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ABSTRACT

The following topics were studied, principally by NMR spectroscopy but also,
where relevant, by circular dichroism, molecular modelling or chromatography : (1)
NMR lipid and metabolite analysis, (2) conformational analysis of polyunsaturated
lipids and (3) the design, synthesis and structural studies of conformationally-restrained
polyunsaturated fatty acids (PUFAs) analogues.

One- and two-dimensional proton NMR techniques were used to characterise and
quantify lipids and water soluble metabolites extracted from Agaricus bisporus.
Phospholipid classes, sterols and glycerides were determined from structure specific
proton-resonances and confirmed by cross peaks in the 2D COSY spectra of lipid
exéracts. Additional information was obtained by separating the total lipid extract by
ch';fomatography and analysing the NMR spectra of the resulting four classes of lipids.
Th;: main water soluble metabolites involved in the cellular and metabolic pathways
were also identified, using combined 1D, 2D COSY and 2D-J resolved NMR.
Information obtained from NMR experiments proved to be in agreement with previous
published data, which was obtained using well established but time-consuming
conventional chromatographic techniques.

| The NMR lipid profiles of blood platelet lipid extracts from healthy individual
and patients suffering from coronary artery diseases were compared. Certain features,
in particular the phosphatidylcholine to phosphatidylethanolamine ratio, appeared to be
dependant on the disease states.

In an attempt to develop drugs based on lipid structure, arachidonic acid and
higher PUFAs were subjected to molecular modelling. The stable conformations
highlighted were used to design a series of lipid mimetics, including peptido-PUFAs
where the C=C bonds were replaced by isosteric amide bonds. Since molecular
dynamics experiments revealed that the structures had been constrained, these lipids
were synthesised and their structure confirmed by circular dichroism and one- and two-
dimensional high resolution NMR.

High-field NMR has proved to be a versatile technique that has enabled the rapid
and comprehensive analysis of biological lipids and metabolites, and also the

experimental validation of computational studies leading to drug design.
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CHAPTER 1
Introduction :

Structure and Function of Lipids

“Mey bau u gnac de caa, qu’u pot de caperaa”
(“Better be bitten by a dog than kissed by a priest”)

Occitan Proverb-Anonymous

28



Chapter 1 Introduction

1.1 Objective

1.1.1 A growing scientific interest in lipids

Lipids have been studied by scientists for about two centuries, and for many
years lipids were considered to be molecules mainly used for structural and energy
storage purposes. Being one of the essential building block in cells, phospholipids are
the primary component in most cellular membranes, although cholesterol also acts as
an important structural constituent of some eukaryotic membranes and its presence is
esgential to maintaining the specific membrane fluidity [1]. Cholesterol is moreover the
pre;cursor of bile acids (vital for lipid absorption in the digestive system) and steroid
hormones [2]. Sphingolipids constitute a significant amount of the myelin sheath in the
nervous system. Triglycerides however, stored primarily in the adipose tissue, function
as an energy store. [3].

A newly discovered role of lipids has enabled lipid research to develop over the
past decade. Lipids have potent biological activities in the generation of signals, both
as intracellular second messengers acting on a cytoplasmic target and as intercellular
messengers acting on specific receptors. Significant developments in this area have
included the discovery of signal transduction functions of inositol lipids [9], diglyceride
lipids [4], platelet activating factor (PAF) [5] and the arachidonic cascade lipids [6-7].
Various theories suggesting that lipids play an active role in major biological events
have also been proposed [8-12].

The scientific interest in lipids has considerably widened as their importance in
cellular signalling, cell metabolism and immunology is recognised. This has focussed

attention away from purely structural studies to the study of biological activities and the
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examination of structure-activity relationships. This in turn has led to the rapid

development of modern lipid analytical methodologies.

1.1.2 NMR in lipid analysis and in lipid structure determination

Thin layer chromatography (TLC) [13-15], the oldest technique in lipid analysis,
is still widely used for lipid separation, because of its simplicity and low cost. Gas
chromatography (GC) [16], later introduced, is particularly suitable for fatty acid methyl
ester analysis. The development and exploitation of this technique contributed greatly
to.ihe rapid increase in information on the chemistry and biocheinistry of lipids over the
las‘:t 25 years. Advances in high performance liquid chromatography (HPLC) [17, 18]
have made it one of the most commonly used technique for lipid analysis in the past
decade. Other, developments have included mass spectrometry (MS) [19] and
radiolabelled lipids as the substrates for enzymatic studies. Enzymatic hydrolysis [20,
21] procedures have been developed for determining the positional distribution of
esterified fatty acids within complex lipids.

Although most of these lipid analysis methodologies are well established and
informative, there are still problems to be overcome. For instance, all of the techniques
mentioned above are not able to provide a comprehensive lipid analysis in one single
step. More often the assay has to be repeated with different conditions or parameters, or
a combination of methods are used. Such multi-step approaches consequently lead to
time-consuming and labour intensive lipid assays and so an alternative technique was

thus needed which could provide a rapid and sensitive single step analysis.

Nuclear magnetic resonance spectroscopy (NMR) is a powerful technique for
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molecular structure determination. Its capability has been thoroughly demonstrated in
areas such as polypeptide and protein structural analysis. NMR has also been applied to
other biological macromolecules, including lipids [22, 23]. However, due to early
technological limitations, information was restricted to a few distinctive functional
groups and the precise characterisation of individual lipid or fatty acid classes within a
natural lipid mixture was impossible. Moreover, despite proton NMR having the highest
sensitivity among all nuclei, it was still significantly lower than chromatography, and
the dipolar and J-coupling interactions of spectra were found to be too complicated for
ful_lgin terpretation. Fortunately, Fourier transform (FT) technology, very high field supra-
coﬁhucting magnets and improvements in computing technology, significantly enhanced
the sensitivity as well as the resolution of NMR spectra. With the additional aid of
modern multi-dimensional NMR techniques, the assignment of complex lipid profiles
eventually became feasible.

Since 1989 [24-33], several laboratories have explored the potential of high field
NMR spectroscopy as a technique for lipid profiling and more widely for metabolite
profiling [34-48]. The major advantages of this NMR assay over the conventional
techniques can be summarized as follow :
1) Comprehensive lipid profiles can be obtained by one single 1D experiment within a
short period of time (< 30 min for proton NMR with ca. 5-10 mg of sample).
2) Sample preparation is simple and NMR is non-destructive.
3) Natural lipid mixtures can be measured qualitatively and quantitatively, and the
relative concentration of each individual species can be determined via the integrated
areas of the characteristic resonances.

4) Information on the fatty acid compositions and the degree of unsaturation are readily
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obtained.
With the above advantages, in vitro lipid profiling via NMR has hence proved
to be an alternative to the main stream chromatographic approaches for a rapid and

comprehensive lipid assay.

Investigating and understanding the biological activity of lipids requires both
lipid analysis techniques, and a means to assess structure-activity relationships. Major
developments have occurred, in this direction, over the past few years, driven by
tec‘lémological advances in computing capabilities [49]. QSAR (Quantitative Structure
Act‘fivity Relationship) is widely used, where information about the biological activity
of molecules is available [50]. When the interest is focussed on structural investigations,
for instance conformational studies of peptide hormones and neurotransmitters, NMR
(one and two dimensional, in different solvents and at different temperatures) and
molecular modelling techniques (such as distance geometry and restrained molecular
dynamics) have been used either independently [51-53] or in combination [54-56].
These tools and their further developments should enable the design of drugs [49],
directly inspired from the understanding of the structure-activity relationships of

biologically active lipids.

1.1.3 Research purposes and objectives

This PhD thesis is divided into three distinct projects which have in common the
study of lipids and the use of one and two dimensional high field proton NMR. The first
two projects present novel applications of the NMR lipid assay, whilst the third one

attempts to design polyunsaturated fatty acid (PUFA) analogues, using a combination
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of molecular modelling, one and two dimensional high field NMR and circular
dichroism (CD) techniques.

Comprehensive lipid and water soluble metabolites assays using NMR
spectroscopy have been developed [24-48], but have never been applied to mushrooms
and in particular Agaricus bisporus, the common mushroom. Chapter 2 applies one and
two dimensional proton NMR spectroscopy to the qualitative and quantitative analysis
of lipids and water soluble metabolites in Agaricus bisporus, obtaining good agreement
with results from more conventional TLC or HPLC methods and establishing that such
an :?NMR assay can be used to monitor metabolic processes in vitro.

Atherosclerosis is known as the main cause of coronary artery disease (CAD)
[57] and links between atherosclerosis and platelet functions have been established [58].
In particular, the involvement of platelet lipid metabolism in platelet activation and
aggregation has been documented [57-59]. In addition, NMR has been tentatively used
as an investigative and diagnostic tool in diverse diseases, such as cancer [60-71],
hyperlipidaemia [72] and heart disease [73, 74] with various degrees of success.
Chapter 3 demonstrates the application of NMR lipid assays to membrane lipids from
platelets, in an attempt to determine possible links between CAD and platelet lipid
profiles of CAD patients, when these are compared to healthy ones.

Arachidonic acid and other PUF As play an important role in metabolic processes
and signalling pathways [3, 75-89]. However, little is known about the conformational
basis for the lipids to exert their effects, despite the fact that specific biological activities
usually correspond to specific conformational states of the molecule interacting with an
enzyme or a receptor [90]. It should therefore be possible to select a particular activity

or target molecule by structural modification of the PUFAs, leading to restricted
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conformational mobility. Chapter 4 demonstrates the low energy conformations of
arachidonic acid (also described by Rich [91]) and confirms the results experimentally,
using cryogenic proton NMR, in two different solvents. It also reports the design of
conformationally-restricted analogues of arachidonic acid and other PUFAs, on the basis
of the stable conformations identified through the calculations, and the analysis of their
structural properties by a combination of one and two dimension NMR spectroscopy,
CD and molecular modelling techniques. It ultimately proposes molecular models for

the low energy conformations of the designed analogues.

In this introductory section, a brief description of the lipid structures will be
included, since the characterisation of lipids by NMR is based principally upon their
structural variety and structure-specific resonance. It also includes highlights of the

functional importance of lipids as potent biological molecules.

1.2 Structures and properties of lipids

Since all distinguishable lipid NMR signals (and in fact other kind of
molecules) arise exclusively from their structural diversities, it is therefore relevant to
include a brief overview of lipid structures. Some of their properties and occurrence will
also be described. This summary however, is by no means exhaustive. It will focus
merely on those lipid species which are detected and assigned by proton NMR. Other
relatively low abundance lipid molecules which are beyond the detection capability of
the NMR assay described here, such as some steroid hormones and lipid soluble

vitamins, will not be discussed.
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1.2.1 Fatty acids

Fatty acids are long chain hydrocarbon molecules with a terminal carboxyl group
(RCH,COOH, R can be up to 34 carbon atoms in length) [2, 92]. Fatty acids can be
saturated or unsaturated. The most common species among the saturated fatty acids are
palmitic acid (16:0) and stearic acid (18:0). Fatty acids which consist of one or more
double bonds are called monounsaturated and polyunsaturated fatty acids (PUFA)
respectively. The double bond occurs between carbon atom 9 and 10 in most
m(;nounsaturated fatty acids. Polyunsaturated fatty acids are numerous. Linoleic acid
(1 §:2) and linolenic acid (18:3) contain olefinic group(s) between A-9 (the 9" bond after
-COOH) and the terminal methyl group (w-CH,). Animal cells are not able to desaturate
fatty acids between these positions; these acids must therefore be taken into the body
through diet and hence are named essential fatty acids. However, elongation of aliphatic
chains and desaturation of fatty acids between their carboxyl group and A-9 can take
place in animal cells, and thus polyunsaturated fatty acids such as arachidonic acid
(20:4), eicosapentaenoic acid (20:5) and docosahexaenoic acid (22:6) can be produced
in the body. Most types of PUFA are non-conjugated (i.e. double bonds are separated
by one methylene group) and almost all naturally-occurring unsaturated fatty acids are
in the cis-configuration; trans isomers are seldom found. The length of most fatty acid
chains is between 16 to 22 carbon atoms, although longer (up to 24) and shorter
variations (e.g. decanoic acid in milk) are also known [2]. With the exception of marine
organisms, fatty acids with even numbers of carbon atoms predominate. Table 1.1
contains a list of common fatty acids together with their trivial and systematic names,

as well as their shorthand designations.
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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, for example saturated chains melt at higher temperatures than unsaturated
chains of identical weight.

