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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 

extracts. Additional information was obtained by separating the total lipid extract by 

chromatography and analysing the NMR spectra of the resulting four classes of lipids. 

The main water soluble metabolites involved in the cellular and metabolic pathways 

were also identified, using combined ID, 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
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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 

essential to maintaining the specific membrane fluidity [1]. Cholesterol is moreover the 

precursor 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 fimctions 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 modem 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 the rapid increase in information on the chemistry and biochemistry of lipids over the 

last 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, 

2 1 ] 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 

full interpretation. Fortunately, Fourier transform (FT) technology, very high field supra- 

conducting magnets and improvements in computing technology, significantly enhanced 

the sensitivity as well as the resolution of NMR spectra. With the additional aid of 

modem 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 ID 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 

technological advances in computing capabilities [49]. QSAR (Quantitative Structure 

Activity 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 PUFAs 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 

(RCH2COOH, 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 

mdnounsaturated fatty acids. Polyunsaturated fatty acids are numerous. Linoleic acid 

(18:2) and linolenic acid (18:3) contain olefinic group(s) between A-9 (the 9̂ '’ bond after 

-COOH) and the terminal methyl group (co-CHj). 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 (RCH2COO ) circulates mostly bound to plasma proteins. However, 

the majority of naturally-occurring fatty acid form amide, ester and sometimes ether 

linkages with other molecules. They are more often associated with an alcohol chain as 

their 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 
atoms

N° of double 
bonds

Systematic Name 
(shorthand designation)

Common Name

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 
(16:1^^ n-7)

Palmitoleate

18 0 n-Octadecanoate (18:0) Stearate

18 1 cis-A^-Octadecenoate 
(18:1^\ n-9)

Oleate

18 2 cis,cis-A^'^-Octadecadienoate 
(18:1^^ ' \  n-6 )

Linoleate

18 3 all-cis-A^’̂ ’ ' ̂ -Octadecatrienoate 
(18:1^ '̂^’'2, n-6)

y-Linolenate

18 3 all-cis-A^’ ' ' ̂ -Octadecatrienoate 
(18 :1A 9,i2 ,i5^ n-3)

a-Linolenate

20 4 all-cis-A^’*’" ’''‘-Eicosatetraenoate 
(2 0 :1 A 5 ,8 jm 4 ^  n-6 )

Arachidonate

20 5 ^ all-cis-A^’*’' ’’''̂ ’'̂ - 
Eicosapentaenoate 
( 2 0 :  ia5 ,8 ,11,14.17  ̂ n-3)

Clupanodonate

22 6 all-cis-
(22:1A4,7.io.i3,i6,i9^ n-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 

biosynthetically as precursors of triacylglycerols and complex lipids [2]. Although 

triacylglycerols 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 

(PS), phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidylglycerol (PG) and 

cardiolipin 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 1 or 2 % of the total phospholipids 

[2].

CHzOCOR'

R^COOCH 0  
1 II 

CHjOPOX
General formula

0 -

Substituent (X) Phospholipid Remarks

H

-^ H jC H (N H ,)C 0 0

—CHiCHjNHj 

—CHiCHjNMcj

Phosphatidic add (PA)

Phosphatidylserine (PS)

Phosphatidylethanolamine
(PE)

Phosphatidylcholine (PC)

—CHjCH(OH)CHjOH Phosphatidylglycerol (PG)

HO OH

Phosphatidylinositol (PI)
OH

Phosphatidylglycerol Diphosphatidylglycerol
(cardiolipin, DPG)

Negatively charged lipid. Important 
metabolic intermediate, only 
occurring in trace f o u n t s .

Negatively charged Upid. Serine is the 
L-isomer. Widespread but minor lipid.

Widespread and major lipid. //-Acyl 
derivative found in certain seeds.

Has a net neutral charge. The major 
animal phospholipid. Found in large 
amounts in plants and in small 
quantities in some bacteria.

Negatively charged lipid. Head group 
glycerol has sn-1 configuration. The 
major phospholipid in photosynthetic 
tissues and many bacteria. Some 
bacteria contain G-aminoacyi groups 
(lysine, ornithine, arginine or alanine) 
attached to position 3 of the base 
glycerol. Bisphosphatidic acid, the fully 
acylated analogue of PG, has been found 
in some plant tissues.

Negatively charged lipid. Inositol is the 
myo-isomer. Widespread and usually 
minor lipid. The higher inositides, 
diphosphoinositide (l-(3-jn-phos- 
phatidyl)-L-myoinositol 4-Phosphate) 
and triphosphoinositide (l-(3-rn- 
phosphatidyl)-L-myoinositol 4,5-bisphos- 
phate) have only been detected in 
animals and yeast

Negatively charged lipid. Common in 
bacteria. Localized in the inner mito
chondrial membrane of eukaryotes.

= long-chain alkyl groups.
2r  = 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: alky 1-acyl ethers and 

alk-l-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-acetyIneuraminic 

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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HOCH

H jC O H
I

HCOH 
I

H3C[CHj],jCH=CHCHCHCH,0X
I I H (y °— \

HO NHCOR

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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sometimes present esterified to fatty acids. [3].

HO

CM;

CM

CM

HO

(a) (b)

Figure 1.2 Cholesterol (a) and ergosterol (b).

1.3 The potent biological role of lipids

Within the past decade, the importance of lipids in biological systems has been 

recognized. Lipids are involved in many significant biochemical processes and in signal 

transduction pathways; the following is a summary focusing on some of their major and 

important biological functions. The introductions to Chapters 3 and 4 will provide 

additional and more specific information where necessary.

1.3.1 Phosphoinositide turnover

PI is converted into its phosphorylated derivatives by the addition of phosphate 

from ATP through the action of two plasma membrane-associated kinases. The specific 

phospholipase C then cleaves phosphatidylinositol 4,5-biphosphate (PIP2) to give the 

water-soluble inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DG). Both 

inositol triphosphate and diacylglycerol can be metabolized by two separate pathways. 

Either diacylglycerol can be phosphorylated to yield PA, which then can go on to 

complete the cycle back to PI, or a lipase will cleave the fatty acid at the sn-2 position.

43



Chapter 1___________________________________________________________ Introduction______

If arachidonic acid is released then it can initiate the arachidonate cascade (see 1.3.2). 

Likewise IP3 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 PIP2 is located. Increased hydrolysis of this lipid is caused by several 

stimuli including neurotransmitters, releasing factors, hormones, growth factors, 

fertilisation and light.

Both IP3 and DG function as second messengers; the former acts to release Ca^  ̂

from 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].

P H O S P H A T I D Y L C H O L I N E  P H O S P H A T I D Y L C H O L I N E

P H O S P H O L I P A S E  C P H O S P H O R Y L -
C H O L I N E

P H O S P H O L I P A S E  A j  I

I A

V
D I A C Y L G L Y C E R O L

L Y S O P H O S P H A T I D Y L C H O L I N E  L I P A S E  J ,  ^  S T E A R I C
y  A C I D

M O N O A C Y L G L Y C E R O L

L I P A S E  G L Y C E R O L

y  V
A R A C H I D O N I C  A C I D  A R A C H I D O N I C  A C I D

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 

factors). There are two major pathways proposed for the liberation of arachidonic acid 

: the PLA2 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, PGGj and 

PGH2, which are further converted mainly to thromboxane A2 (TXA2), 12 -hydroxy- 

5,8,10-hepadecatrienoic acid (HHT) and also PGE2, PGD2 and PGp2a. TXA2 and 

prostaglandin endoperoxides induce aggregation and secretion of granule constituents, 

whereas PGE2, PGD2 and PGp2a 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-eicosatetraenoic 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 

DG’, which importantly, as seen above, contributes to cell activntion, by modulating the 

activity 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 A2. 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 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 fatty 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, 

some membrane proteins have appeared to be associated preferentially with certain 

lipids [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 

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

ID and 2D proton NMR of lipids 

and water soluble metabolites from Agaricus bisporus

Cèpes à la Bigourdane
Prendre des cèpes à 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 
cèpes et vouls les replacez sur le gril. Quand ils sont mi- 
cuits, les mettre dans Vhuile chaude à la poêle, 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 

undoubtedly 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 any 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

51



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

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 

subsequently analysed by other techniques. Definite structural identification can be 

obtained 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 

samples 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 a l [144] used an automatic amino 

acid analyser as well as GLC and GC-MS to determine the amino-acid profile of a New 

G\ûï\Q2i. Boletus. Abou-Heilah e ta l  [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

mushroom, Annillaria mellea, while Pang et al. [148] identified metabolites present in

the: intact fruit bodies of Lepista nebularis as well as those formed as a response to

injury, 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 ID 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, 

c) 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 ID, 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.^2 Extraction of total lipids from cultivated mushrooms

The powdered mushrooms were mixed with 2.5 volumes of CHCl^/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 CH3OH/CHCI3 (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 KCl in 50% MeOH, dried over Na2S0 4  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 CD3OD/CDCI3 (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 H2 0 -Me0 H 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 D2O and transferred to 5 mm NMR tubes, under nitrogen. The

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

2.2=.4 Bond Elut (NH2-aminopropyl) solid phase separation method

200 mg of the extracted lipids were dissolved in 1 ml of CHCI3. A 0.2 ml aliquot 

of the solution was then applied to each one of 3 Bond Elut Certify II (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) CHCI3 (eluted non-polar lipids and sterols), (2) EtjO with 2% HO Ac (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 % NH4OH 

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 HjO (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.

CHCl^/MeOH/HjO (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

CD3OD/CDCI3 (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 CD3OD or D2O 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
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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 FI 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 

presaturation at 300 K. Experiments were recorded into 2048 data points with a spectral 

width of 7204.611 Hz. The FI (J-coupling) domain spectral width covered 79.81 Hz. 

64 FIDs of 32 scans each were collected. Prior to FT, the FI 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 FI axis.

