH9NH7 methylenes (3.1 ppm,
3.99ppm). The HPLC separation prior to the nmr determination further confirmed
these unique resonances of the phosphonates. The ability of the proton nmr to readily
analyse the phosphonates alongside normal phospholipids is potentially useful in
studies involving these rare phospholipids.
One of the aims of the thesis was to apply the nmr approach to lipid analysis to the
detection of induced changes in the lipid metabolism of protozoan parasites. In
Tetrahymena, 2-aminoethylphosphonate was known to induce changes in the lipid
composition of the protozoan. The determination of phospholipids from control and
2-aminoethylphosphonate-grown Tetrahymena thermophila by proton nmr revealed
changes in the phospholipid composition of the cells. The levels of changes induced
by 2-aminoethylphosphonate in ethanolamine, choline and glycero-2-aminoethylphosphonolipid, as well as the glycerylether content of the phospholipids, were
compared to those obtained by TLC/chemical means reported by other workers
[132,137,138]. The values were found to be substantially identical for both
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approaches. Also observed were changes in the ethanolamine phospholipid levels in
the pentostam-inhibited L donovani promastigotes. Proton nmr spectroscopy is
therefore, an effective means of studying several metabolic changes in protozoan
lipids.
The overall usefulness of the nmr approach to lipid analysis was revealed by the
substantially comparable results obtained when all lipid extracts analysed by nmr blood, Leishmania, Giardia, Entamoeba and Tetrahymena - were compared to the
results of other workers.
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