Free fatty acids are normally ionised at neutral pH, so that in the blood, the
carboxylate form (RCH,COOQO") circulates mostly bound to plasma proteins. However,
the majority of naturally-occurring fatty acid form amide, ester and sometimes ether
linicages with other molecules. They are more often associated with an alcohol chain as
théir backbone to form complex lipids. The principal lipid backbones are glycerol and
sphingosine (4-sphinganine and 4-sphingenine), which yield glycerolipids and

sphingolipids respectively.
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N° of carbon | N° of double | Systematic Name Common Name
atoms bonds (shorthand designation)

12 0 n-Dodecanoate (12:0) Laurate

14 0 n-Tetradecanoate (14:0) Myristate

16 0 n-Hexadecanoate (16:0) Palmitate

16 1 cis-A’-Hexadecenoate Palmitoleate

(16:1%%, n-7)

18 0 n-Octadecanoate (18:0) Stearate

18 1 cis-A’-Octadecenoate Oleate
(18:14°, n-9)

18 2 cis,cis-A%'?-Octadecadienoate Linoleate
(18:14%12, n-6)

18 3 all-cis-A%%'2-Octadecatrienoate | y-Linolenate
(18:146%12 n-6)

18 3 all-cis-A%21>.Qctadecatrienoate | a-Linolenate
(1 81 A9,12,|5, n_3)

20 4 all-cis-A>8!"14_Eicosatetraenoate | Arachidonate
(20:1A5,8,11,14 n-6)

20 5. all-cis-A>8!H1417- Clupanodonate
Eicosapentaenoate
(20:1A5,8,|I,14,l7, n_3)

22 6 all-cis-A%7-10.13,16,19_
(22:11\4.7,10,13,!6,19 1’1-3)
Docosahexaenoate

Table 1.1. Fatty acid nomenclature.
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1.2.2 Glycerolipids: neutral glycerolipids

There are two major types of glycerolipids, namely neutral (uncharged)
glycerolipids [2, 92] and phosphoglycerolipids [93-95]. The former have esterified fatty
acids at one, two or all three glycerol sn positions while the latter consists of two
esterified fatty acids and one phosphodiester group at the sn-3 position. Triacylglycerol
is the principal uncharged glycerolipid found; the monoacylglycerol and diacylglycerol
are metabolites of triacylglycerol and phospholipids and are normally present in very
small quantities. However, 1,2-diacyl-sn-glycerols have particular importance
bi(;synthetically as precursors of triacylglycerols and compiex lipids [2]. Although
tri;cylglycerols are found in the blood, liver and intestine in men, they are primarily
found in adipose tissue, which functions as a storage depot for this lipid. The specialized
cell in this tissue is called an adipocyte. The cytoplasm of this cell is full of lipid
vacuoles that contain almost exclusively the triacylglycerols which serve as an energy
reserve for mammals. At times when the diet or glycogen reserves are insufficient to
supply the body’s need for energy, the fuel stored as fatty acyl components (i.e. non-
esterified fatty acids) of the triacylglycerols is mobilised and transported to other tissues
in the body [2]. A second important function of adipose tissue is insulation of the body

from cold.

1.2.3 Glycerolipids: glycerophospholipids

Glycerophospholipids, by definition, are glycerolipids that contain a phosphate
diester group [2]. Phospholipids are amphipathic molecules since they have both polar
and non-polar functional groups. The polar head groups prefer an aqueous environment

(i.e. hydrophilic) whereas the non-polar acyl substituents are excluded from the aqueous
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environment (i.e. hydrophobic). It is such amphipathic properties that causes most
phospholipids to arrange spontaneously into a bilayer when suspended in an aqueous
environment. This phenomenon of phospholipid bilayers is the major structural feature
of most biological membranes.

Glycerolipids can be further classified according to their phosphate head group
substituents. The common head groups found in cells include choline, ethanolamine,
serine, inositol, hydrogen, glycerol group and phosphatidylglycerol; which respectively
form phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine
(Pé), phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidyiglycerol (PG) and
ca;diolipin or diphosphatidylglycerol (CAR) [92, 95]. PC, commonly termed lecithin,
is a non-acidic lipid and is often the most abundant glycerophospholipid in plant and
animal tissues. Saturated fatty acids are always found to occupy the sn-1 position while
unsaturated fatty acids are mainly attached to the sn-2 position. PE is generally the
second most abundant class of glycerophospholipid and is also a non-acidic lipid whith
fatty acid distributions similar to PC, although the PUFA content may be higher than
in PC counterparts. PS is weakly acidic, whereas PI is strongly acidic and its importance
in cellular signalling has been recognised [4,9, 96]. PA is another strongly acidic lipid
and exists usually in trace amounts in plant or animal tissues. It is extremely important
biosynthetically as it is the precursor of all other glycerophospholipids and of
triacylglycerols. PG is also an acidic lipid and exists in a limited amount in tissues. CAR
is a major lipid component of mitochondria [97]. The headgroup variety of
glycerophospholipids is summarised schematically in Table 1.2.

Another distinctive class of phosphoglycerolipid is the lysophospholipids, in

which one of the acyl substituents (usually at the sn-2 position) is replaced by hydrogen.
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The amount of lysophospholipids in cells is relatively low compared to their

phospholipid counterparts and they account for only I or 2 % of the total phospholipids

(2]
CH,OCOR!
2
R*COOCH (||) General formula
CH zOl:OX
o-
Substituent (X) Phospholipid Remarks
H . Phosphatidic acid (PA) Negatively charged lipid. Important
: metabolic intermediate, only
’ . - occurring in trace amounts.
—CH,CH(NH,)COO Phosphatidylserine (PS) Negatively charged lipid. Serine is the
. L-isomer. Widespread but minor lipid.
—CH,CH,NH; Phosphatidylethanolamine Widespread and major lipid. N-Acyl
. (PE) derivative found in certain seeds.
~—CH,;CH;NMe, Phospharddylcholine (PC) Has a net neutral charge. The major

animal phospholipid. Found in large
amountsin plants and in small
quantities in some bacteria.
—CH,CH(OH)CH,0H Phosphatidyiglycerol (PG) Negatively charged lipid. Head group
glycerol has sn-1 configuration. The
major phospholipid in photosynthetic
tissues and many bacteria. Some
bacteria contain O-aminoacyl groups
(lysine, ornithine, arginine or alanine)
artached to position 3 of the base
glycerol. Bisphosphatidic acid, the fully
HO OH acylated analogue of PG, has been found

in some plant tissues.
1 Q . Phosphatidylinositol (PT) Negatively charged lipid. Inositol is the
OH myo-isomer. Widespread and usually

y 4 minor lipid. The higher inositides,
diphosphoinositide (1-(3-sn-phos-
phatidyl)-L-myoinositol 4-Phosphate)
and triphosphoinositde (1-(3-sn-
phosphatidyl)-L-myoinositol 4,5-bisphos-
phate) have only been detected in
animals and yeast
Phosphatidylglycerol Diphosphatidylglycerol Negatively charged lipid. Commonin
(cardiolipin, DPG) bacteria. Localized in the inner mito-
chondrial membrane of eukaryotes.

1R long-chain alkyl groups.
= long-chain alkyl groups for glycerophospholipids, or hydroxyl groups for lysophospholipids

Table 1.2. Summary of the structure and distribution of important

diacylglycerophospholipids.
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1.2.4 Glycerophospholipids: ether lipids

Glycerol ether lipids can be divided into two general types: alkyl-acyl ethers and
alk-1-enyl-acyl ethers (or plasmalogens) [94]; the former has an alkyl ether linkage
between the fatty acid and the sn-1 glycerol moiety, and the later an alkenyl linkage. The
structure and diversity of the phospho head groups are identical to its
glycerophospholipid counterparts. Plasmalogens generally have choline head groups and

they are the major ether lipid in animal cells.

1.2.5 Sphingolipids

Sphingolipids contain a long chain, hydroxylated secondary amine base.
Sphingosine being the most abundant long chain base, it accounts for about 90 % or
more of the total sphingolipid bases [2,93]. Sphingosine is a toxic material to cells and
is therefore present in trace quantities only. The sphingolipid base is acylated on the
amine with a fatty acid to give a ceramide (Figure 1.1), and a head group is connected
to the primary hydroxyl group in order to form complex lipids. The major head groups
are either phosphocholine to give sphingomyelin or carbohydrate to give the class called
glycosphingolipids [93]. The carbohydrates, most often associated with
glycerophospholipids are galactose and glucose, which in turn form galactocerebroside
and glucocerebroside. There is a subdivision of the glycosphingolipids called
gangliosides, which contain one or more molecules of sialic acid (N-acetylneuraminic
acid) as the head group. Sphingolipids have a rather specific distribution in cells where

they are concentrated in the outer leaflet of the plasma membrane.
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H,COH
HCOH
|| HO ~o = Non
HO NHCOR — LoodNL_EQ NHCOCH, HOCH;

Structure of sialic acid  Structure of galactose

Figure 1.1. General structure of ceramide and cerebrosides.
X=phosphocholine for sphingomyelin. X= a monosaccharide (usually galactose) for
cerebrosides in animals. X= two to six sialic acids for gangliosides. The fatty acids in

the R group are frequently 2-hydroxy compounds for the galactoceramides.

1.2.6 Steroid and related compounds

Cholesterol and related compounds are the main animal steroids and derive from
the tetracyclic hydrocarbon perhydrocyclopentanophenanthrene. The cyclohexane rings
of cholesterol and other steroids adopt either the chair or the boat conformation. The
chair conformation is more stable and thus is the preferred one. Cholesterol is the
precursor for important steroids in animals; for example in bile acids and steroid
hormones. Bile acids are the major degradation products of cholesterol, and act as
detergents in the small intestine thereby aiding the solubilisation of lipids, which then
become more easily degraded by intestinal lipases. In addition, cholesterol is an
important structural component of some eukaryotic membranes and its presence is
essential for maintaining membrane fluidity [1]. So far as yeasts, fungi and mushrooms
are concerned, the major sterol is ergosterol, differing from cholesterol by a higher

degree of unsaturation of both the cyclic ring and the side chain (Figure 1.2). Sterols are
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Chapter 1 Introduction

If arachidonic acid is released then it can initiate the arachidonate cascade (see 1.3.2).
Likewise IP; can either be phosphorylated to give a tetraphosphate, which may itself
produce cellular effects, or it can be hydrolysed via intermediates to yield inositol and
again complete the cycle [3].

The hormone sensitive inositol lipid pool is confined to the plasma membrane
where most of the PIP, is located. Increased hydrolysis of this lipid is caused by several
stimuli including neurotransmitters, releasing factors, hormones, growth factors,
fertilisation and light.

- Both IP, and DG function as second messengers; the former acts to release Ca?*
fro‘:m the endoplasmic reticulum while the latter activates protein kinase C [98]. Protein
kinase C, with the help of Ca*, stimulates the formation of PIP,, thus preparing the cell
for a new agonist-induced stimulation. Ca?* also appears to activate phospholipase C

[99] and therefore generates the stimulatory second messengers discussed above [100].