Chemical shifts were referenced to the residual methanol peak at 3.31 ppm and 

to the TSF peak at 0.00 ppm, for the samples in CD3OD/CDCI3 (2:1, v/v) and D2O 

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 ID 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 

lipids in cells, tissues and in human and animal body metabolism [26-33]. Membranes 

of animal 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 

new 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 Sn I 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), Phosphatidylcholine (PC), Phosphatidylinositol (PI), Phosphatidylinositol (PIPJ

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 spectrum (Figure 2.2) 

obtàined 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 Snl 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"̂ (CHĴ  proton 

singlet at 3.22 ppm. The two choline head group methylene protons (- 

OCHoCHoN^fCH,)^) resonated at 3.60 ppm (-CH-,N~̂ (CĤ )̂ ) and 4.23 ppm I-OCHo-).
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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 

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 -OCHo- 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 

overlapped with the corresponding glycerol and head group signals from non-acidic 

phospholipids. 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 

inositol ring protons of PI (Cl' 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 (CHjCHCHj) of PG is known for a diagnostic set 

of signal at 3.88 (Cl'), 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 ID 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 -CH2CHCH2- 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 PL 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 spectmm, 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

TO (Triglyceride) showed its characteristic Snl,3 downfield and upfield cross 

peaks at (4.35, 4.18 ppm), and Snl,3 downfield and Sn2 (4.35, 5.25 ppm) in the 2D 

COSY spectrum, but its ID spectrum features overlapped with other moieties peaks. 

However, the multiplet at 5.15 ppm corresponding to the Sn2 moiety of diglycerides 

(DO) yielded its quantity in the mixture and the amount of TO could be deduced easily 

from the integral of the multiplet in the 4.35 ppm region, corresponding to DO Snl and 

TO Snl ,3 downfield protons and gave a good approximation to the proportions of DO 

and TO in the mixture. Accordingly, TO was found to be 1.6 times more abundant than 

DO; 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

61



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

RC^HoCHoOCHoC5H- 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

RO^HnCHnO'H=C H OC' 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%).
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Figure 2.1. ID proton NMR spectrum of lipids extracted from common 

mushrooms. 256 scans were obtained for Fourier transformation and the residual 

methanol peak at 3.31 ppm was used as the reference chemical shift.
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Figure 2.2. 2D COSY proton NMR spectrum of lipids extracted from common 
mushrooms. The 2-D spectrum consisted of4K data points obtained from 256 FIDs of 
16 scans with zero fill in in the FI dimension.
I (0.H7, 1.30 ppm): c/g; 2 ( 1.30, 1.60 ppm): h/c; 2' ( 1.30, 1.68 ppm): h/c for arachidonic acid 
(-()()C-(CH2)rCH=); 3 (1.30, 1.87ppm): cFc; 4 ( 1.60, 2.32 ppm): a/h; 5 (2.05, 5.35 ppm): e/d; 
6 (2.7J,- c/y) 7 4.02 PE 0?.62, 4.26 p/,/?,); PC -
C C //,C ^ ,/V //(C //J,.' 9 (4. /&, 4..U TG+DG P E j; /O (4. /,S. 4.4.9 P E j; / /
5.25 ppm): PL4; 12 (4.18, 5.25 ppm): PL2; 13 (4.35, 5.25 ppm): TG PLl; 14 (4.45, 5.25 ppm): 
PE/, 15 (5.35, 5.45 ppm): ERG C6/C7; 16 (5.46, 5.72 ppm): SL vinyl protons; 17 (3.95, 2.02 
ppm): SL -CH^CH-CH^-CH^-R; 18 (5.72, 3.95 ppm): -CH^CH-CH^-CH^-R; 19 (3.27, 3.69 

P / //y4.//JE ' 20 (^..99, j.66  P / f/yj; //4E' 2 /  /j.60, .9.74 PG 
glycerol PL4; 22 (3.80, 3.60 ppm) : PG head group glycerol PLl and PL2.

The letters a, h, c, etc., were used to designate fatty acyl chain protons as shown below : 
a h c d  e e f  e e d  c g 

()-C-CH2-CH2-(CH2)n-CH2-CH=CH-(CH2-CH=CH).x-CH2-(CH2)n-CH3
I')

e/d means the cross peak between downfield protons e and upfield proton d  o f  a fatty acid.
PC' : Phosphodiacylglycerocholine; PE : Phosphodiacylglyceroethanolamine; SL : Sphingolipids; TG 
: Triglycerides: D C  : Diglycerides; ERG : Ergosterol; PLl : cross peak between glycerol Snl downfield  
and Sn2 protons; PL2 : cross peak between glycerol Snl upfield and Sn2 protons; PL3 : cross peak  
between g lycerol Sn l upfield and downfield protons; PL4 : cross peak between glycerol Sn2 and Sn3 
protons.
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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 

singlets). 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,g methyl resonance at 0.63 ppm in the ID 

spectrum. This was confirmed with other ergosterol-specific resonances at 1.04 ppm 

(C21 methyl) and 5.46 ppm (C  ̂proton). The cross peaks on the 2D spectrum between Cg 

and C7 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 etal. [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
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reported by Kobata et al. [130], De Simone et a l [127] and Yokokawa and Mitusuhashi

[128] suggest that some of these sterols could be ergost-7-en-3p-ol, ergosta-7,22-dien-

3p-ol and ergosta-5,7-dien-3p-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 

shifts (ppm)

moI% of total 

lipids

mol% of total glycerophosphatides 

NMR Literature [120, 122]

Total

diacylglycero

phospholipids

4.41 52.5 100 100

PC 3.22 21.3 40.6 38.4

PE 3.14 18.7 35.6 38.4

Total acidic 

phospholipids

4.41 12.5 23.8 20.7

PI 3.1 0.9

PS 4.28 4.4

CAR 3.98 3.5

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%

Sphingolipids 5.48;5.75 2.3 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 a l [122],

neither ether phospholipids nor lysophospholipids (4.97 ppm) [31] were detected.

Although overlap in the ID 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 ID 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 

chains, but numerous overlaps with peaks from sterol moieties in the 0.8-0.9 ppm region 

made the -CHoCOOR 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-CH2")n 1 with n> 1. For linoleic acid, n=l, 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) 2.75 74.6

Linolenic acid (18:3) 0.95 NQ

Arachidonic acid (20:4) 1.65 NQ

Docosahexaenoic acid (22:6) 2.38 NQ

Monounsaturated 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 o f 
characteristic resonances were compared to that o f the -CH2COO- 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) (m-CH^ at 0.95 ppm 

characteristic of n-3 fatty acids), arachidonic acid (20:4) (-CH=CH-CH2-CH2-CH2-COO- 

at 1.65 ppm) and docosahexaenoic acid (22:6) (-CH=CH-CH2-CH2-COO- at 2.38 ppm) 

could not be accurately determined from the ID 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 -CH2COO- 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 ivom 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-ol) which together with the associated Cg ketones (I-octen-3-one; 3-octanone) 

constitute 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 ID 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 

fraction 3 (Figure 2.3 (c)) and 4 (Figure 2.3 (d)). It was quite obvious, by the absence of 

their 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 1 and 4 (Figure 2.3 (c)). Unsaturated sphingoid 

lipids were confirmed together with the absence of ether lipids.

The acidic lipids (fraction 4) NMR spectmm 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 from 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

phospholipids 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 etal. [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 5

(ppm)

Ai Ci Af

FI F3 F4

Cf

FI F3 F4

R

Total DAGP 4.40 5.2 58.3 0 3.90 1.15 0 39.4 11.6 97

PC 3.22 2.11 23.7 0 2.09 0 0 21.1 0 99

PE 3.14 1.85 20.8 0 1.6 0 0 16.2 0 87

T o t a l 4.41 1.24 13.9 0 0 1.15 0 0 11.6 93
A D AG P
PI 3.77 0 0 0.38 0 0 3.8 NA

PS 4.28 0 0 0.70 0 0 7.1 NA

CAR 3.84 ---- ---- 0 0 T 0 0 <1% NA

PA 4.46 ---- ---- 0 0 ---- 0 0 ---- NA

PG 3.74 ---- ---- 0 0 0.16 0 0 1.6 NA

TG 4.35 0.60 6.7 0.51 0 0 5.7 0 0 85

DG 5.10 0.38 4.2 0.28 0 0 3.1 0 0 74

MG 4.00 ---- ---- T 0 0 <1% 0 0 NA

E t h e r 5.9 T <1% 0 T 0 0 <1% 0 NA

Lipids
SL 5.75 0.23 2.6 0 0.21 0 0 2.1 0 91

Ergosterol 0.63 2.03 22.8 1.73 0 0 17.5 0 0 85

O t h e r 0.54 0.48 5.4 0.42 0 0 4.3 0 0 88

Sterols 0.78

Table 2.3. Quantification of lipids from common mushrooms determined from the 
NMR spectra of NH2-Bond Elut fractions.
Ô : Chemical shift; A, ; Area before separation; C, ; %mol of total lipids, before 
separation; A^: Area after separation; Q . %mol o f total lipids, after separation; R : % 
Recovery o f each lipid class after separation; FI : 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 ID 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 

techniques 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).

73



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

L  JI  A

lA A  Ik .  A .

(d)

Figure 2.3. ID proton NMR spectra of lipids extracted from common mushrooms: 
Bond Elut fractions 256  scans were obtained for Fourier transformation and the 
residual methanol peak at 3.31 ppm was used as the reference chemical shift.(a) Total 
lipid extract, (h) Bond Elut Fraction I : neutral lipids, (c) Bond Elut Fraction 3 : non- 
acidic phospholipids, (d) Bond Elut Fraction 4 : acidic phospholipids.
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ir.
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Figure 2.4. ID proton NMR spectra of lipids extracted from common mushrooms: 
Expansion of Bond Elut Fraction 4 (acidic phospholipids).
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Fatty chains Ô
(ppm)

A; Ci Af

FI F3 F4

Cf

FI F3 F4

TR

T o t a l
unsaturated

2.04 9.75 90.8 0.12 6.99 2.39 88 87.9 93.5 98

Total
saturated

---- 0.98 9.1 0.01 0.96 0.17 11.5 12.1 6.5 117

L i n o l e i c  
acid (20:3)

2.75 8 74.6 0.12 5.62 2.04 61.5 70.7 79.7 97

Li n o l e n i c  
acid (18:3)

0.95 ---- ---- ---- T T ---- <1% <1% NA

Arachidonic 
acid (20:4)

1.65/
2.10

---- ---- ---- T T ---- <1% <1% NA

Docosa- 
hexaenoic  
acid (2 2 :6 )

2.38 T T <1% <1% NA

Mono-
uhsaturated

---- 1.75 16.3 0.05 1.37 0.35 10 26.9 13.8 101

T o  t a 1 
Chains

2.31 10.73 100 0.20 7.95 2.56 100 100 100 99

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.

Ô : Chemical shift; A,;  Area before separation; C, ; %mol o f total fatty chains, before 

separation; Af-: Area after separation; Cf : %mol o f total fatty chains, after separation 

TR : Total % Recovery o f each fatty chain, after separation infractions 1, 3 and 4; FI 

: Fraction I; F3 : Fraction 3; F4 : Fraction 4; T : Traces; NA : Not Applicable.
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65 : 35

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

CHrCH^-CH-COO

OH

2 -hydroxybutyrate

C H 3 -C H -C O O

I
OH

lactate

C H 3 -C O O

acetate

C H 3 -C O -C H 2 -CO O - C H 3 -C O -C O O  -O O C -C H 2 -C H 2 -C O O
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Figure 2.7. Other common water soluble metabolites.
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Figure 2.8. Structures of a few nucleosides and of the hydrogen-carrying coenzymes 

NAD+ and NADP+.

79



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

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 

signals 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 ID or 2D 

COSY spectra. However the cross peaks between the a and p 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 p and P' CH protons of 

the same molecule. The two doublets at 0.97 and 1.02 ppm, were assigned to valine 

whose a and p CH resonances at 2.24 and 3.58 ppm could not be clearly assigned in the 

ID 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 CHj 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 ID spectmm (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 ID spectrum (Figure 2.9),

sinôe its two resonances at 2.50 and 2.62 ppm overlapped with a crowded area of the

spectrum.
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trimethylamine-N-oxide
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Figure 2.9. ID proton NMR spectra of water soluble metabolites extracted from 
Agaricus bisporus.
256 scans were obtained for Fourier transformation and TSP was used as the reference 
chemical shift at 0 ppm. A: whole spectrum; B, C, D: expansions. See figure 2.10 fo r  
abbreviations.
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Figure 2.10. 2D COSY proton NMR spectra of water soluble metabolites extracted 
from AgancMS bisporus. The 2-D spectrum consisted o f 2 K  data points obtained from  
512 FIDs o f  8 scans with zero filling in the FI dimension. A: whole spectrum; B, C: 
expansions.
2-HB: 2-hydroxyhutyrate; Ile/Leu: isoleucine/leucine; Val: valine; Lac: lactate; Ala: 
alanine; Glu: glutamic acid; Ac: acetate; Aceto: acetoacetate; Succ/Pyr:
succinate/pyruvate; Cit: citrate; Mai: malate; Asp: aspartic acid; Asn: arginine; Gly: 
glycine; DHA; dihydroxyacetone; Tyr: tyrosine; His: histidine; Plie: phenylalanine; 
Trp: tryptophane; NAD: nicotinamide adenosine dinucleotide; NADP: nicotinamide  
adenosine dinucleotide phosphate; UDP: uridine diphosphate; UTP: uridine 
triphosphate; GDP: guanidine diphosphate; GTP: guanidine triphosphate.
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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

asparagine, even though the a CH resonance at 3.98 ppm was undetectable in the ID and

2DJ 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 CH2) since it demonstrated a cross peak on the 2D COSY 

with the multiplet at 2.44 ppm that most probably included the p CH2 resonance of a- 

ketoglutarate ( OOC-CH2-CH2-CO-COO ). The signal at 3.21 ppm was assigned to the 

-N(CH3)3 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 (a CH at 3.76 ppm), glycerol (Snl,3 upfield at 3.56 

ppm, Snl,3 downfield at 3.64 ppm and Sn2 at 3.87 ppm), glutamate (a CH at 3.75 

ppm), a and p glucose (-OCH2- upfield and downfield at 3.76 and 3.84 ppm for a 

glucose, and at 3.86 and 3.90 ppm for p glucose) and other sugars were among the 

contributors to the observed signals. In particular, the presence of a and p 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.

Ô (ppm) Multiplicity Metabolite Assignment Observed in

0.90 t 2 -hydroxybutyrate yCH3 ID, 2Ds

0.92 d isoleucine/leucine ÔCH3 ID, 2Ds

0.97 d valine 7CH3 ID, 2Ds

1.02 d valine 7 CH3 ID, 2Ds

1.28 d lactate CH3 ID, 2Ds

1.42 d alanine PCH3 ID, 2Ds

1.45 m lysine yCH^ 2D J

1.66 m 2 -hydroxybutyrate pCH ID, 2Ds

1.69 m lysine 6CH2 2D J

1.74 m 2 -hydroxybutyrate P'CH ID, 2Ds

1.75 m leucine PCH, 2D COSY

2 .00 m isoleucine pCH 2D COSY

2.01 m Glutamate pCH, P'CH ID, 2Ds

2.03 s acetate CH3 ID, 2D J

2 .22 s acetoacetate CH3 ID, 2D J

2.24 m valine pCH 2D COSY

2.25 m glutamate P'CH ID, 2Ds

2.27 s pyruvate PCH3 ID, 2D J

2.32 s succinate a,pCH2 ID, 2D J

2.36 dd malate P'CH ID, 2Ds

2.42 dd citrate a, yCH 2Ds

2.44 m a ketoglutarate PCH^ 2D COSY

2.62 dd citrate a ',y 'C H 2Ds

2.62 dd malate pCH ID, 2Ds

2.68 dd aspartate half pCHj ID, 2Ds

2.79 dd aspartate half PCH2 ID, 2Ds
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2.84 dd asparagine halfpCHz ID

2.94 dd asparagine halfpCH^ ID

3.01 t a ketoglutarate yCH, ID, 2D s

3.21 s trimethylamine-N-
oxide

N(CH,), ID, 2D J

3.26 dd p glucose H2 2D COSY

3.40 s acetoacetate CH2 2D J

3.43 t a and p glucose H4 ID, 2D J

3.52 s glycine CH2 ID

3.57 d valine aCH 2D COSY

3.58 t a glucose H3 ID, 2D J

3.68 dd isoleucine aCH 2D COSY

3.71 dd glutamate aCH 2D COSY

3.73 dd leucine aCH 2D COSY

4.11 q lactate CH ID, 2D COSY

4.23 dd malate aCH ID, 2Ds

4.50 s dihydroxyacetone a CH2 ID, 2D J

4.64 d p glucose HI ID, 2D J

5.14 d a glucose HI ID, 2Ds

5.20 d a  galactose HI ID, 2D J

5.80 d UDP/UTP uracil H5 ID, 2Ds

5.81 d UDP/UTP ribose H 'l ID, 2Ds

5.94 d GDP/GTP ribose H' 1 ID, 2D J

6.04 d NAD, NADP nicotinamide 
ribose H 'l

ID, 2D J

6.09 d NAD, NADP adenine ribose 
H 'l

ID, 2D J

6.50 s fumarate a, p C=C ID, 2D J

6.90 m tyrosine cyclic H3, H5 ID, 2Ds

7.10 s histidine cyclic H4 ID, 2Ds

7.20 m tyrosine cyclic H2, H6 ID, 2Ds
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7.33 m phenylalanine cyclic H2, H6 ID, 2D COSY

7.38 m phenylalanine cyclic H4 ID, 2D COSY

7.43 m phenylalanine cyclic H3, H5 ID, 2D COSY

7.55 d tryptophane cyclic H7 ID, 2D J

7.75 d tryptophane cyclic H4 ID, 2D J

7.85 s histidine cyclic H2 ID, 2Ds

7.88 d UDP/UTP uracil H6 ID, 2Ds

8.14 s GDP/GTP guanine H3 ID, 2D J

8.26 s NAD, NADP adenine H2 ID, 2Ds

8.40 s NAD, NADP adenine H8 ID, 2Ds

8.46 s formate CH ID, 2D J

8.85 d NAD, NADP nicotinamide
H4

ID, 2D COSY

9.09 d NADP nicotinamide
H6

ID, 2D COSY

9.12 d NAD nicotinamide
H6

ID, 2D COSY

9.31 s NAD, NADP nicotinamide
H2

ID

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) (HT ribose and guanine H8

proton respectively).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 ID 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, H5) 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, H5). 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.

90



Chapter 2 N M R  of lipids and water soluble metabolites from A garicus bisporus

p p m

C i t  . P y i -
2-1 IB

llc/Lcu

I
B Asn

Accto

   0
3. 0 2 ! 5 FTo 1 . 5

F 2  ( p p m  )
I . 0

91



Chapter 2 NM R o f  lipids and water soluble metabolites from Af^aricus bisporus

4 . 5 4 .2  3.9
F 2  ( p p m )

3. 6

o

- o  __ 
Ll

\ /
Trp

I’he

f\J

8 . 0 7 . 09 .0 6.0
F 2  ( p p m }

Figure 2.11. 2D J-resolved proton NMR spectra of water soluble metabolites 

extracted from Agaricus bisporus. The 2-D  spectrum  consisted o f  2K  data points 

obta in ed  from 64 FIDs o f  32 scans with zero filling  in the FI dimension. A: whole 

spectrum : B, C, D: expansions. See figure 2 .10 fo r  abbreviations.
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Metabolite 5 (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 3.3

Histidine 7.10 0.41

Tyrosine 7.20 1.02

Phenylalanine 7.38 0.11

Tryptophane 7.55 0.08

Sugars

a glucose 5.14 0.96

a galactose 5.20 0.012

Glycolytic metabolites

Lactate 1.28 1

Dihydroxyacetone 4.50 0.75

TCA metabolites

Malate 2.40 8.4

Citrate 2.62 2.4

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. Quantifîcation 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 fu lly  
oxidizes the pyruvate by means o f  acetyl coenzyme A to CO 2.