PHOSPHATIDYLCHOLINE PHOSPHATIDYLCHOLINE
PHOSPHOLIPASE C : 2>  PHOSPHORYL-
' v CHOLINE

PHOSPHOLIPASE A, | DIACYLGLYCERGL

I
S N
!
| LYSOPHOSPHATIDYLCHOLINE LUPASE o >  STEARIC
‘ Y ACID
i MONOACYLGLYCEROL
LIPASE > GLvcerol
\ 4
ARACHIDONIC ACID ARACHIDONIC ACID

Figure 1.3. Pathways for the release of arachidonic acid from phospholipids. ( from

Barritt [118])
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1.3.2 Arachidonic cascade [6]

Arachidonic acid has become of major interest in lipid research, because of its
high biological potency and that of its metabolites, which modulate cellular functions
such as platelet aggregation, smooth muscle contraction and neural excitation [101].
Arachidonic acid is preferentially esterified at the sn-2 position of glycerophospholipids
[102], and predominates in PI and PE [103]. Liberation of arachidonic acid from
membrane phospholipids can be induced by various agonists (e.g. hormones or growth
faqt%ors). There are two major pathways proposed for the liberation of arachidonic acid
: thé PLA, pathway [104] and Phospholipase C/DG-lipase pathway [105] (Figure 1.3).
Once released, arachidonic acid is rapidly converted into biologically active metabolites
(eicosanoids) by the action of cyclooxygenase and lipoxygenase [11] and such events
have been extensively studied on blood platelets [106]. In human platelets,
cyclooxygenase metabolises arachidonic acid to prostaglandin endoperoxides, PGG, and
PGH,, which are further converted mainly to thromboxane A, (TXA,), 12-hydroxy-
5,8,10-hepadecatrienoic acid (HHT) and also PGE,, PGD, and PGF,,. TXA, and
prostaglandin endoperoxides induce aggregation and secretion of granule constituents,
whereas PGE,, PGD, and PGF,, inhibit platelet functions. The major products of 12-
lipoxygenase are 12-hydroperoxy-5,8,10,14-eicosatetraenoic acid (12-HPTET) and 12-
hydroxy-5,8,10,14-eicosatetraecnoic acid (12-HETE). These particular lipoxygenase
products are reported to stimulate neutrophil functions, while 5-lipoxygenase products
convert arachidonic acid into leukotrienes and lipoxins as the potential mediators of
inflammation and hypersensitivity reactions. Arachidonic acid itself is known to activate

protein kinase C and Phospholipase C, and also to stimulate Ca®* release from
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intracellular stores [106].

The arachidonic cascade will be discussed further in the introduction to Chapter

3 and Chapter 4.

1.3.3 Signalling through phosphatidylcholine (PC) breakdown

Receptor stimulation in a diversity of cells through a receptor-G-protein
mechanism is associated with the hydrolysis of PC by a variety of cellular
phospholipases [9]. One aspect of the importance of PC hydrolysis is the formation of
D(}l, which importantly, as seen above, contributes to cell activation, by modulating the
acti‘fvity of protein kinase [98]. In addition, increasing biophysical evidence points to a
critical role for DG in the development of intermediates that promote membrane fusion
during exocytosis [107]. DG can be generated either via the direct breakdown of PC by
action of phospholipase C, or indirectly by the joint action of phospholipase D, forming
PA, and phosphatidic acid phosphohydrolase converting PA to DG [108].

Another major aspect of the degradation of PC, is the liberation of arachidonic
acid by the action of phospholipase A,. As described in the previous section, arachidonic
acid and its metabolites are cellular second messengers which can trigger various

biological events.

1.3.4 Direct or indirect regulation of ion channels by fatty acids

The action of fatty acids on ion channels can be classified as direct or indirect.
Indirect effects arise principally from the metabolic conversion of one fatty acid,
arachidonic acid, into active oxygenated metabolites, which then affect certain channels

[101]. It has been demonstrated that agonists-stimulated liberation of arachidonic acid
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activates K* channels in cardiac cells [101].

In contrast, direct fatty acids actions do not depend on such metabolic conversion, but
instead exert their effects through interacting directly with the channel itself (or an
accessory protein), or some associated site within the plasma membrane, or by altering
the lipid bilayer. It is possible that fétty acid binding sites exist on ion channel proteins,
either within the lipid bilayer or in the aqueous environment. Fatty acids might act by
altering the interaction of channels with the lipid bilayer. It is known that the
composition of the lipid bilayer can dramatically affect protein behaviour; for example,
sméne membrane proteins have appeared to be associated preferentially with certain
lip‘Li'ds [109] and such findings would suggest that specific chemical interactions with
membrane lipids are important for protein function. Another possible mechanism of
fatty acid action, in addition to the modification of specific protein-lipid interactions, is
the alteration of bulk membrane fluidity. In particular, it has been proposed that fatty
acid regulation of squid giant axon Na* channels [110, 111] and aortic smooth muscle
K" channels [112] is mediated by the effect of fatty acids on membrane fluidity.

Apart from their direct effects on purified proteins and ion channels, fatty acids
have been found to regulate a variety of cell processes including synaptic transmission
[12], neurotransmitter uptake [11] and suppression of Na* and Ca?* currents [113] via
mechanisms that do not appear to involve any active oxygenated metabolites. Fatty acids
have also been found to block or inactivate the Cl channels implicated in the

pathogenesis of cystic fibrosis [114].

In addition, many of the vitamins and hormones found in animals are lipids or

derivatives of lipids. Lipids might also be important modulators under pathological
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conditions, since many diseases are related to lipid metabolism disorders such as cardiac

diseases [115], diabetes [116] and tissue ischemia [117].
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Chapter 2

1D and 2D proton NMR of lipids

and water soluble metabolites from Agaricus bisporus

Cépes a la Bigourdane

Prendre des cepes a large chapeau, enlever les queues,
essuyer et mettre sur le gril afin que les champignons
Jettent leur eau.

Faire des lardons courts que vous enfoncez sous les
cepes et vouls les replacez sur le gril. Quand ils sont mi-
cuits, les mettre dans [’huile chaude a la poéle, saler et
terminer la cuisson.

Avant de servir, répandre un hachis d’ail et de persil.
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2.1. INTRODUCTION

The analysis of the lipid and water soluble metabolites has long been a key
component in life science research, regardless of the organism investigated. The
elucidations of universal metabolic pathways such as the Krebs and Calvin cycles
illustrate this well. As the complexity of whole organisms and their interactions with the
environment (e.g. stress adaptation) is further explored, metabolite analyses will
ungfoubtedly continue to be required for gaining insights into these processes.

The lipid content of mushrooms, such as Agaricus bisporus (Lange) Sing, has
been the object of many investigations not only in relation with metabolism but also
nutrition and medicine. As far back as 1962, a study reported by Hughes [119] identified
10 fatty acids among which linoleic acid (18 carbons : 2 cis double bonds at positions
9 and 12) predominated. It was shown later that fatty acids with 16 and 18 carbons are
most abundant and that linoleic and oleic acids are the principal unsaturated fatty acids,
palmitic acid being the major saturated one [120-126]. Determination of the sterol
composition of mushrooms was tremendously eased by advances in mass spectrometry.
Ergosterol was confirmed as the predominant sterol in Basidiomycetes and other closely
related species. Novel sterols were also identified by this technique [127-130].

Neutral lipids and the fatty acid content of mushrooms are thus well established.
However, little has been reported on the phospholipid content of mushrooms, probably
because no simple and accurate method of quantification is currently being used [131].
To understand better the importance of technique and experimental process in obtaining
comprehensive information on lipid mixtures, it is necessary to review the steps

involved in a conventional analytical procedure. The isolation of the lipids is carried out
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via a typical solvent Bligh-Dyer [132] or Folch [133] extraction of the total lipids, or
supercritical fluid extraction of the carboxylic fatty acids [134]. The purification and/or
analysis is then proceeded to by one or a combination of the following techniques : TLC
[132], GC after derivatisation of the fatty acids components into methyl esters [135],
HPLC [136, 18], ion exchange chromatography [25] or GC-MS. Lipid content
determinations have thus always been a time consuming multiple step process, until one
and two dimensional high resolution proton NMR spectroscopy was used to obtain
comprehensive information on total lipid extracts without chromatographic separation
or émy chemical modification [137]. This technique has been successfully applied to
determine qualitatively and quantitatively the lipids extracted from cells, tissues and

body fluids [24-31, 36], parasites and organisms [32, 33].

As with the lipid analysis, conventional approaches to metabolite analysis are
laborious and often involve elaborate sample preparation with multiple extraction
procedures, each limited to a specificity of only a few compounds. In addition, since
extensive fractionation is often required, variable or poor recovery is usually achieved.
An alternative is to use crude extracts, for which many enzymatic and colorimetric
methods are available, but the detection methods are usually not sufficiently specific
such that these analyses are often complicated by interference from other compounds.
Equally important, only predetermined metabolites can be analysed in this way while
unexpected or unknown components are easily overlooked.

With the advent of high-resolution gas and liquid chromatography such as
capillary GLC and HPLC, many of these problems were solved. For example, a larger
number of metabolites can now be analysed simultaneously by GLC and HPLC with

abbreviated sample preparation procedures. However, GLC analysis is limited to volatile
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metabolites (or those that can be made volatile) while HPLC methods are better suited
for more polar compounds with conveniently detectable chromophores or functional
groups.

The recent advances in NMR methodology overcome most of these limitations,
with the exception of very low concentration metabolites. The profile of a
comprehensive range of organic metabolites can be acquired by multinuclear NMR
methods. The limitations involving volatility, presence of chromophore or polarity are
totally overcome. NMR is non-destructive and therefore allows samples to be
sut‘i‘sequently analysed by other techniques. Definite structural identification can be
obtéined directly from crude extracts with minimal sample preparation. This allows a
specific and simultaneous determination of a number of metabolites while maximizing
the opportunity for identifying important but unexpected or previously unknown
metabolites. As such, it is particularly valuable for acquiring metabolite profiles on
sarﬁples where prior knowledge is limited. Moreover, a substantial reduction in labour
and time can be achieved for multiple component analysis.

Thus, NMR measurements are the basis for one of the most comprehensive and
informative methods available for metabolite analysis. Complex metabolite pools have
been assigned by a combination of multidimensional and multinuclear NMR
experiments [14, 34-44]. These techniques have been commonly applied to animal
tissues and body fluids, but metabolites from plants and mushrooms in particular, are
still mainly investigated by the traditional chromatographic methods. Usually, the amino
acids, the carbohydrates and the other plants water soluble metabolites are determined
separately via a combination of techniques. Gellert et al. [144] used an automatic amino
acid analyser as well as GLC and GC-MS to determine the amino-acid profile of a New

Guinea Boletus. Abou-Heilah er al. [145] investigated the chemical composition of the
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fruiting bodies of Agaricus bisporus also using an amino acid analyser for amino acid
determination while the carbohydrates content was obtained by the phenol reaction. The
chemical constitution of some species of agaricaceae and other mushrooms was studied
by Senatore [129, 146]. In these studies the total free amino acids were isolated on
sulphate ion-exchange resin, and were converted to their n-propyl, N-acetyl derivatives
for GLC. Ayer and Macaulay [147] combined different separation techniques with Mass
spectrometry, Infra-red (IR) and NMR to investigate metabolites of the honey
mu_shroom, Armillaria mellea, while Pang et al. [148] identified metabolites present in
thc?;fintact fruit bodies of Lepista nebularis as well as those formed as a response to
injﬁry, after separations using thin layer chromatography (TLC) and GC-MS, and

structure determination by NMR.

In this study, we report for the first time, the analysis of both intact and purified
lipid extracts from Agaricus bisporus, using 1D and 2D COSY proton NMR
experiments. Different types of phospholipids and neutral lipids were identified from
intact lipid mixtures and quantified from their NMR spectra. Information on the fatty
acid composition and the average levels of unsaturation were obtained from the same
spectra. In order to obtain a more detailed analysis of the sample, the mixtures were
separated, before NMR analysis was performed, on solid phase, by ion exchange
chromatography, into 4 fractions corresponding to a) neutral lipids, b) free fatty acids,
¢) neutral phospholipids and d) acidic phospholipids [138]. The spectroscopic method
was thereafter used to confirm the identity of the lipids belonging to the different classes
and their fatty acid composition [28].

We also illustrate the application of 1D, 2D COSY and 2D-J resolved techniques

to the simultaneous determination of the principal water soluble metabolites extracted
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from Agaricus bisporus.

2.2 EXPERIMENTAL
2.2.1 Samples
Samples of cultivated mushrooms (A. bisporus) were obtained from a local
grocery store (London, UK). 200 gr of fresh caps were cut into 1-2 cm sized pieces,

frozen in liquid nitrogen and ground into powder.

2.ziz Extraction of total lipids from cultivated mushrooms

The powdered mushrooms were mixed with 2.5 volumes of CHCI,/MeOH (2:1,
v/v) in a glass tube, vortexed and sonicated in an ultrasonic bath at 0°C for 20 min. The
suspension was filtered through cheese cloth to remove particles and centrifuged at 2000
rpm for 10 min at 4°C to separate the aqueous and organic layers. The water layer and
the remaining tissue were re-treated with the same vol. of CH,OH/CHCI, (1:2, v/v), and
the extracts obtained from both steps were combined. The organic layer was washed
twice with equal vol. of 0.5 M KCI in 50% MeOH, dried over Na,SO, and filtered
through glass wool. The volume of the resulting solution was reduced using a rotary
evaporator and then concentrated to dryness under a stream of nitrogen. The lipid
residue was redissolved in 0.8 ml of CD,OD/CDCl, (2:1, v/v) and transferred to 5 mm
NMR tubes, under nitrogen. The tubes were kept at -20°C while awaiting NMR analysis

[132].

2.2.3 Extraction of the water soluble metabolites from Agaricus Bisporus
The H,0-MeOH layers from the total lipid extraction were mixed with the same

volume of ice-cold 80%, v/v, EtOH (prepared from 96%, v/v, EtOH) in distilled
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deionised water. The mixture was centrifuged at 2000 rpm for 20 min at 4°C. The
methanolic phase was re-extracted as above with 80% ethanol and the two ethanolic
layers were combined. The ethanol was evaporated off under vacuum in a rotary
evaporator. The aqueous layer was then passed through a Chelex 100 resin column
(Bio-Rad Laboratories, Richmond, U.S.A.). The final extract was lyophilised and
resuspended in 0.8 ml of D,0 and transferred to 5 mm NMR tubes, under nitrogen. The

tubes were kept at -20°C while awaiting NMR analysis [285].

224 Bond Elut (NH2-aminopropyl) solid phase separation method

200 mg of the extracted lipids were dissolved in 1 ml of CHCl,. A 0.2 ml aliquot
of the solution was then applied to each one of 3 Bond Elut Certify IT (200 mg, Varian)
columns preconditioned with 8 ml of HPLC grade dry hexane, and another 0.2 ml
aliquot was retained as a control for the determination of recovery after separation.
According to their different polarities, lipids were separated into four individual
fractions [133] by passing different eluents through the column in the following order
: (1) CHCI, (eluted non-polar lipids and sterols), (2) Et,O with 2% HOAc (eluted non-
esterified fatty acids), (3) MeOH (eluted non-acidic phospholipids) and (4) 0.05 M
ammonium acetate in CHCl,/MeOH (4:1, v/v) and containing 2% (v/v) of 28 % NH,OH
solution (eluted acidic phospholipids). A volume of 2 x 3 ml of mobile phase was used
for all elutions. All column elutions were achieved in 5 min under low-speed
centrifugation conditions (500g). The acidic phospholipids fraction required additional
processing to remove ammonium acetate which is detrimental to high resolution NMR
analysis. Consequently, this fraction was dried under a stream of nitrogen in order to
avoid oxidation and resuspended in CHCl,/MeOH (2:1, v/v, 3 ml) and distilled H,O (0.6

ml). The contents were vortexed thoroughly for 15 seconds and left to partition on ice,
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to limit oxidation. The upper aqueous phase was removed and discarded.
CHC1,/MeOH/H,0 (3:48:47, by volume, 1.4 ml) was added to the organic phase and the
procedure repeated once. The combined resulting lower organic phase from fraction 4,
the 3 eluates from fraction 1 to 3, and the 0.2 ml unseparated lipid control extract were
evaporated under a stream of nitrogen. The residues were then resuspended in 0.6 ml of

CD,OD/CDCI, (2:1, v/v) and transferred to 5 mm NMR tubes.

2.2.5 Proton NMR of extracted lipids and water soluble metabolites

Samples were bubbled with nitrogen prior to recording the spectrum in order to
avoid oxidation. All NMR spectra were obtained using a Bruker AM 600 NMR
spectrometer and processed using Felix 2.3 (Biosym, 1987, 1993). A field frequency
lock was provided using the deuterium signal in CD,0D or D,O depending on whether
the lipidic or water soluble extracts were under investigation. The spectra were recorded
at 25°C in the Fourier transform mode (FT). The lipid extracts spectra were acquired
using a 5 ps, 45° pulse, a spectral width of 6714.113 Hz, an acquisition time of 2.44 s
and a relaxation delay of 1 s. The free induction decays (FIDs) were collected with 32
K data points. The 1-dimensional spectra of the water soluble extracts were acquired
using a 12 ps, 90° pulse, a spectral width of 7204.611 Hz, an acquisition time of 4.55
s and a relaxation delay of 2 s. The FIDs were collected with 32K data points and zero
filled to 64K data points. Water suppression on both the lipidic and aqueous samples
was obtained by gated decoupling of the water resonance.

Connectivity among protons was established with the magnitude COSY pulse
sequence [152]). The detailed conditions of acquisition and processing are given below
for the lipid extracts while the data in brackets belong to the water soluble extracts when

different. 2D COSY experiments were performed at 300 K by using standard pulse

56



Chapter 2 NMR of lipids and water soluble metabolites from Agaricus bisporus

sequence, a spectral width of 6714.113 Hz (7204.611 Hz) and a relaxation delay of 2.0
s. They were recorded in 4096 (2048) data points, obtained from 256 (512) FIDs of 16
(8) scans each, with zero-filling in the F1 dimension. The data were multiplied with a
square sine-bell function in both dimensions prior to transformation. Water presaturation
was performed during relaxation to remove excess HOD signal. The presaturation power
was then switched to a minimum level during pulses and evolution to hold the
saturation.

Two-dimensional J-resolved spectra [153] were measured with solvent
prqéaturation at 300 K. Experiments were recorded into 2048 data points with a spectral
wid‘?th of 7204.611 Hz. The F1 (J-coupling) domain spectral width covered 79.81 Hz.
64 FIDs of 32 scans each were collected. Prior to FT, the F1 data were zero filled to 256
computer points. The spectra were tilted by 45° to provide orthogonality of the chemical
shift and coupling constant axes and subsequently symmetrized about the F1 axis.

Chemical shifts were referenced to the residual methanol peak at 3.31 ppm and
to the TSP peak at 0.00 ppm, for the samples in CD,OD/CDCl, (2:1, v/v) and D,O

respectively.

2.2.6 Calculation of lipid and water soluble metabolite proportions

Chemical shifts were identified as described elsewhere [references 22-30 for the
lipids and references 38-48 for the water soluble metabolites] and from the 2D COSY
spectra of the extracts. After baseline correction, characteristic peaks in the 1D NMR
spectra were integrated. The integrals directly related to the amounts of each lipid
present, correcting for any signal overlap. The number of protons giving rise to the
signal was considered in the calculations. In estimating the fatty acid composition of

phospholipids, the integral at ca. 2.3 ppm was taken as a measure of total fatty chains.
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The integrals of individual fatty acid were compared to this value. The water soluble
metabolites composition was calculated using the lactate integral at 1.28 ppm as the

internal reference.

2.3 LIPID ANALYSIS

2.3.1 Results And Discussion

NMR spectroscopy has been exploited in many laboratories for the study of
lipjﬂs in cells, tissues and in human and animal body metabolism [26-33]. Membranes
of aihimal and plant cells generally possess 50-100 different lipids belonging to separate
classes which are related by common structural motifs [3]. It is not surprising therefore,
that the individual NMR spectra of the lipids have not been distinguished in these
complex plant mixtures. Moreover, the study of lipids in plants, by NMR, is relatively
ner and progress has been limited by the lack of fully comprehensive maps of

membrane lipids.

2.3.1.1 Proton NMR spectral assignment and quantification of the different lipid

classes in the total extract.

Diacylglycerophospholipids (DAGP)

This class of lipids possesses glycerol backbones substituted with acyl chains at
the Sn1 and Sn2 positions and a phosphate diester at the Sn3 position joining the "head
group" to the acylglycerol moiety. The head groups include serine, ethanolamine and its
mono- and di-N-methylated forms, choline, inositol and phosphorylated inositol,

hydrogen and glycerol. The corresponding designation of these different
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glycerophospholipids is as follows : Phosphatidylserine (PS), Phosphatidylethanolamine
(PE), Phqsphatidylcholine (PC), Phosphatidylinositol (PI), Phosphatidylinositol (PIP,)
where x is the number of phosphorylation, Phosphatidic acid (PA) and
Phosphatidylglycerol (PG). Cardiolipin (diphosphatidylglycerol or CAR) is also a
member of this class. Although they might possess identical head groups, some
phospholipids can form subclasses depending on the composition of the fatty acid
chains, which can be saturated, unsaturated or in rare cases branched; lysolipids, formed
usually by the loss of the Sn2 chain, are members of this class.

The one dimensional spectrum (Figure 2.1), the 2D COSY spectfum (Figure 2.2)
obt'ained at 600 MHZ revealed the presence of many lipids. However, although there
was considerable overlap of resonances from different lipid components, most of the
lipids had a structure-specific resonance or set of resonances which enabled their
identification and quantification.

All diacylglycerophospholipids contributed to the backbone glycerol Sn2 proton
multiplet at 5.21 ppm. The magnetically inequivalent glycerol Sn1 methylene protons
resonated at 4.41 ppm (downfield) and 4.15 ppm (upfield), while both glycerol Sn3
methylene proton resonances overlapped at 3.98 ppm. Coupling between these glycerol
backbone protons was confirmed by cross peaks in the 2D COSY spectrum that
unequivocally gave their assignments. Although these glycerol moiety proton resonances
yielded the total number of such lipids, in order to distinguish between diverse
diacylglycerophospholipids, the resonances of protons from the head groups were
necessary.

Choline phospholipids were identified by their characteristic -N*(CH,), proton
singlet at 3.22 ppm. The two choline head group methylene protons (-

OCH,CH,N*(CH,),) resonated at 3.60 ppm (-CH,N*(CH,),) and 4.23 ppm (-OCH,-),

59



Chapter 2 NMR of lipids and water soluble metabolites from Agaricus bisporus

and were confirmed by their cross peaks in the 2D COSY spectrum of the total lipids
(Figure 2), and thus represented all choline lipids including diacyl phosphocholines.