93



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

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 the spectra’s resolution.

' More than 30 metabolites were determined by NMR and 22 could be quantified, 

including 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 Gu'mQa. 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 (rhamnose 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

multidimensional NMR experiments could be performed to resolve the overcrowded

region 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, 

symptoms can range from mild chest pain to a full scale heart attack. Generally 

syrriptoms manifest themselves when 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 

many 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
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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 

subsequent stages include hypercholesterolemia, associated with an excess of low 

density 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 Â thick cell membrane with an external fuzzy
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coat averaging 500 Â 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 

function 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 

phosphorylation [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 5-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, (3-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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aggregating agents, such as throm bin or high concentrations o f collagen. In addition to 

the contents o f these three types o f granules, activated platelets can release 

pharm acologically active substances that are newly synthesised rather than stored, such 

as prostaglandins, T X A 2 and PAF, w hich affect vascular tone and perm eability , and 

activate other platelets. A part from various form s o f act in and m yosin, the p latelet 

contains a num ber o f regulatory proteins such as light chain kinase, calm odulin, profilin 

and gelosin.

Figure 3.1. Diagram of the structural features of a platelet.

I : surface membrane; 2: fu zzy coat; 3: m itochondria; 4: alpha granules; 5: golg i 

com plex; 6: sm ooth tubules; 7: smooth tubules connected to surface membranes.
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3.1.2.2 Platelet stimuli and responses

In stirred suspension, platelets challenged with activating agents normally change 

shape, aggregate, and release their contents in that order and with increasing 

concentrations of agonists [186]. Secretion may be triggered by arachidonate 

metabolites, but with strong stimuli such as thrombin, these compounds are not required

[185].

When stimulated, a shape change is observed, the platelets lose their discoid 

shape, become spherical and extrude pseudopodia. It has been shown that shape change 

is not an essential pre-requisite for aggregation [187], indicating that the development 

of platelet stickiness is not simply a result of the change in shape of platelets exposing 

new adhesive sites.

Aggregation of platelets is dependent on extracellular Ca^  ̂and fibrinogen, which 

forms the bridges between platelets. Weak aggregating agents or low concentrations of 

stronger ones cause reversible (“primary”) aggregation, whereas stronger stimuli cause 

an irreversible (“secondary”) aggregation, which is associated with prostaglandins 

synthesis (see Chapter 4) and release of granule contents. Aspirin inhibits both of these 

secondary events, suggesting that the release reaction caused by many agonists is 

mediated by arachidonic acid metabolism [187] The substrates released from the dense 

granules, in particular ADP, also play an important role in enhancing secondary 

aggregation induced by other agonists.

It will be clear from this that the platelet contains, or can synthesise when 

stimulated, materials which are themselves platelet stimuli. Thus a particular stimulus 

can produce a direct response upon which may be superimposed a secondary, or indirect 

response from released materials, notably arachidonate metabolites (prostaglandins and
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thromboxanes) and ADP [157]. For strong stimuli such as collagen, thrombin or

vasopressin there may be a third form of positive feedback control, the synthesis and 

release of PAF [188]. PAF has the structure l-O-alkyl-2- acetyl-Sn-glycerol-3- 

phosphorylcholine, where the alkyl group on the C, position is usually hexadecyl or 

octadecyl [189]. PAF is a potent aggregating agent, it is released from platelets following 

stimulation by the Câ '̂  ionophore A23187, thrombin or collagen, but not by ADP, 

arachidonic acid or PAF itself [188]. As well as its potential role in platelet function, 

PAF has also been implicated in numerous physiological and pathological processes 

including pregnancy, asthma, inflammation, transplant rejection and gastrointestinal 

ulcération and arrhythmias [190, 191]. An outline of some of the events involved in 

platelet activation is given in Figure 3.2.

3.1.2.3 Platelets and blood coagulation

The major physiological function of platelets is in haemostasis. At sites of 

vascular injury, platelets adhere to exposed subendothelial collagen, by means of 

glycoproteins on the cell surface and then release the contents of their dense granules and 

a-granules, thereby recruiting more circulating platelets, which then clump together to 

form a haemostatic plug. The substances released include ADP, a powerful stimulant for 

platelet aggregation, and serotonin, a powerful vasoconstrictor that narrows the blood 

vessel wall locally and thus helps to restrict the bleeding area. Simultaneously factor V 

and other clotting factors released from the a-granules aid in the local conversion of 

plasma prothrombin into thrombin. Thrombin in turn stimulates further release of 

platelet granule material, thus providing strong local amplification of the clotting 

process. Thrombin also converts plasma and platelet fibrinogen into fibrin, wich
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enmeshes and reinforces the platelet plug and entraps erythrocytes and other formed 

elements of the blood. Retraction of the platelet-fibrin clot then occurs as a result of the 

presence in platelets of the contractile protein actomyosin, and a firm mass is formed. 

Thus small, severed blood vessels are closed; larger wounds may require the application 

of external pressure.

:PAF: •TXA;

! serotonin •

! fibrinoeen ! ■ ADP !•factor V

facilitation of coagulation

secretion

activation of PK C

other
products

breakdown of PEP'

protein phosphoiylation

shape change

activation of 
PlpA

agonist-receptor interaction

aggregation with other platelets

contraction of 
microfilaments

increase in cytosolic 
calcium ions

exposure 
of acidic 

phospholipids

"flip-flop" 
of membrane 
phospholipids

exposure of fibrinogen 
receptors

Stimulus e.g. collagen 
ADP, thrombin

Figure 3.2. Schematic diagram of events involved in platelet activation.
ADP = Adenosine triphosphate; TXA? = Thromboxane A2; PAF = Platelet activating 
factor; IP3 = Inositol triphosphate; PIP2 = phosphotidylinositol biphosphate; Pip A = 
Phospholipase A. [159]___________________________________________________
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There are two immediate intracellular consequences of the combination of 

thrombin with the thrombin receptor on the platelet plasma membrane. The first is 

activation of the intracellular messenger system which induces an aggregation response 

in that platelet. The second is the release of arachidonic acid and the formation of TXA2 

which diffuses out of the initiating platelet and binds to TXA2 receptors on nearby 

platelets. This in turn leads to the formation of intracellular messengers and aggregation 

of the target platelet. Since a small number of thrombin molecules induce the formation 

of a relatively large number of TXA2 molecules which can interact with many nearby 

platelets, TXA2 acts by amplifying the signal initially carried by thrombin. TXA2can also 

interact with its specific receptors on the platelet in which it was synthesised. This 

amplifies further the effect of thrombin on this platelet.

It is possible that, in vivo, platelet aggregation is regulated, at least in part, by a 

balance between TXA2 and prostacyclin, and that the alteration of this balance is a factor 

in the aetiology of atherosclerosis. For example, atheromatous plaques possibly produce 

lipid peroxydases which inhibit prostacyclin activity [158].

A summary of the biochemical reactions that culminate in the formation of a fibrin clot 

during blood coagulation is shown Figure 3.3.
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Intrinsic pathway Extrinsic pathway

Surface contact Tissue d am ag e

Tissue
factor

Xlla 4 ► Xlla

XI ►XIa VII ►Vila

► IXa

VIII ► V i l l a

Platelets
PL or PF:

► Xa

PL or PF) •

XIIIVa- i

X l l l a

I Fibrinogen ►Fibrin-■■•► Insoluble fibrin

Figure 3.3. The blood coagulation cascade

PL = a negatively charged phospholipid; PF^ = platelet factor 3; -> = ‘acts on’; ••• *- = 

‘gives rise to’; I-XII coagulation factors (inactive); la-XIIa active factors. [158]

3.1.3 Platelets and atherosclerosis

Platelets are thought to play a role in atherosclerosis (see Figure 3.4), both by 

forming mural thrombi which become covered with endothelium and incorporated into 

atherosclerotic plaques, and by secreting mitogenic factors such as platelet derived
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growth factor (PDGF), which stimulate the proliferation of cells in the blood vessel wall; 

both processes leading to a narrowing of the blood vessel lumen [57]. According to the 

response-to-injury hypothesis, arteriosclerosis (thickening and loss of elasticity of the 

arterial cell wall), and eventually atherosclerosis (involvement of lipid in arterial wall 

thickening), are caused by the platelet-vessel wall interaction that occurs following 

arterial injury and endothelial loss. The loss of endothelial integrity is considered as the 

primary step in the development of atherosclerosis and can be caused by many factors. 

Important factors are mechanical forces at the sites of flow effects, cholesterol 

deposition, foam cell infiltration, bacterial toxins, viral infections, oxygen radicals and 

imrhunological injury. Furthermore hypercholesterolemia and high levels of LDL render 

platelets more sensitive to aggregating agents aggravating the risk of further 

complications.

Hypercholesterolem ia 
Endothelial cell injury high LDL / low HDL

PLATELET ACTIVATION

Macrophages

Foam cellsThrombosis Foam^ells

FATTY STREAK

PDGF
other mitogenic factor

A TH E R O S C LE R O TIC  PLAQUE

Figure 3.4. Role of platelets in the pathogenesis of atherosclerosis, (from Siess [59])

107



Chapter 3 NMR lipid profîles of platelets

Although the exact role of platelets in atherogenesis is still not very clear their 

importance in thrombosis is not in doubt since they form part of and may initiate the 

occluding thrombus. The prophylatic use of antiplatelet drugs in an attempt to reduce the 

occurrence of thrombosis has had limited success, although recent results with aspirin 

have been more encouraging [192, 193].

The development of thrombosis in relation to a preexisting atherosclerotic 

plaque is the most important complicating event in the natural history of atherosclerosis 

and is responsible for many clinical manifestations such as myocardial infarction, stroke, 

and peripheral gangrene.