Ethanolamine phospholipids were identified by their characteristic head group
-CH,NH," methylene proton resonance at about 3.14 ppm. The 2D COSY spectrum
showed the cross peak (3.14 ppm; 4.02 ppm) which identified the -OCH,- head group
methylene protons at 4.02 ppm.

Some difficulties were encountered in the determination of acidic diacylglycerol
phospholipids such as PS, PI, PG. In particular, their head group resonances largely
ovérlapped with the corresponding glycerol and head group signals from non-acidic
ph(;spholipids. It was therefore, quite difficult to identify and quantify all of the acidic
lipids. However, the 2D COSY spectrum was of great help and allowed more definitive
information to be obtained on the presence of these lipids. The presence of some of the
cross peaks (3.27 and 3.69 ppm, and 3.39 and 3.66 ppm) corresponding to the six
indsitol ring protons of PI (C1'at 3.88; C2' at 4.20; C3' at 3.39; C4' at 3.68; C5' at 3.22
and C6' at 3.77 ppm) demonstrated a participation of PI above noise level. The lack of
detectable PIP, PIP,, etc, could be attributed to their low concentrations or relative
insolubility in the extraction process. The absence of PS or its participation in small
quantities to the spectra was assessed by the 2D COSY spectrum (no cross peak at 3.98,
4.28 ppm). The glycerol head group (CH,CHCH,) of PG is known for a diagnostic set
of signal at 3.88 (C1°), 3.74 (C3") and 3.58 (C2') ppm. The two cross peaks at (3.60, 3.74
ppm) and (3.80, 3.60 ppm) were thus assigned to PG but it was not possible to confirm
the presence of PG using the 1D spectrum, since its features the peaks of other moieties.
It was more difficult to identify CAR and PA. The cross peaks that CAR should have
between the -CH,CHCH,- protons of its diacylglycerol moieties (at 3.98, 4.17, 4.42 and

5.21 ppm) were difficult to distinguish from the corresponding diacylglycerol moiety
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cross peaks of PE, PC, PG and PI. However, the diagnostic cross peak (3.84, 3.98 ppm)
corresponding to the degenerate Snl and Sn3 proton signals from the central glycerol
backbone moiety, was not observed on the 2D COSY spectrum, implying that CAR was,
if present, at a concentration below noise level. PA could not be easily distinguished
from the 2D COSY cross peaks corresponding to its diacylglycerol moiety protons (at
3.97,4.46, 4.17 and 5.27 ppm) and therefore no quantitative analysis could be carried

out on this entity at this stage.

Mono , di- and tri- glycerides

TG (Triglyceride) showed its characteristic Sn1,3 downfield and upfield cross
pez;ks at (4.35, 4.18 ppm), and Sn1,3 downfield and Sn2 (4.35, 5.25 ppm) in the 2D
COSY spectrum, but its 1D spectrum features overlapped with other moieties peaks.
However, the multiplet at 5.15 ppm corresponding to the Sn2 moiety of diglycerides
(DG) yielded its quantity in the mixture and the amount of TG could be deduced easily
from the integral of the multiplet in the 4.35 ppm region, corresponding to DG Snl and
TG Sn1,3 downfield protons and gave a good approximation to the proportions of DG
and TG in the mixture. Accordingly, TG was found to be 1.6 times more abundant than
DG; monoglycerides (MG) resonances (at 3.50 and 4.00 ppm) overlapped with other

features of the spectrum making their determination impossible.

Ether lipids

These are glycerophospholipids in which a fatty acid chain is attached to the C-1
oxygen of the glycerol moiety by a saturated or vinyl ether rather than ester linkage. The
head groups are usually ethanolamine or choline.

The chemical shifts used to distinguish the saturated ether lipids are those of the
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RC°H,C"H,0C'H,* H- moiety. The absence of a, b cross peaks at (3.44, 1.59 ppm) on
the 2D COSY spectrum were consistent with the low abundance of this class of
saturated ether lipids [4]. Similarly, the cross peaks for the a, b and c protons of the
RC'H,C°H,C’H=C'HOC' H, C H- moiety were not observed at (5.91, 4.33 ppm; a/b cross
peak), (5.91 and 2.00 ppm; b/c cross peak), (4.33 and 2.00 ppm; a/c cross peak); nor
were the glycerol moiety cross peaks at (3.92, 5.16 ppm) and (3.87, 5.16 ppm). It was
concluded therefore that neither saturated (alkyl-acyl glycerolipids) or unsaturated ether

lipids (alkenyl-acyl glycerolipids) were present at concentrations above noise level

(0.1%).

62



; 3%

$rmx

*

)

C

& 3 5%
P2
22
P2
C
]
337
2.
0
"D DE / 0

>8

&

#6

P2

7 %$6& $

22

&7



; 3¢ 4 &' 3 5% & #6 7%$6& $ &7

+
n;
R<
r G
E
D c +
\ [ d ] +
+ - PQ @
&H
N\
A
E * D $ *D
) $ ! #
) $*$* $. /+01 ,
*2( I 11} / mn J n n n / C 8KI
EC 0"(9 . "( 8K /
! " # $%& ' ( "# ") $%& *' ( " # ")+ $%& *'
, % % % -%(# " # "+l $%& . (] ") # $%& '*( O 0 0 ¢
A 1$*G3 & N # G E*D$ '< D' *A$ E*$A N N #
//NN /J NZNN!/NN3 *I C 'E* Ne E**( 8K.8 '<4H N+ !E* N O* E*E*C
0O O $%& 12/( " / "+ 0 O $%& 12 ( "# [ #0 0 O $%& 34 12 ( "/
S)"0 0 #0 0 /O $%& 564 ) I( ") 01/) 0! $%& 72 8 9 : (.
$%& 72 , , , ,6( "+ 0! # 50 $% & , , ,6( ", # | # )
"N NN E*NN3<I| $D !J**CC 4*AA "N N 4H NNE<I $N N4*AD *C*(
9 12/( # o+ # ) $% & 14 * 9 12 12
3* * < 9 g * * < < &
%, , , , % - - % = % #
$ * > < < : : 19
1 & 1* * 9 9 * (15 & 1* * 9 9 L $ (72 & 7 *
& 3 9 & ? & ? 9 ( 564 & 5 : (12 & > 1< 9 7
7 (12 & > < 9 7 7 : ( 12# &
HES 9 7 < : ( 12/ & > HES 9 7

>1



Chapter 2 NMR of lipids and water soluble metabolites from Agaricus bisporus

Sphingolipids

These lipids contain the base 4-sphinganine or 4-sphingenine (sphingosine)
instead of glycerol. The principal compounds of this class of phospholipids are
sphingomyelin and ceramide phosphoethanolamine. Other sphingolipids, the
cerebrosides and gangliosides, have the phospho head groups replaced by carbohydrate
moieties. These latter classes were not present in our extract.

Sphingenine lipids were identified and quantified by the specific vinyl proton
resonances of the sphingenine moiety at 5.75 ppm (multiplet) and 5.48 ppm (quartet of
sinélets). The coupling of these vinyl protons was confirmed by the cross peaks in the
2D '_COSY. In addition, it was possible, to distinguish if these sphingolipids possessed
a choline or ethanolamine head group by checking for an eventual splitting of the
choline resonance at 3.22 ppm. No splitting was observed, therefore, the sphingolipids

present in the mixtures were identified as being mainly ceramide phosphoethanolamines.

Steroidal lipids

The only member of this class fully identified here was ergosterol. Its percentage
was easily calculated from the high-field C ; methyl resonance at 0.63 ppm in the 1D
spectrum. This was confirmed with other ergosterol-specific resonances at 1.04 ppm
(C,, methyl) and 5.46 ppm (C proton). The cross peaks on the 2D spectrum between C
and C, protons (5.46, 5.72 ppm) agreed with these resonances. Ergosterol proved to be
the major lipid in the mushroom extract as already reported by De Simone et al. [127],
Senatore et al. [123] and Solberg [124]. However, the extensive number of sterol methyl
resonances between 0.5 ppm and 1 ppm on the NMR spectrum (Figure 2.1)
demonstrates clearly the presence of a large number of sterols in a not negligible

concentration, which was estimated at ca 5% of the total lipids. Individual NMR spectra

65



Chapter 2 NMR of lipids and water soluble metabolites from Agaricus bisporus

reported by Kobata et al. [130], De Simone et al. [127] and Yokokawa and Mitusuhashi
[128] suggest that some of these sterols could be ergost-7-en-33-ol, ergosta-7,22-dien-
3p-ol and ergosta-5,7-dien-3B-ol (peaks at 0.54 ppm, 0.78 ppm and 0.86 ppm). A more

detailed sterol analysis could be performed by GC-MS.

Lipids Chemical mol% of total mol% of total glycerophosphatides
shifts (ppm) lipids NMR Literature [120, 122]
Total 441 52.5 100 100
diacylglycero-
p;lOSphOlipidS
tPC 3.22 213 40.6 38.4
PE 3.14 18.7 35.6 384
Total acidic 4.41 12.5 23.8 20.7
phospholipids
PI 3.88 - _ 0.9
PS 4.28 - . 4.4
CAR 3.98 - - 35
PA 4.46 - _ 11.9
PG 3.74 - - -
TG 4.35 12.1 NA NA
DG 5.10 7.6 NA NA
MG 4.00 - NA NA
Ether Lipids 5.91 <0.1% <0.1% 0
Sphingolipids 5.48;5.75 23 NA NA
Ergosterol 0.63 20.5 NA NA
Other Sterols 0.54-0.78 4.8 NA NA

Table 2.1. Agaricus bisporus lipid composition determined from NMR integrals of
characteristic signals. NA : Not Applicable.

Table 2.1 summarises the calculations and shows that PC and PE were the

predominant phospholipids and represented 76.2% of the glycerophosphatides, in a
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PC/PE ratio of 1.14. This was in agreement with Weete et al. [122] and Holtz and
Schisler .[120] who found PC and PE equivalent to approximately 70% of the total
glycerophosphatides and a PC/PE ratio at 1.16. In agreement with Weete et al. [122],
neither ether phospholipids nor lysophospholipids (4.97 ppm) [31] were detected.
Although overlap in the 1D proton NMR spectrum did not permit the precise
quantification of the acidic phospholipids, simple subtraction of the PC, PE integrals
from the total Snl upfield proton one at 4.41 ppm established that they represented

12.5% of the total phospholipids.

2.3.'}1.2 Analysis of the fatty acid chains

The number of fatty acid chains was determined from the 1D NMR spectrum
using the area of the -CH,COOR resonances at 2.31 ppm as 100 % of fatty acid chains.
The -CH, resonances at 0.86 ppm can also be a measurement of the total fatty acid
cha-ins, but numerous overlaps with peaks from sterol moieties in the 0.8-0.9 ppm region
made the -CH,COOR resonances a better choice.

The presence of polyunsaturated fatty acid (PUFA) chains is normally indicated
by the overlapping resonances at ca. 2.80 ppm. These signals arise from the allylic
methylene protons within the series of double bonds in the chain {-CH=CH-CH,-
(CH=CH-CH,-), } with n>1. For linoleic acid, n=1, and its specific methylene gives rise
to a triplet at 2.75 ppm. It is thus distinguishable from the overlapping region defined
by the other PUFAs methylene resonances. As expected [120, 121, 123, 124], the
mushroom extract (Table 2.2) contained almost exclusively linoleic acid and little if any
saturated fatty acids or higher PUFAs, since the triplet at 2.75 ppm was very well
resolved while the region at 2.8 ppm showed peaks corresponding to higher PUFAs of

less than 1% of the linoleic acid. The crosspeak at (5.33 ppm, 2.75 ppm) on the 2D
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COSY spectrum (Figure 2.2) confirmed coupling between the methylene and vinyl

protons of this unsaturated fatty acid.