3.1.4 Platelets lipids and diseases

It was established above [57] that platelets and especially the lipids within the 

platelets are involved in the pathogenesis of atherosclerosis; arachidonic acid and its 

metabolites playing a key role in platelet functions. They are also involved in acute 

ischaemic heart disease and hypertension, but their role in the pathogenesis and 

evolution of the cardiovascular disease has not always been clearly defined at the 

biochemical level [163]. Platelets are capable of de novo phospholipid biosynthesis. 

Their membrane phospholipids are the major source of the arachidonic acid necessary 

for the production of thromboxanes and prostaglandins that regulate platelet adhesion 

and aggregation. Platelet activation is thus associated with profound changes in lipid 

metabolism [194].The participation of lipids in platelet functions offers the basis for an 

investigative diagnostic tool and also an approach to the prevention of thrombosis via 

the alteration of membrane phospholipids by means of dietary regulation [164-166].

Many diseases exhibit changes in platelet physiology and activity, platelet lipid
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levels and plasma lipid levels. Hyperlipidaemia is characterised by a hyperactivity of the 

platelets, an increase in platelet cholesterol and cholesterol esters, triglycerides and total 

phospholipids [59]. In patients with Alzheimer’s disease, an increase in the platelet 

membrane fluidity was observed as well as an augmentation of TXA2 production [167]. 

A decrease in the stearic to oleic acid ratio in platelet lipids has been reported in active 

malignancy [168]. In coronary and ischemic heart disease, abnormal levels of 

lysophosphatidylcholine, phosphatidic acid, cholesterol, malonic dialdehyde and 

phosphatidylinositol have been discovered in platelets as well as increase in 

phospholipid hydrolysis [169-171] changes in plasma glycerides, phospholipids and 

cholesterol [172, 173].

Having a means to study and quantify platelet lipids simply, quickly and 

efficiently is thus a requirement towards obtaining further insights into a wide range of 

diseases and maybe a tool in their diagnosis.

3.1.5 NMR as a tool to understand the involvement of lipids in disease states

For the past decades, investigators have been attempting to find methods to 

detect and characterise variations of the lipid profile in different tissues and fluids from 

healthy and diseased individuals, with a view to establishing links between lipid 

metabolism and disease states. NMR has been the technique of choice, offering a rapid 

analysis of isolated lipids, under normal and pathological conditions.

Cancer-related changes in the methyl and methylene moieties of plasma 

lipoproteins have been demonstrated with the help of H-1 and C-13 NMR, and have 

suggested the possibility of designing an NMR blood test for cancer [60-69]. Significant 

increase in the triglyceride/phospholipid ratio and a concomitant decrease of total

109



Chapter 3_________________________________________________ NMR lipid profiles of platelets

phospholipids have been observed in the plasma of patients with cancer, using a 

combination of H-1 and P-31 NMR techniques [70]. Recently Engan et a l [71] using 

C -13 NMR and GLC examined the fatty acid profiles of the triglycerides, esterified 

cholesterol and the phospholipid constituents of lipoproteins from the plasma of patients 

with malignant diseases. Interesting differences were found between a group of cancer 

patients and a group of healthy controls, including a decrease in linoleic acid and an 

increase in oleic acid in the total plasma esterified cholesterol, an increase in oleic acid 

in the total plasma triglycerides, while no change was observed in the total plasma 

phospholipids. This demonstrated once again that NMR spectroscopy could be useful 

in characterizing malignancy-associated lipid changes.

H -1 NMR, C-13 NMR as well as in vivo H-1 NMR imaging can be powerful 

tools in the study of the lipid profile changes involved in cardiovascular diseases. 

Following myocardial infarction, Evanochko et a l [162] observed alterations in 

myocardial lipids and tentatively assigned octanoic acid as the main lipid accumulating 

in human myocardium. C-13 NMR spectral examination of human atherosclerosis 

demonstrated decreased resonances for polyunsaturated fatty acyl chains and cholesteryl 

esters with increasing obstruction [73]. It is possible to obtain in vivo noninvasive 

observation of lipid signals in the human myocardial, which might provide a marker to 

myocardial viability, since myocardial ischemia leads to the accumulation of 

triglycerides and fatty acyl esters [74].

Chapter 2 established the usefulness of high field NMR for the rapid and reliable, 

qualitative and quantitative analysis of lipids in plant tissues. We now propose to apply 

this technique to human tissue, in an attempt to investigate a possible relationship 

between platelet lipids and coronary artery disease. In this chapter, the platelet lipid
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profiles of healthy and diseased subjects, obtained by high field NMR methodology, are 

reported and compared.

3.2 MATERIALS AND METHODS 

3.2.1 Materials

Platelets used for general NMR analysis were obtained from the North London 

Blood Transfusion Centre, Brentwood, Essex. Blood used in the investigation of 

platelets and disease studies was obtained from outpatients in the department of 

cardiology. King’s College Hospital as well as from healthy volunteers at the School of 

Pharmacy, University of London.

Standard phospholipids were obtained from the Sigma chemical company, UK. 

Deuterated chloroform (99.8%) and perdeuteromethanol (99.8%) were obtained 

from the Aldrich chemical company.

All other reagents were of the highest grade available and were obtained from 

BDH Ltd.

3.2.2 Methods

3.2.2.1 Isolation of platelets from whole blood

20 ml of blood was obtained from each subject and placed in a 50 ml falcon tube 

containing 2 ml of 3.18% sodium citrate solution.

The blood sample was centrifuged at 200g at 20°C for 10 min to precipitate the 

red cells. This produced a platelet rich plasma (prp) which was decanted into another 

centrifuge tube, the pellet of red blood cells being discarded. The prp was centrifuged 

at 900g at 20°C for 20 min to precipitate the platelets and to produce a platelet free
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plasma.

The platelet pellet was resuspended in 1 ml of washing buffer (140 mM NaCl, 

5 mM glucose, 1 mM EDTA and 15 mM Tris-HCl, pH 7.4) and centrifuged for 20 min 

at 900g at 20°C. This procedure was repeated a second time and the final pellet obtained 

was immediately frozen in liquid nitrogen or dry ice before being stored at -80°C.

3.2.2.2 Total lipid extraction

Lipid extraction was carried out using a modified form of the Bligh and Dyer 

method [132]. All the lipid extraction procedures were performed in glassware. All 

solvents were “Analar” grade. To avoid oxidation of the highly unsaturated lipids 

dissolved oxygen was removed by bubbling nitrogen through the solvent.

A small volume of cold methanol (<0°C) was added to the pellet to aid transfer 

to a glass tube for lipid extraction. Chloroform and methanol were added to the glass 

tube to give a final composition of chloroform/methanol 2:1 (v/v). The organic solvent 

was 5 times the pellet volume.

The suspension was vortexed and sonicated for 20 mins at 0°C, with occasional 

vortexing. The mixture was then centrifuged at 1500 rpm to separate the aqueous from 

the organic phase. The upper aqueous layer was carefully removed and discarded. The 

bottom organic layer was transferred to another clean glass tube. The interface between 

the two layers contained denatured proteins. They were re-extracted using the same 

volume of chloroform/methanol (2:1, v/v) as before. The mixture was vortexed, left to 

stand for 10 min on ice with occasional vortexing, before centrifuging at 1500 rpm for 

5 min at room temperature. The upper aqueous layer was removed and discarded. The 

lower organic layer was combined with the organic layer from the previous extraction 

step.
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The extract was washed twice using a volume of 50 % methanol/ 0.5M KCl 

equal to the extraction volume added previously. The mixture was vortexed, centrifuged 

at 1500 rpm for 5 mins at room temperature and the upper aqueous layer removed by 

Pasteur pipette. This procedure was repeated with the lower layer extract.

The washed extract was then dried using a small quantity of dry Na2S0 4 . Any 

remaining particles were then removed by filtering through tightly packed glass whool. 

The drying agent was washed twice with small volumes of chloroform which were 

filtered and mixed with the extract.

The solvents were evaporated under a stream of nitrogen. The extract was 

redissolved in a small volume of chloroform and stored in a sealed glass container, under 

nitrogen, at -80°C.

3.2.2.3 Proton NMR spectra analysis of lipids

Spectra were recorded on a Bruker AM500 NMR spectrometer. The proton 

spectra were recorded at 298K in the Fourier transform mode with 16K data points, 

using a 45° detection pulse and a 2.0s acquisition time, with water presaturation during 

relaxation to remove excess HOD signal. The 2D COSY experiment was performed on 

extracted lipids in a non-phase sensitive mode, with solvent presaturation. The 2D 

spectrum consisted of 2K data points obtained from 512 FIDs of 48 scans, with zero 

filling in the FI dimension. The data was multiplied with a square sine bell function in 

both directions prior to transformation. Chemical shifts were referenced in both cases 

to the residual methanol resonance at 3.31 ppm.

3.2.2.4 Calculation of lipid and water soluble metabolite proportions

Chemical shifts were identified as described elsewhere [24-33] and from the 2D
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COSY spectra of the extracts. After baseline correction, characteristic peaks in the ID 

NMR spectra were integrated. The integrals directly related to the amounts of each lipid 

present, correcting for any signal overlap. The sum of each individual lipid characteristic 

integral was taken as 100 %. 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. The integrals of 

individual fatty acid were compared to this value.

3.3 RESULTS

3.3.1 Typical ID and 2D NMR total lipid profiling of platelet membranes

The study of total lipid extracted from platelets obtained from the blood bank 

illustrates perfectly a typical lipid analysis by ID and 2D NMR. The 1-dimensional 

proton NMR spectrum of the platelet total lipid membrane can be divided into three 

main regions (Figure 3.5 a, b, c). The chemical shifts of the various groups have been 

well established [24-33]. The fatty chain, the sterol methyl and the methylene proton 

resonances occur between 0.65 ppm and 2.90 ppm, the phospholipid head group and 

glycerol backbone proton resonances occur between 3.05 ppm and 5.25 ppm, and the 

vinyl proton signals occur between 5.30 ppm and 5.95 ppm.

Choline phospholipids were identified by their characteristic -N (̂CH )̂;  ̂proton 

signals at 3.20 ppm which consisted of two partly overlapping singlets. The proportion 

of total choline lipids was estimated from the integrals of these singlets and represented 

27.6% of the total lipids in the mixture. The two choline head group methylene protons, 

-OCHj-CHjN"^, resonated at 3.60 ppm (-CHjN'^) and 4.25 ppm (-OCH2) and were 

confirmed by the cross peaks in the 2-D COSY spectrum of the total lipids (Figure 3.6).
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Ethanolamine phospholipids were also identified by their characteristic head 

group -CH2CH2NH2 methylene proton resonance at about 3.10 ppm and constituted 18.4 

% of total lipids. The shape of this signal indicated the presence of a mixture of this class 

of lipid. Examination of the 2-D COSY spectrum of the total lipids showed the cross 

peak (3.12 ppm, 3.98 ppm), which identified the -OCH2 head group methylene protons 

at 3.98 ppm.

The backbone glycerol Sn2 proton multiplet at about 5.21 ppm represented the 

total diacylglycerol phospholipids present. The magnetically inequivalent glycerol Sn, 

methylene proton resonated at 4.42 ppm and 4.15 ppm, while both glycerol Sn  ̂

methylene proton resonances overlapped at about 4.0 ppm. Couplings between backbone 

protons were confirmed by cross peaks in the 2-D COSY spectrum of the platelet total 

lipids and unequivocally gave their assignments. For example the cross peaks at (4.42 

ppm, 5.21 ppm) between downfield Snl proton and Sn2 proton, (4.42 ppm, 4.15 ppm) 

between downfield and upfield Snl protons, and (5.21 ppm, 4.15 pppm) between Sn3 

and upfield Snl proton were observed (Figure 3.6).

The multiplet at 5.15 ppm arising from the glycerol Sn2 proton, represented all 

the ether lipids, both alkylacyl and plasmenyl, present and equalled 11.9 % of total 

lipids. Plasmenyl lipids gave characteristic vinyl proton resonances at 5.92 ppm. The 

proportion of alkylacyl glycerophospholipids was therefore determined by the integral 

difference at 5.15 ppm and 5.92 ppm and was equal to 0%.
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Figure 3.5. Typical 1-dimensional proton NMR spectrum of platelet total lipids.
Spectrum was recorded a t2 9 8 K  in Fourier transfonn mode with 16 K  data points, using 
a 45 ° detection  pulse and 2.0 s acquisition time, a) 0 .5-3.0 ppm  expansion, h) 3.0-4.5  
ppm  expansion, c) 4.5 -6.0 ppm  expansion.
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F ig u r e  3 .6 . T y p ica l 2 -D  C O S Y  N M R  sp ec tru m  o f  p la te le t to ta l lip id s . The 2-D
spectrum  consisted o f  2 K  data points obtained from  512 FIDs o f  48 scans with zero  
fillin g  in the FI dimension.

I: c/g; 2: h/c; 3: d/c; 4: a/b; 5: e/d; 6: e/f; 7: PE -OCH_2 CH_2hlIdp 8: P C  - 
0CH2CH2NH( C H dp 9: cross peak between glycerol Snl upfield and downfield protons 
; 10: cross peak between glycerol Sn2 and Sn3 protons; 11: cross peak  between glycerol 
S n l dow nfield and Sn2 protons; 12: cholesterol vinyl protons; 13: spliingolipids vinyl 
protons; 14: ether lipids vinyl protons.

The letters a, b, c, etc., were used to designate fa tty  acyl chain pro tons as shown below

a b c d  e e f  e e d  c g
()-C -C H 2-CH 2-(CH 2)n-C H 2-C H =C H -(C H 2-C H =CH )x-CH 2-(CH 2)n-C H 3  

()
e /d  m eans the cross peak between downfield protons e and upfield proton d  o f  a fa tty  
acid.

117



Chapter 3_________________________________________________ NMR lipid profiles of platelets

Sphingomyelin were identified by a choline N""- methyl singlet at 3.20 ppm 

which partially overlapped with the head group methylene protons of 

phosphoglycerocholine. The multiplets at 5.70 ppm and 5.44 ppm were diagnostic of the 

characteristic sphingenine moiety vinyl protons (HO-RCH-CH=CH-) and therefore, 

confirmed the presence of sphingomyelin in human blood platelets, which was estimated 

at 11.9 % of total lipids.

Phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG), 

phosphatidic acid (PA) and cardiolipin (CAR) signals were not detected above the noise 

level, indicating their low concentrations in the platelet membranes.

Lipid Identity Chemical Shift (ppm) Composition

(% of total lipids)

Cholesterol 0.69 39.6

Total Phosphocholine 3.20 27.6

Total 3.10 18.4
Phosphoethanolamime

Acidic Phospholipids 4.41 <1

Sphingolipids 5.70 11.9

Ether Lipids 5.16 11.9

Triglycerides 4.34 <1

Table 3.2. Typical NMR analysis of lipids from total lipid extract from human 

platelets. Compositions determined as in 3.2.2A.

Cholesterol was the main steroid component detected in the NMR analysis (see 

table 3.2). It was identified by its characteristic C-18 methyl singlet at around 0.68 ppm 

and represented 39.6 % of total lipids. Other cholesterol signals included the C-3 proton 

at 3.42 ppm, the vinyl proton at 5.32 ppm. No signals characteristic of cholesterol esters
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(usually a multiplet at about 4.52 ppm) were detected, indicating cholesterol esters were 

present at concentrations of less than 1% in the platelet membranes. In addition, other 

common neutral lipids such as the triglycerides overlapped with the unsaturated ether 

lipids resonance at 4.34 ppm and their contribution could be calculated by simple 

subtraction. They were not detected above NMR noise level.

Fatty Acid Chain Chemical Shift (ppm) % Total Chains

Total Chains 2.30-2.35 100.0

Liholeic acid 2.75 4.2

Docosahexaenoate 2.40 3.2

Arachidonate + 
Eicosapentaenoate

1.65-1.74 14.8

Table 3.3. NMR analysis of the fatty acids of total lipid extract from human 

platelets. Compositions determined as in 3.2.2.4.

The fatty acid region of the spectrum (0.80-2.90 ppm), contains component 

spectrum from a diversity of fatty acyl chains (Table 3.3), from saturated, mono and 

polyunsaturated fatty acids. The signal at 5.33 ppm represented all the vinyl (-CH=CH-) 

protons in the fatty acids and cholesterol, and thus by subtracting the contribution from 

the cholesterol ( 1 proton) and by dividing by the total fatty acid chain resonance at 2.30 

ppm (-OOC-CH2-), one obtains the relative measure or average extent of unsaturation 

in the fatty acid chains. This value was 1.31. The individual polyunsaturated fatty acids 

detected included linoleic acid with characteristic triplet at 2.75 ppm arising from the 

specific methylene protons in the chain (-CH=CH-CH2-CH=CH-) which gave an exact 

composition of 4.2 mol% of total chains. Arachidonic acid, eicosapentaenoic acid, and
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related acids which had their characteristic p and y resonances (-CH=CH-CH2-CH2~CH2- 

COO-) at 2.10 ppm and 1.70 ppm respectively gave a composition of 14.8 mol%. 

Docosahexaenoic acid with its distinctive a and p multiplet (-CH=CH-CH2-CH2-COO ) 

at 2.40 ppm gave a composition of 3.2 mol%.

The overall NMR estimated platelet lipid and fatty acid compositions are 

presented in table 3.2 and 3.3.
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Figure 3.7. Typical 1-dimensional proton NMR spectrum of platelet total lipids 
from patients suffering from CADs. Spectrum was recorded at 298K  in Fourier 
transform mode with 16 K  data points, using a 45 °detection pulse and 2.0 s acquisition  
time, a) 0 .5-3.0 ppm  expansion, h) 3.0-4.5 ppm  expansion, c) 4 .5-6 .0  ppm  expansion
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3.3.2 ID NMR total lipid profiling of intact platelet membrane from patients with 

coronary artery disease (CAD)

1-D NMR spectroscopy was carried out on platelets lipids obtained from 20 

patients, in the cardiology department at King’s College Hospital, undergoing a 

procedure known as angiography. Angiography is a technique in which an X-ray opaque 

liquid is injected into the blood vessels of the heart through the femoral artery, and is 

used to diagnose CAD in the patients under investigation. A typical spectrum from the 

patients blood platelet lipids is shown figure 3.7. It corresponds to patient 4 and shows 

qualitative similarities to the spectrum figure 3.5.

The platelets of a group of 6 healthy volunteers from the School of Pharmacy, 

University of London, were also submitted to lipid extraction and NMR analysis. All the 

medical details regarding the patients and the normals are presented in Tables 3.4 and 

3.5.