Fatty chain Chemical shift (ppm) % of Total Fatty
Chains

Total unsaturated 2.04 90.8

Total saturated - 9.1
Linoleic acid (20:2) 275 74.6
Li;;;olenic acid (18:3) 0.95 NQ
A;"flchidonic acid (20:4) 1.65 NQ
Décosahexaenoic acid (22:6) 2.38 NQ
Monounsaturated S 16.2

Total chains 2.31 100

Table 2.2. Fatty acid composition of Agaricus bisporus as determined from NMR
integrals.

(C:n) denotes fatty acid chains with C carbons and n double bonds. Integrals of
characteristic resonances were compared to that of the -CH,COO- resonance at about
2.3 ppm which represented total fatty chains. NQ : not quantitated.

The diverse PUFAs have diagnostic resonances related to the number and the
position of their carbon-carbon double bonds [26]. Linolenic (18:3) (o-CH, at 0.95 ppm
characteristic of n-3 fatty acids), arachidonic acid (20:4) (-CH=CH-CH,-CH,-CH,-COO-
at 1.65 ppm) and docosahexaenoic acid (22:6) (-CH=CH-CH,-CH,-COO- at 2.38 ppm)
could not be accurately determined from the 1D proton spectrum due to their very low
concentrations and overlap with sterol resonances. Total unsaturated chains were

calculated at about 90.8% of total fatty chains, using the ratio of integral of peak at 2.04

ppm to that of the -CH,COO- signal at 2.30 ppm. This confirmed the predominance of
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unsaturated fatty chains in the mushroom extract. To obtain the proportion of
monounsaturated fatty acid was thus a matter of simple subtraction of the total
polyunsaturated value from the total unsaturated one.

In agreement with studies on higher fungi [122, 125, 126, 134, 136], the lipids
extracted from Agaricus bisporus presented a high degree of unsaturation with the major
constituent fatty acid as linoleic acid. It is interesting to point out the importance of
linoleic acid in mushrooms since it is the precursor of the “mushroom alcohol” (1-octen-
3-9]) which together with the associated C; ketones (l-octen-3-one; 3-octanone)
conﬁstitute the main volatiles and are considered the major contributors to the
characteristic mushroom flavour [139]. The most abundant monounsaturated and

saturated fatty acids chains were identified as oleic and palmitic acids respectively [124].

2.3.1.3 Solid phase chromatography and NMR analysis of the various classes of
mushroom lipids.

Although the NMR approach for analysing lipids has proved versatile and reasonably
comprehensive, there are several drawbacks still to be overcome : (1) fatty acid analysis
was incomplete and only of total lipid, (2) some low abundance lipids, even in 2D NMR
spectra were difficult to identify and ether lipids quantify, (3) acidic and highly acidic
lipids, such as PI, PS, CAR, PG, PA were not quantitatively analysed.

Solid phase chromatography extraction was employed to solve these problems since
it provides a rapid and effective method for isolating compounds of interest from
complex matrices including blood, urine, foods, environmental samples and
pharmaceutical formulations [140, 141]. Bond Elut ion-exchange chromatography has
been efficiently used to separate lipids into 4 fractions : neutral lipids especially

glycerides and steroids (fraction 1), non-esterified FA (fraction 2), non acidic
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phospholipids (fraction 3) and acidic phospholipids (fraction 4). The 1D proton NMR
spectrum of total lipid extract is shown expanded in Figure 2.1. Figure 2.3 shows the
comparison of this spectrum with those of fractions 1, 3 and 4. Fraction 2 gave rise to
resonances characteristic of free FA. The spectrum, of very low resolution due to very
low quantities of the equivalent moieties, is not presented here, but it confirmed, as
expected, that most FA are tightly bound or associated with the phospholipids.

The efficiency of the Bond Elut fractionation was observed by the presence of
marker ergosterol at 0.63 ppm in the spectrum of fraction 1 (Figure 2.3 (b)) but not in
fragf'tion 3 (Figure 2.3 (c)) and 4 (Figure 2.3 (d)). It was quite obvious, by the absence of
theif characteristic signals from the spectrum in the neutral lipid fraction 1 (Figure 2.3
(b)), that no phospholipids were present. The analysis of ergosterol (the main steroid
present) and glycerides was therefore made easier by the absence of overlapping
fractions 3 and 4 lipid spectra. The results obtained confirmed those found before
separation. In addition, the fractionation enabled the presence of MG (resonance at 3.50
ppm for the Sn3 protons and 4.00 ppm for the Sn2 proton) to be established, previously
not possible, due to overlaps.

Further confirmation of the efficiency of the Bond Elut separation of non acidic
phospholipids (Figure 2.3 (c)) from acidic phospholipids was discernible by the absence
of choline or ethanolamine head group resonances in the spectrum of fraction 4 (Figure
2.3 (d)). Fraction 3, the non acidic phospholipids were readily analysed by the absence
of overlapping resonances from fraction | and 4 (Figure 2.3 (c)). Unsaturated sphingoid
lipids were confirmed together with the absence of ether lipids.

The acidic lipids (fraction 4) NMR spectrum is presented Figure 2.3 (d). Prior to the
fractionation, the analysis of this lipid fraction was quite difficult due to low

concentrations and overlap of their signal resonances. The presence of PI and PG was
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confirmed and they could be quantified. Figure 2.4 presents an expansion of the relevant
region erm the fraction 4 spectra (Figure 2.3 (d)). PS, which could not be assigned and
quantified previously, was found to be the predominant acidic phospholipid, in
agreement with the findings of Byrne and Brennan [121]. PI and PG were present in
lesser quantities. CAR and PA were still difficult to identify due to overlaps with
glycerol backbone resonances and PI head group resonance. Weete et al. [122] reported
PA as the most abundant acidic phospholipid. CAR represented some 3.5 % of Agaricus
bisporus. These differences in the identity rather than the quantity of the acidic
phgfspholipids could be linked to the conditions of growth and/or the genetic differences
between the mushrooms used in each case. Weete et al. [122] cultured the mushrooms
as a suspension in a fully synthetic medium, whereas Byrne et al. [121] obtained them
directly from commercial mushroom beds.

The fatty acid content of the neutral, non acidic and acidic phospholipids fractions
was calculated, and the information obtained confirmed and refined the results we had
from the interpretation of the spectra of the unseparated extracts (Table 2.4). Linoleic
acid was found to be the predominant unsaturated fatty acid present in all 3 fractions.
However each class of lipids appeared to have different degrees of unsaturation. Holtz
and Schisler [120] compared the fatty acid compositions of “neutral” (including the non-
acidic phospholipids) and “polar” (acidic phospholipids) lipids and found that polar
lipids were richer in polyunsaturated fatty acids but poorer in monounsaturated and
saturated ones. Their observations were in agreement with the results obtained for
fractions 1 and 3 (respectively 88% and 87.9% unsaturated, 11.5% and 12.1% saturated;
10% and 26.9% monounsaturated) as opposed to fraction 4 (93.5% unsaturated, 6.5%
saturated; 13.8% monounsaturated). In the non acidic phospholipid fraction the

percentage of saturated fatty acids was 1.9 times higher and there was 1.3 times more
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monounsaturated fatty acids than in the acidic phospholipid fraction.

Lipids 8 A G A C, R
(ppm)
F1 F3 F4 Fl F3 F4

TotalDAGP 440 52 583 0 390 1.15 0 394 116 97
PC 322 211 237 0 209 0 0 211 0 99
PE 314 185 208 0 16 0 0 162 0 87
T otal 441 124 139 0 0 1.15 0 0 11.6 93
ADAGP

PI 377 . __ 0 0 0.38 0 0 38 NA
PS 428 ___ __ 0 0 0.70 0 0 7.1 NA
CAR 384 __ __ 0 0 T 0 0 <1% NA
PA 446 ___ __ 0 0 . 0 0 __ NA
PG 374 __  __ 0 0 016 0 0 1 NA
TG 435 060 67 051 O 0 57 0 0 85
DG 510 038 42 028 O 0 31 0 0 74
MG 400 __  __ T 0 0 <1% 0 0 NA
Ether 59 T <% 0 T 0 0 <1% 0 NA
Lipids

SL 575 023 26 O 021 0 0 21 0 91
Ergosterol 063 203 228 173 0 0 175 0 0 85
Other 05 048 54 042 0 0 43 0 0 88

Sterols 0.78

Table 2.3. Quantification of lipids from common mushrooms determined from the
NMR spectra of NH,-Bond Elut fractions.
0 : Chemical shift; A;: Area before separation; C; : %mol of total lipids, before
separation; A;: Area after separation; C,: %omol of total lipids, after separation; R : %
Recovery of each lipid class after separation; F1 : Fraction 1; F3 : Fraction 3; F4 :
Fraction 4; Total DAGP : Total diacylglycerophospholipids; Total ADAGP : Total
acidic diacylglycerophospholipids; SL : Sphingolipids; T : Traces.
2.3.2 Conclusion

The major findings of the present lipid analysis of A. bisporus can be summarised
as follows : 1) the glycerolipids are the major class of lipids in the total extract; PC, PE
and PS constitute the major ones; 2) no ether lipids were found present in the mixture;

3) linoleic acid was the major fatty acid component of the glycerolipids extracted and

almost no saturated fatty acid chains were present; 4) ergosterol and other sterols were
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detected in high quantities but no further analyses were attempted due to the absence of
sufficient parent sterols spectra for comparison and analysis.

In conclusion, the proportions of all major lipids as well as their fatty acid chain
composition were obtained by analysis of 1D and 2D proton NMR spectra of lipid
extracts from A. bisporus. Without using any chromatographic or chemical modification
procedures, the NMR approach provided a quick and effective analytical tool to
determine and quantify the major lipid components in A. bisporus.

_. In addition, the combination of Bond Elut chromatography with the above
tec'l:aniques gave improvements in both qualitative and quantitative analyses and enabled
accurate assessment of the non acidic phospholipids, which constitute the major lipidic
class in this study.

This spectroscopic method could be of importance in the understanding and the
discovery of mechanisms involving mushrooms as potent sources of medicinal
substances [142, 143]. It could also provide a useful tool for the studies of plant lipid
profiles, plant diseases and toxicity and the monitoring of metabolic changes (e.g.

ripening processes in plants).
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Fatty chains & A G A C; TR

(ppm)

F1 F3 F4 Fl F3 F4

T ot al 204 975 908 012 699 239 88 879 935 98
unsaturated
Total 098 91 00l 096 0.17 115 121 65 117
saturated
Linoleic 275 8 74.6 0.12 562 204 61,5 707 79.7 97
acid (20:3)
Linolenic 0.95 _ _ - T T _ <% <1% NA
acid (18:3)
Arachidonic 165/ __ ___ __ T T __ <1% <I% NA
} 2.10
acid (20:4)
Docosa- 23 . __  __ T T . <1% <1% NA
hexaenoic
acid (22:6)
Mono- . 1.75 16.3 005 137 035 10 269 138 101
unsaturated
Tiot al 231 1073 100 020 795 2.56 100 100 100 99
Chains

Table 2.4. Fatty acid analysis of the lipids from common mushrooms determined
from the NMR spectra of Bond Elut fractions 1, 3 and 4.

0 : Chemical shift; A;: Area before separation; C; : %mol of total fatty chains, before
separation; A,: Area after separation; C,: %mol of total fatty chains, after separation
TR : Total % Recovery of each fatty chain, after separation in fractions 1, 3 and 4; F1

: Fraction 1; F3 : Fraction 3; F4 : Fraction 4; T : Traces; NA : Not Applicable.
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CHO CHO
H——OH H——OH
HO——H HO——H
H——OH HO——H
H——OH H——OH
CH,0OH CH,0H
B-p-Glucose B-p-Galactose
OH HO OH
HO - OH HO OH
OH OH
OH OH
|
HO OH HON )\
OH OH !
OH
B-p-Glucose a-p-Glucose
65: 35

Figure 2.6. Glucose and Galactose, two hexoses commonly found in nature are shown
here as Fischer projections and as the f-anomers of the cyclic hemiacetals. The
equilibrium between a- and [-anomers shows the predominance of the f§ form.

CH,-CH,-CH-COO CH,-CH-COO CH,-COO
OH OH

2-hydroxybutyrate lactate acetate
CH,-CO-CH,-COO CH,-CO-COO -O0C-CH,-CH,-COO
acetoacetate pyruvate succinate
"O0C-CH,-CH-COO "O0C-CH=CH-COO HCOO

|

OH
malate fumarate formate

Figure 2.7. Other common water soluble metabolites.
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H N /' H
R i -
OH OH
Uridine
(H)
The vitamin, C—NH,
nicotinamide @
Note 8-
glycosidic
linkage
p-Ribose

AMP NAD*, MW = 663

OH OH «— NADP* contains an extra @
on this 2’-hydroxyl

Figure 2.8. Structures of a few nucleosides and of the hydrogen-carrying coenzymes

NAD" and NADP".
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2.4 WATER SOLUBLE METABOLITE ANALYSIS

2.4.1 Proton NMR spectral assignment and quantification of different metabolites
in the water soluble extract

Figure 2.9 shows a representative high resolution 'H NMR one dimensional
spectrum of the water soluble extracts from Agaricus bisporus. At least 30 metabolites
could be readily detected and assigned from this spectrum, using their known published
resonances at neutral pH [14, 34, 35, 37, 39-44, 149, 150]. However, in some areas the
si g@als in the spectrum were rather complex and resonances from several metabolites
overlapped. In such cases, the 2D COSY and J-resolved spectra (Figure 2.10 and 2.11)
were of invaluable help for the assignments. Figures 2.5 to 2.8 give the structures of the
water soluble metabolites observed.

In the spectral area between 0-3.0 ppm (Figure 2.9), the most dominant signal was
from alanine, where the methyl group resonates at 1.45 ppm. It was coupled as a crossed
peak to the signal at 3.75 ppm (a CH) in the 2D COSY spectrum (Figure 2.10). Due to
overlap and relative weak signal intensity, the doublet signals from leucine between
0.92-1.00 ppm could not be separated from those of isoleucine in either the 1D or 2D
COSY spectra. However the cross peaks between the a and  protons at (1.73; 3.73 ppm)
for leucine and (2.01; 3.68 ppm) for isoleucine were diagnostic. The triplet at 0.90 ppm
corresponded to the methyl protons from 2-hydroxybutyrate and was coupled to the two
multiplets at 1.66 and 1.74 ppm associated respectively to the § and B’ CH protons of
the same molecule. The two doublets at 0.97 and 1.02 ppm, were assigned to valine
whose a and f CH resonances at 2.24 and 3.58 ppm could not be clearly assigned in the
1D spectrum because of too many overlaps, but whose cross peak was observed on the

2D COSY spectrum. The signal from lactate at 1.28 ppm was quite prominent and was
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coupled to the multiplet at 4.11 ppm as observed in the COSY spectrum. Glutamate
appeared as a complex signal at 2.03 ppm. In the COSY spectrum (Figure 2.10), this
signal was coupled to resonances at 2.30 ppm arising from the y CH, group which in turn
was coupled to the aCH at 3.71 ppm. A series of singlets at 2.03, 2.22, 2.27, and 2.32
ppm were assigned respectively to acetate, acetoacetate, pyruvate and succinate. The
different proton resonances from malate were observed on the 1D spectrum (Figure 2.10)
and confirmed on the 2D COSY (Figure 2.10) and J-resolved (Figure 2.11) spectra. It
was more difficult to assert the presence of citrate from the 1D spectrum (Figure 2.9),
sin‘c‘;e its two resonances at 2.50 and 2.62 ppm overlapped with a crowded area of the

spectrum.
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However, the 2D COSY (Figure 2.10) unequivocally confirmed that citrate was one of
the metabolites extracted, as it presented a cross-peak between the two previously
mentioned resonances. Aspartic acid was characterised by three doublets of doublets at
2.68, 2.79 and 3.89 ppm. The 2.68 and 2.79 ppm signals from aspartic acid were
observed by all three NMR techniques, but the 3.89 ppm signal, due to the complexity
of the region between 3.50 and 4.00 ppm, was only visible in the 2D-J resolved spectrum
(Figure 2.11), thus giving a good illustration of the resolving power of the latter
technique. The two doublets of doublets at 2.84 and 2.94 ppm were assigned to
aspéragine, even though the o CH resonance at 3.98 ppm was undetectable in the 1D and
2D] spectra. The (2.92; 3.98) ppm cross peak was indeed observed on the 2D COSY
spectrum.

In the spectral area between 3.0-5.0 ppm (Figure 2.9), the triplet at 3.01 ppm was
assigned to a-ketoglutarate (y CH,) since it demonstrated a cross peak on the 2D COSY
with the multiplet at 2.44 ppm that most probably included the B CH, resonance of a-
ketoglutarate (OOC-CH,-CH,-CO-COOQO"). The signal at 3.21 ppm was assigned to the
-N(CH,), group from trimethylamine-N-oxide and the singlet at 3.52 ppm was assigned
to glycine.

The spectral region between 3.60 and 4.00 ppm was very complex and contained
many overlapping signals. Alanine (o CH at 3.76 ppm), glycerol (Sn1,3 upfield at 3.56
ppm, Snl1,3 downfield at 3.64 ppm and Sn2 at 3.87 ppm), glutamate (oo CH at 3.75
ppm), a and B glucose (-OCH,- upfield and downfield at 3.76 and 3.84 ppm for «
glucose, and at 3.86 and 3.90 ppm for B glucose) and other sugars were among the
contributors to the observed signals. In particular, the presence of a and § glucose was
confirmed by the two multiplets at 3.43 and 3.58 ppm and the doublets at 4.64 and 5.14

ppm (see table 2.5 for assignments). The doublet at 5.20 ppm was assigned to another
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sugar, a galactose, also giving rise to signals in the 3.60-4.00 ppm region.

6 (ppm) | Multiplicity | Metabolite Assignment Observed in
0.90 t 2-hydroxybutyrate vCH,4 1D, 2Ds
0.92 d isoleucine/leucine 6CH, 1D, 2Ds
0.97 d valine yCH, 1D, 2Ds
1.02 d valine v'CH,4 1D, 2Ds
1.28 d lactate CH, 1D, 2Ds
1.42 d alanine BCH, 1D, 2Ds
1.45 m lysine yCH, 2D]J

1.66 m 2-hydroxybutyrate BCH 1D, 2Ds
1.69 m lysine o0CH, 2D1]

1.74 m 2-hydroxybutyrate f'CH 1D, 2Ds
1.75 m leucine BCH, 2D COSY
2.00 m isoleucine BCH 2D COSY
2.01 m Glutamate BCH, p'CH 1D, 2Ds
2.03 S acetate CH, 1D,2D 1]
2.22 s acetoacetate CH, 1D, 2D]
2.24 m valine BCH 2D COSY
2.25 m glutamate B'CH 1D, 2Ds
2.27 s pyruvate BCH, 1D,2D1]
2.32 S succinate o,pCH, 1D,2D1J
2.36 dd malate B'CH 1D, 2Ds
2.42 dd citrate a, yCH 2Ds

2.44 m a ketoglutarate BCH, 2D COSY
2.62 dd citrate a',y'CH 2Ds

2.62 dd malate BCH 1D, 2Ds
2.68 dd aspartate half BCH, 1D, 2Ds
2.79 dd aspartate half pCH, 1D, 2Ds
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2.84 dd asparagine half BCH, 1D
2.94 dd asparagine half BCH, 1D
3.01 t a ketoglutarate vCH, 1D, 2D s
3.21 s trimethylamine-N- N(CH,), 1D, 2D]J
oxide
3.26 dd B glucose H2 2D COSY
3.40 s acetoacetate CH, 2DJ
3.43 t a and P glucose H4 1D,2DJ
3.52 s glycine CH, 1D
3.57 d valine a CH 2D COSY
358 |t o glucose H3 ID, 2D J
3.68 dd isoleucine a CH 2D COSY
3.71 dd glutamate o« CH 2D COSY
3.73 dd leucine a CH 2D COSY
4.11 q lactate CH 1D, 2D COSY
4.23 dd malate a CH 1D, 2Ds
4.50 s dihydroxyacetone a CH, 1D,2DJ
4.64 d B glucose H1 1D,2DJ
5.14 d a glucose H1 1D, 2Ds
5.20 d a galactose H1 1D, 2D J
5.80 d UDP/UTP uracil H5 1D, 2Ds
5.81 d UDP/UTP ribose H'1 1D, 2Ds
5.94 d GDP/GTP ribose H'1 1D,2D]J
6.04 d NAD, NADP nicotinamide | 1D,2D]J
ribose H'1
6.09 d NAD, NADP adenine ribose | 1D, 2D ]
H'1
6.50 S fumarate a, p C=C 1D, 2D J
6.90 m tyrosine cyclic H3, HS | ID, 2Ds
7.10 s histidine cyclic H4 1D, 2Ds
7.20 m tyrosine cyclic H2, H6 | 1D, 2Ds
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7.33 m phenylalanine cyclic H2, H6 | 1D, 2D COSY

7.38 m phenylalanine cyclic H4 1D, 2D COSY

7.43 m phenylalanine cyclic H3, HS | 1D, 2D COSY

7.55 d tryptophane cyclic H7 1D,2DJ

775 |d tryptophane cyclic H4 1D,2DJ

7.85 S histidine cyclic H2 1D, 2Ds

7.88 d UDP/UTP uracil H6 1D, 2Ds

8.14 S GDP/GTP guanine H3 1D, 2DJ

8.26 s NAD, NADP adenine H2 1D, 2Ds

8.40 s NAD, NADP adenine H8 1D, 2Ds

846  |s formate CH ID,2DJ

8.85 d NAD, NADP nicotinamide | 1D, 2D COSY
H4

9.09 d NADP nicotinamide | 1D, 2D COSY
H6

9.12 d NAD nicotinamide 1D, 2D COSY

’ Hé6

9.31 s NAD, NADP nicotinamide | 1D

H2

Table 2.5. Resonance assignments with chemical shifts and Spin-Spin coupling
patterns of metabolites identified on 600 MHz 'H spectra of the water soluble
extracts from Agaricus bisporus.

Abbreviations and key : s, singlet; t, triplet; q, quartet; m, complex multiplet; dd doublet
of doublets. Chemical shifts all referenced to TSP at 0 ppm.