The platelet lipid distribution of the 20 patients (Table 3.6) determined as shown 

in 3.3.1, was compared with the one of the 6 normal subjects (Table 3.7). The 20 patients 

were divided in two main groups, after testing for CADs : patients 1, 2, 3, 7, 13, 14, 20 

and 22 did not present any evidence of cardiovascular lesions, and patients 4, 5, 6 , 12, 

15, 16,21,23,24, 25,26, 27 did.
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Patient Sex Age Medication Medical history Renal
disease

Diabetes CAD

1 f 50 Aspirin, Diltiazem chest pain No

2 m 67 Aspirin, Captropril, Furamide No

3 f 35 Aspirin overweight No

4 f 72 Aspirin, Nifedipine, Lisinopryl hypertension; smoker mild 2 vessel

5 f 57 Aspirin aortic stenosis; 
hypertension

severe aortic 
stenosis

6 m 57 Aspirin, Diltiazem smoker severe 3 
vessel

7 m 73 Aspirin CABG 1987 No

12 m 50 Aspirin, Timolol, Captopril 1 vessel CAD, 
poor left 
ventricle 
function

13 m 70 Aspirin, Timolol Yes No

14 m 69 Aspirin, Diltiazem No

15 f 68 Aspirin, Diamorphine, 
Coproxamol, Heparin

chest pain 3 vessel

16 m 76 Aspirin, Flucloxacillin chest pain; unstable 
angina

severe 3 
vessel
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Patient Sex Age Medication Medical history Renal
disease

Diabetes CAD

20 m 59 Aspirin, Digoxin No

21 m 68 Aspirin, Diltiazem, Diazepam, 
Amiloride, Frusemide, Metformin, 
Dipyridamole, Isosorbide, 
Trimeprazine, Glibenclamide, 
Acebutolol

myocardial infarction 
12 months ago

Yes, non 
insulin 
dependent 
diabetes

3 vessel

22 f 75 Aspirin, Diazepam, Gaviscon, 
Bricanyl

2 asthma attacks No

23 m 61 Aspirin, Nifedipine, Digoxin, 
Metformin

Yes mild 1 vessel

24 m 52 Aspirin, Atenolol unstable angina; 
myocardial infarction 
in May 95

1 vessel

25 m 64 Aspirin, Adalat retard, Becloforte 
inhaler, Serevent inhaler

unstable angina; 
asthma; chest pain on 
exercise; angiography 
5 years ago

3 vessel

26 m 54 Aspirin,Ventolin inhaler unstable angina; chest 
pain on exercise

3 vessel
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P a t i e n t S e x A g e M e d i c a t i o n M e d i c a l  h i s t o r y R e n a l
d i s e a s e

D i a b e t e s C A D

2 7 m 7 2 A s p i r i n ,  T e m a z e p a m ,  C o d y d r a m o l m y o c a r d i a l  i n f a r c t i o n  
1 9 9 0 ;  f o u r  C A B G  
1 9 9 0 ;  c h e s t  p a i n  o n  

e x e r c i s e

1 v e s s e l

p
"3

W

Table 3.4. Hospital medical details of the patients.

m ; male; f  : female; CAD : Coronary Artery Disease; CABG : Coronary Artery Bypass Graft.
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Subject Sex Age Medication Medical
history

1 m 45 No No

2 m 53 No No

3 f 52 No No

4 m 49 No No

5 m 47 No No

6 f 52 Hormone
Replacement
Treatment

No

Table 3.5. Medical details of the normal subjects, m: male; f: female.

These groups were subdivided further into subgroups according to the seriousness of the 

CAD. Group 1, patients 24 and 27, represented those with one vessel obstruction. Group 

2, patients 15, 21, 25, and 26, represented the 3 vessels obstruction. Group 3, patients 

6 , 16, represented the severe 3 vessel obstruction. Group 4, patients 13, 21, 23, 

represented those with diabetes. Unfortunately, it was not possible to use the rest of the 

patients in a statistical subgroup study since each of them was a unique case for the 

disease in question due to the small number of samples available.

Means and standard deviations were calculated for each lipid group considered 

in the patients and normals groups as well as in each subgroup. Figures 3.8 to 3.16 

illustrate the differences between normals and each patient group.
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Entity (in % of total lipids or of total 
chains*) \ Patient

21 22 23 24. 25 26 27

Cholesterol 53.5 65.2 60.5 77.1 55.3 52.0 55.8

TG 0 0 0 0 0 0 0.2

Total GPL 19.2 13.0 13.1 7.5 17.7 19.7 22.8

SPH 13.7 8.7 12.4 6.7 13.0 13.8 10.6

Total EtherL 13.7 13.0 14.0 8.7 13.7 14.6 10.6

Plasmalogens 13.7 13.0 14.0 8.7 13.7 14.6 10.6

l-alkyl-2-acyl GPL 0 0 0 0 0 0 0

Total Choline lipids 31.3 36.2 30.5 22.4 36.5 40.0 33.4

Total Ethanolamine lipids 19.7 13.0 18.9 17.7 19.1 21.8 16.1

Linoleate* 9.5 5.4 8.2 6.3 11.8 11.2 6.5

Ara. + eicosa* 34.7 46.4 39.8 48.0 25.5 31.0 31.9

Docosahexaenoate* 1.79 0.9 1.6 2.1 1.3 2.3 1.8

PC/PE 1.58 2.78 1.62 1.27 1.92 1.83 2.08

Average extent unsaturation 1.26 1.30 1.40 1.21 1.42 1.37 1.5

O
sr
&sT3

Table 3.6. Lipid distribution of platelets from patients suffering from chest pain. TG: triglycerides; GPL: glycerophospholipids; SPH: 
sphingolipids; Total EtherL: total ether lipids; Ara.: arachidonic acid; eicos.: eicosapentaenoic acid; PC : phosphotidylcholine; PE: 
phosphotidylethanolamine. ^
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Entity (in % of total lipids or 
of total chains*) \ Normal

1 2 3 4 5 6

Cholesterol 35.6 33.8 35.1 37.5 34.9 33.6

TG 8.6 6.7 6.6 4.3 7.3 5.8

Total GPL 32.9 35.3 34.8 34.4 35.3 36.8

SPH 10.4 11.2 13.3 10.3 11.7 12.5

Total EtherL 12.5 12.9 10.3 13.6 10.8 11.4

Plasmalogens 7.0 11.7 10.3 11.3 10.4 11.0

1 -alkyl-2-acyl GPL 5.5 1.2 0 2.3 0.4 0.4

Total Choline lipids 31.0 37.6 34.8 34.4 35.3 36.8

Total Ethanolamine 12.9 18.7 16.4 20.5 18.8 16.3

Linoleate * 8.3 6.9 6.9 7.7 9.6 6.1

Ara. + eicosa.* 55.7 36.0 38.3 34.6 32.6 34.3

Docosahexaenoate * 4.7 2.7 2.4 2.3 2.5 2.1

PC/PE 2.40 2.02 2.06 1.96 1.94 2.16

Average extent unsaturation 1.20 1.49 1.45 1.57 1.35 1.57

Table 3.7. Platelet lipid profile of healthy subjects. TG: triglycerides; GPL: 

glycerophospholipids; SPH: sphingolipids; Total EtherL: total ether lipids; Ara.: 

arachidonic acid; eicos.: eicosapentaenoic acid; PC : phosphotidylcholine; PE: 

phsphotidylethanolamine.

As the groups were assumed to be independent of each other and normally 

distributed with approximately the same variance, the statistical analysis used was the 

Student’s T-test. Student’s T-tests were applied to all lipid groups investigated, taking 

as a reference for comparison either the normals or the patients that did not have CADs. 

The data is presented here with the result of the statistical analysis. A significant result 

was considered to be a P value of less than 0.05.
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The results in tables 3.6 and 3.7, and in figure 3.8 showed that only three lipid 

groups changed significantly between patients and normals : cholesterol level increased 

by almost 25 %, triglycerides level dropped by 6 %, and total

diacylglycerophospholipids level dropped by 17 %. When the patients with CADs were 

separated from the ones without and compared to the normals via a Student’s T-test, the 

same results were obtained for both groups, except for a 4 % decrease in the total 

phosphocholine lipids in the case of the patients with CADs (Figure 3.9). A T-test 

applied to compare the two patient groups showed no significant changes and therefore 

corifirmed that the patients without CADs could not be considered as normal and were 

justly classified as patients.

130



Chapter 3 NMR lipid profiles of platelets

Lipid profile in patients and control group

5  20

5 6 7 8 9 10

Lipid c la s s e s  and param eters 

a  Patients □  Control group

F ig u re  3 .8  L ip id  p ro file  o f  p a tien ts  (n = 20) as co m p a red  to  n o rm a ls  (n = 6 ).
Lipid proportions are given as percentages o f  total lipids, except for 12, 13, 14 where 
they are percen tages o f  total chains. 10 and 11 are ratios. E rror bars represent 
standard deviations to mean values plotted. * represents significant results o f  2 sam pled  
7 -test. * fo r  5, 6 and 7: p  < 0 .0 0 1.
K ey : I: total ether lipids; 2: plasm alogens; 3: l-alkyl-2-acyl-glycerophospholipids; 4: sphingolipids; 
5: cholesterol; 6: triglycerides; 7: total diacylglycerol phospholipids; & total phosphocholine lipids; 9: 
to ta l phosphoetnhanolam ine lipids; 10: PC/PE ratio; II: extent o f  unsaturation; 12: linoleate; 13: 
docosahexaenoiate; 14: arachidonate+eicosapentaenoate.
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Lipid profiles of p a tie n ts  with C A D s an d  n o rm als
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^  Patients

Lipid classes and parameters 

□  Control group

F ig u r e  3 .9  L ip id  p ro file  o f  p a tien ts  ( n = l l )  w ith  C A D s as co m p a red  to  n o rm a ls  
(n = 6 ). Lipid proportions are given as percentages o f  total lipids, except fo r  12, 13, 14 
where they are percentages o f to ta l chains. 10 and II  are ratios. E rror bars represent 
standard deviations to mean values plotted. * represents significant results o f  2 sam pled  
T-test. fo r  5, 6 and 7: p<0.001 . * fo r  8 : p<0.05. Same key as in figu re 3.8.
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Lipid profile of G1 as  com pared to normals
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Lipid c la s s e s  and param eters 

H patients □  normals

F ig u re  3 .1 0  L ip id  p ro file  o f  G 1 (G rou p  1: o n e  vesse l C A D ) p a tien ts  (n = 2 ) a s  
co m p a red  to  n o rm a ls  (n = 6 ).
Lipid proportions are given as percentages o f  total lipids, except fo r 12, 13, 14 where 
they are percentages o f  to ta l chains. 10 and 11 are ratios. E rror bars represent 
standard deviations to mean values plotted. * represents significant results o f  2 sam pled  
T-test. fo r  5 and 1: p< 0 .01 ; * fo r  6 : p<0.001. Same key as in figu re  3.8.