In the high frequency region of the spectrum (Figure 2.9), the singlet at 4.5 ppm was
assigned to dihydroxyacetone. The signal at 5.80 ppm was coupled to a doublet at 7.88
ppm in the COSY spectrum (Figure 2.10) and therefore seemed to arise from uridine
diphosphate (UDP) or uridine triphosphate (UTP) bases (H5 and H6 respectively). The

doublet at 5.94 ppm as well as the singlet at 8.14 ppm were assigned to guanosine
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diphosphate (GDP) and guanosine triphosphate (GTP) (H’1 ribose and guanine H8
proton rc_aspectively).The signals from nicotinamide adenine dinucleotide (NAD)
appeared as four doublets at 6.04, 6.09, 8.85 and 9.12 ppm respectively, in addition to
three singlets at 8.26, 8.40 and 9.31 ppm (see assignment Table 2.5). NADP largely
overlapped with NAD since it exhibited similar patterns with four doublets at 6.04, 6.09,
8.85 and 9.09 ppm, and three singlets at 8.26, 8.40 and 9.31 ppm (see assignment Table
2.5). Adenosine triphosphate (ATP) and adenosine diphosphate (ADP) were expected
to give rise to a singlet at 8.54 ppm (arising from the NH of adenine) which was not
present on the 1D spectrum (Figure 2.9), accounting for the very low concentration of
these metabolites in the extract. The two multiplets at 6.90 and 7.20 ppm were coupled
in the 2D COSY (Figure 2.10) spectrum and represented respectively the (H3, HS) and
(H2, H6) protons from tyrosine. Due to overlap, signals from histidine were observed
only in the aromatic region of the spectra, appearing as two singlets at 7.10 ppm (H4
proton) and 7.85 ppm (H2 proton) respectively. Of other amino acids, phenylalanine
gave rise to three multiplets coupled as cross peaks on the 2D COSY spectrum (Figure
2.10), at 7.33 (H2, H6), 7.38 (H4) and 7.43 ppm (H3, HS). The relatively large singlet
at 6.50 ppm was assigned to fumarate while the much smaller one at 8.46 ppm
characterised formate (see assignment Table 2.5).

A summary of the assignments is presented in Table 2.5. The concentrations, relative
to lactate, of some of the substances that could be unequivocally determined using non
overlapping resonances are compiled in Table 2.6 and are classified by biochemical class
in order to emphasize the potential use of the NMR approach in the study of biochemical

processes.
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Metabolite o (ppm) Area/ Area lactate

Amino acids

Valine 1.02 0.44
Alanine 1.42 3.6
Aspartate 2.79 0.78
Asparagine 2.84 0.75
Glycine 3.52 33
Histidine 7.10 041
Tyrosine 7.20 1.02
Phenylalanine 7.38 0.11
Tryptophane 7.55 0.08
S@ars

a glucose 5.14 0.96
o galactose 5.20 0.012

Glycolytic metabolites

Lactate 1.28 1
Dihydroxyacetone 4.50 0.75
TCA metabolites

Malate 240 8.4
Citrate 2.62 24
a-ketoglutarate 3.01 2.58
Fumarate 6.50 0.9
Nucleosides

UDP/UTP 5.80; 5.81 0.78
GDP/GTP 5.94 0.00046
NADP 9.09 0.02
NAD 9.12 0.03
Miscellaneous

Formate 8.46 0.04

Table 2.6. Quantification of some water soluble metabolites extracted from Agaricus
bisporus. Quantification relative to the lactate resonance at 1.28 ppm.

Glycolytic metabolites : metabolites involved in the glycolysis pathway which converts glucose
to pyruvate. TCA metabolites : metabolites involved in the tricarboxylic acid cycle which fully
oxidizes the pyruvate by means of acetyl coenzyme A to CO,.
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2.4.2 Discussion and Conclusion

The results show that '"H NMR spectroscopy can be efficiently utilised for the
simultaneous detection of a large number of water soluble metabolites extracted from
Agaricus bisporus. The combination of one- and two-dimensional spectroscopic
techniques was found to be helpful for assignment of some of the metabolites, using the
connectivities between the protons in the same compound established as cross peaks in
the COSY spectra. The 2D -J resolved methodology enabled an effective enhancement
of t'he spectra’s resolution.

‘.;More than 30 metabolites were determined by NMR and 22 could be quantified,
incI‘uding 9 amino acids. Alanine and glycine were found to be predominant, while
phenylalanine and tryptophan were the least abundant. Unfortunately too many overlaps
prevented the precise quantification of glutamate. However, an estimation gave amounts
comparable with alanine and glycine and was in agreement with what is commonly
found in mushrooms. Gellert et al. [144] identified alanine as the main amino acid in a
New Guinea Boletus, Senatore [129, 146] demonstrated high quantities of alanine and
glutamic acid in the different mushrooms he investigated and Abou-Heilah et al. [145]
found that glutamic acid, lysine, aspartic acid, valine and alanine were in that order the
main amino acids in Agaricus bisporus. The differences, when observed, in the amino
acid compositions published, are simply due to the different strains of mushroom or the
different substrates used in growth. The number of free amino acids that could be
assigned in the NMR spectra of the water soluble extracts is less than that obtained when
using chromatographic techniques. This is mainly due to the overlap of the resonance

peaks of different substances and the low intensities of some of the signals.
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The literature provided only limited data on the carbohydrate profile of Agaricus
bisporus. Abou-Heilah et al. [145], in agreement with Crisan & Sands [151], found that
fresh mushrooms contained a relatively large amount of carbohydrates (11.6 %), which
were identified as pentoses (xylose and ribose), methyl pentoses (thamnose and fucose),
hexoses (glucose, galactose, and mannose), disaccharides (sucrose), amino sugars
(glucosamine and N-acetylglucosamine), mannitol and inositol, galacturonic and
glucuronic acids. The NMR analysis of the intact water soluble extracts from Agaricus
bisporus determined only the presence of glucose and galactose. Multinuclear and other
mu‘}._,tidimensional NMR experiments could be performed to resolve the overcrowded
regi\r‘on between 3.60 and 4.00 ppm providing further information on sugars.

A variety of other substances such as nucleotides, lactate and glycolytic
intermediates, and metabolites from the TCA cycle (malate, pyruvate, succinate,
fumarate, citrate and a-ketoglutarate) could be identified simultaneously in the NMR
spectra of the water soluble extracts, thereby providing a means of monitoring multiple
aspects in the metabolic events within mushrooms.

Compared to other methods, the advantage of NMR spectroscopy is that the
detection of a large number of metabolites can be performed from an easily prepared
sample. Quantification problems due to overlapping peaks should be resolved in the
future. Indeed, during the last two decades, a long series of methodological
improvements in NMR spectroscopy has been achieved and further advances in NMR
technology can be expected.

This study has demonstrated the potential of 'H NMR spectroscopy for the
simultaneous detection and identification of metabolites in plants. This technique could
be utilised in further research on metabolic processes in development and taxonomy,

and in the pathologic and toxic disorders of plant tissues in vivo.
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CHAPTER 3

NMR lipid profiles of platelets :

a possible link between platelet lipids and coronary artery disease

“Le coeur a ses raisons que la raison ignore”

Blaise Pascal
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3.1 INTRODUCTION

3.1.1 Coronary artery disease

Coronary artery disease (CAD), the most common heart disease [57], is a
condition in which the heart muscle receives an inadequate amount of blood because of
an interruption of its blood supply. It represents the leading cause of death in the United
States and Western Europe. Depending on the degree of interruption of the blood supply,
syII;ptoms can range from mild chest pain to a full scale heart attack. Generally
syrﬁptoms manifest themselves wl.en there is about a 75% narrowing of the coronary
artery lumen. CAD is much more common among males than among females, affecting
five times more males than females under 45 years of age. The sex preference falls off
rapidly between 45 and 60 years of age, although males in this group still have twice as
maﬁy heart attacks as females do. Above 60 years of age, the incidence is about the same
for both sexes. The primary and secondary risk factors associated with CAD are shown
in Table 3.1 [183]. On a more physiological level, CAD is almost always the result of
atherosclerosis - hardening of the arteries.

The primary physiological event leading to the formation of atherosclerotic
plaque is the increased deposition of macro molecules (including cholesterol and
triglycerides) within endothelial cells of arteries. The fatty deposition causes a reaction
within the vessel wall, and scar-like fibrous tissue may build up around the deposit,
forming a plaque, which can be calcified. There is a progressive narrowing which in
some cases leads to total obstruction or occlusion of the arteries and interference of
blood flow [154].

Focal, hemodynamically induced endothelial injury with enhanced -cell

97



Chapter 3 NMR lipid profiles of platelets

permeability is the probable determinant of the atheromatous process. Additional
initiation factors include the release of platelet constituents, hypertension, carbon
monoxide, antigen-antibody complexes, and hyperlipidemia. Cigarette smoking may
prove to be an important initiating factor that exerts its effect either directly through an
immune mechanism, or indirectly through released platelet constituents or carbon
monoxide.

Factors that influence the nature or the rate of lesion development at all
subgequent stages include hypercholesterolemia, associated with an excess of low
der};sity lipoproteins (LDL), disturbances in platelet function, haemostasis and
thrombosis. The accelerating factors exert their influence by stimulating to varying
degrees, the synthesis of collagen, elastin and glycosaminoglycans by smooth muscle
cells. In addition, lipoproteins may significantly influence lipid metabolism, including
the uptake and accumulation of lipid within smooth muscle cells [155]. Additionally,
platelets may directly contribute to plaque growth by serving as components of mural

thrombi [156].

It is thus clear that CAD is related to atherosclerosis which in turn is associated
with platelet functions. Understanding the mechanisms of platelet activation and
aggregation and their influence on the formation of atherosclerotic plaque requires more
understanding of the close link between platelet physiology and CADs. The next two
sections will look into platelet structure and function before becoming more detailed

about platelets and their involvement with atherosclerosis.
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Primary Factors:
Genetic predisposition to coronary heart disease (CHD)
Hypertension
Cigarette smoking

Elevated total cholesterol (LDL cholesterol)
Decreased HDL cholesterol

Secondary Factors:

Lack of exercise

Obesity

Age

Male sex

Stress

Diabetes mellitus

Gout and hyperuricemia

Renal failure patients receiving hemodialysis
Subjects taking oral contraceptives

Table 3.1 Primary and secondary risk factors associated with CAD.

3.1.2 Platelet structure and function
3.1.2.1 Platelet structure

Platelets are cytoplasmic fragments of the megakaryocytes found in bone
marrow. They contain no nucleus. They are the smallest elements in peripheral blood,
measuring 2 to 3 p in diameter. They are disc shaped, and there are 200,000 to 400,000
of them in every cubic millimetre of blood. Platelets remain in circulation for an average
of 7 days, and are removed from it by the spleen and lungs.

The discoid shape of resting platelets is maintained by a ring of microtubules
running around the edge of the disc immediately below the plasma membrane (Figure

3.1). Platelets are surrounded by an 80 A thick cell membrane with an external fuzzy
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coat averaging 500 A in thickness (Figure 3.1). The plasma membrane of platelets is rich
in glycoproteins, some of which are thought to be components of the receptors at the
platelet surface, although the precise function of most of these glycoproteins is unknown.
This plasma membrane is invaginated to form the surface-connected canalicular system,
which greatly increases the surface area of the platelet. It is possible that material
released from granules within the platelet first finds its way into this communicating
system of canals before finally being released into the external milieu. Closely associated
with the surface-communicating system of canaliculae is the dense tubular system. The
fun@tion of the dense tubular system may be rather like the sarcoplasmic reticulum of
muscle being involved in the sequestering and storage of calcium within the platelet
[184].

Platelets contain few mitochondria, but contain many glycogen granules;
metabolic energy is mainly derived from glycolysis rather than oxidative
phdsphorylation [185]. There are three types of storage granules, the content of which
can be released on platelet activation. The dense granules contain high concentrations
of biogenic amines (mainly S-hydroxytryptamine {5-HT] in man), adenine nucleotides
(ATP and ADP), and a divalent cation which may be calcium, the release of which can
affect vascular tone as well as the thrombus forming ability of other platelets. The
second type of granules is the heterogeneous population of a-granules, which mainly
contain proteins that can influence blood vessel function and the clotting cascade, such
as platelet factor IV, B-thromboglobulin, and platelet-derived growth factor. These
granules also contain fibrinogen which is important for platelet aggregation, as well as
being the substrate for thrombin which converts it to fibrin, the physical basis of the
mesh of a blood clot. Platelets also contain lysosomal granules, the content of which

(hydrolytic enzymes) can only be released after platelets stimulation with powerful
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