Lipid profiles of G2 a s  com pared to normals
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Lipid c la s s e s  and param eters

Ü patients □  normals

F ig u r e  3 .11  L ip id  p ro file  o f  G 2  (G rou p  2: 3 vessel C A D ) p a tien ts  (n = 4 ) as  
co m p a red  to n orm als (n = 6 ). Lipid proportions are given as percentages o f  total lipids, 
except fo r  12, 13, 14 where they are percentages o f  total chains. 10 and ! I are ratios. 
E rror bars represent standard deviations to mean values p lotted . * represents  
significant results o f  2 sam pled T-test. * fo r  I, 4 and 10: p<0.02; * fo r 2 :  p< 0 .0 1 ; * fo r  
5, 6 and 7: p <0.001. Same key as in figure 3.8.
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Lipid profile of G3 as compared to normals

60 -
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Lipid c la sse s  and param eters

patients □  normals

F ig u re  3 .1 2  L ip id  p ro file  o f  G 3  (G rou p  3: sev ere  3 vesse l C A D ) p a tien ts  (n = 2) as  
co m p a red  to n o rm a ls  (n = 6).
Lipid proportions are given as percentages o f  total lipids, except for 12, 13, 14 where  
they are percentages o f  to ta l chains. 10 and 11 are ratios. E rror bars represent 
standard deviations to mean values plotted. * represents significant results o f  2 sam pled  
T-test.  ̂f o r  5 and 1: p < 0 .0 ()l;  * fo r  6 and 10: p< 0.01 . Same key as in figu re  3. S.

Lipid profile of G4 as compared to normals
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patients □  normals

F igu re 3 .13  L ip id  p rofile  o f  G 4 (G rou p  4: d ia b etes) p a tien ts  (n = 3 ) as co m p a red  to  
n o rm a ls  (n= 6).
Lipid proportions are given as percentages o f  to ta l lipids, except fo r  12, 13, 14 where 
they are percentages o f  to ta l chains. 10 and 11 are ratios. E rror bars represent 
.standard deviations to mean values plotted. * represents significant results o f  2 sam pled  
T-test. * fo r  5, 6 and  7; p< 0.001  ; * fo r  8 and 10: p<0.02 . Same key as in figure 3.8.
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Lipid profile of G5 as compared to normals
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Figure 3.14 Lipid profile of G5 (Group 5: mild CADs + 1 vessel CADs) patients 
(n=;4) as compared to normals (n=6). Lipid proportions are given as percen tages o f  
total lipids, except for 12, 13, 14 where they are percentages o f  total chains. 10 and 11 
are ratios. Error bars represent standard deviations to mean values plotted. * 
represents significant results o f  2 sam pled T-test. * fo r  5, 6 and 1: p< 0 .001  ;  ̂f o r  S: 
p<().()5; * fo r  10: p< 0 .02 . Same key as in figure 3.8.

Lipid profile of G6 as compared to normals
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Figure 3.15 Lipid profile of G6 (Group 6: severe 3 vessel and 3 vessel CADs) 
patients (n=6) as compared to normals (n=6). Lipid proportions are given as 
percen tages o f  total lipids, except fo r  12, 13, 14 where they are percen tages o f  total 
chains. 10 and 11 are ratios. Error bars represent standard deviations to mean values 
plotted. * represents significant results o f  2 sam pled T-test. * fo r  2: p < 0 .02 ; fo r  5, 6 
and 7: p<0 .001  fo r  10: p< 0 .01 . Same key as in figure 3.8.
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When looking at the subgroups characteristic of different disease states and 

comparing the data to the normals group, one noted features common to all of them, 

which were the same as above : a rise in cholesterol level and a drop in triglycerides and 

diacylglycerophospholipids. However, according to the seriousness of the CAD, certain 

differences can be seen. Single vessel CADs experienced a 31 % increase in mean 

cholesterol level, while the TG and total DAGPL decreased respectively by 8 and 19 % 

(figure 3.10). As seen figure 3.11, 3 vessel CADs presented an 17 % mean increase in 

cholesterol, and a 6 and 15 % mean decrease in TG and total DAGPL respectively, but 

also small mean increases of about 2, 3.5 and 2 % respectively were observed for the 

total ether lipids, the plasmalogens and the sphingolipids. The mean PC/PE ratio was 

also affected and diminished. Severe 3 vessel CAD (figure 3.12), surprisingly did not 

show any significant differences in ether lipids or sphingolipids levels, but confirmed 

the PC/PE ratio's trend to decrease (29 % this time as opposed to 21% for the preceding 

subgroup).

A few of our patients suffered from diabetes and so the data obtained from this 

group was analysed as for the CADs subgroups discussed above (figure 3.13). The 

results of the T-test showed the same trends as previously for cholesterol, TG, total 

DAGPL and the PC/PE ratio, namely a rise in cholesterol level and a drop in triglyceride 

and diacylglycerophospholipids. They also demonstrated a significant difference in PC 

levels which in this case explained the change in PC/PE ratio.

As some patients had clinically mild diseases, although they had one or more 

vessels with atherosclerosis, the groups were redefined to take this into account. Thus, 

mild 1 vessel CAD (patient 23) and mild 2 vessel CAD (patient 4) were added to Group 

1 to form Group 5; and Group 2 was merged with Group 3 to create Group 6 . After the

135



Chapter 3_________________________________________________ NMR lipid profiles of platelets

T-test was applied, only two changes were observed beside the cholesterol, TG and total 

DAGPL variations, in Group 5 (total PC and the PC/PE ratio had dropped) as seen in 

figure 3.14, and in Group 6 (plasmalogens had increased and the PC/PE ratio decreased) 

as seen in figure 3.15.

The results of the CAD patients, whose platelets were analysed by proton NMR, 

indicated an overall increase in cholesterol content compared to those of the normal 

subjects. Derksen and Cohen [174] have shown that platelets cannot synthesize 

cholesterol, therefore the cholesterol contents observed in these patients reflected the 

initial composition of the megakaryocyte or uptake from plasma. It has been shown that 

exchange of cholesterol with plasma lipoproteins may result in remodelling of the 

endogenous cholesterol content of platelets. It therefore appears that the apparent 

elevated cholesterol levels, estimated in these patients, could reflect a contribution from 

cholesterol exchange with plasma lipoproteins. The mechanism for such an exchange 

is not clear but it may occur via a receptor-mediated process. Due to the positive 

correlation between blood cholesterol and increased risk of coronary heart disease, it 

could be quite likely that the high platelet cholesterol content is an indication of elevated 

plasma cholesterol levels among these patients, although this may be secondary to high 

dietary cholesterol. Studies by Carvalho et a l [175], suggested that changing the 

cholesterol content of platelet membrane alters the platelet response to aggregating 

agents. They studied platelet function in patients with type II hyperbetalipoproteinemia 

and found that platelets from these patients, compared to normal subjects, had an 

enhanced response to adrenaline, collagen and ADP. These experiments suggested a 

relationship between plasma cholesterol and platelet function, but did not establish the 

mechanism. Studies by Shattil et al [176] using cholesterol-rich liposomes, showed that 

the acquisition of cholesterol by platelets was associated with a 35-fold increase in
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sensitivity to adrenaline-induced aggregation. Reduction of platelet membrane 

cholesterol was associated with an 18-fold reduction in sensitivity to adrenalin. These 

observations would suggest that the enhanced sensitivity to aggregating agents might 

well have been reflected in an increased platelet cholesterol content. Indeed, Bennet et 

al. [ 177] have reported an increased cholesterol:phospholipid ratio in patients with Type 

II hyperlipoproteinemia whose platelets demonstrated hypersensitivity. It was not 

however certain whether the observed increase in platelet cholesterol levels among the 

CAD patients in this experiment induced hypersensitivity (secondary to increased 

thrombotic activity), or whether the cholesterol content influenced the nature or rate of 

lesion development in the atheromatous plaque. However, it should be noted that 

hypercholesterolemia with associated LDL and disturbances in platelet functions plays 

a role in atherosclerosis [57].

A surprising fact in the lipid profiling of the CAD patients was the TG decrease 

when compared to the normals. This could tentatively be explained by the “cocktail” of 

drugs each CAD patient was taking at the time the analysis was made. Most of the 

patients were taking aspirin and drugs directly related to CAD and atherosclerotic 

lesions (for example Diltiazem, Digoxin, Warfarin, Heparin, Dipyridamol) or 

hypertension (Captopril, Nifedipine, Acebutolol, Lisinopril) combined with other drugs 

related to various disorders or diseases such as asthma (Bricanyl inhaler, Beliforte 

inhaler, Serevent inhaler), diabetes (Metformin, Glibenclamide), or depression 

(Diazepam, Temazepam). Annexe 1 gives further details about each drug. These drugs 

might affect the lipid metabolism in such way that the platelet lipid profile is modified, 

and the TG level decreased significantly. The diet is also an important factor regulating 

the TG metabolism, and this could therefore account for some of our observations. A 

larger sample size would be needed to ascertain more definite conclusions.
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Another major feature in the distribution of platelet lipids among the CAD 

patients analysed by proton NMR was an overall decrease in the 

diacylglycerophospholipid content. Mehta et a l [178], have suggested that in 

atherosclerotic arteries, hyperactive platelets aggregate and are trapped, whilst Data et 

a i [179] observed reduced aggregation in healthy humans. Indeed, Foyld et a l [180], 

have reported that platelet activation is associated with profound changes in metabolism. 

As platelets aggregate, phospholipases are activated, resulting in increased catabolism 

of phospholipids to release arachidonic acid, which is further metabolised to 

prostaglandins and thromboxanes, which can further amplify aggregation. It can 

therefore be concluded from these studies that the observed, decreased level, of 

phospholipids could be associated with increased thrombotic activity in these patients 

with an overall increase in metabolic influx.

Interestingly, this small study revealed that as the severity of the CAD increased, 

the number of lipid groups significantly affected also increased. For example, from the 

one vessel CAD subgroup to the three vessel CAD group, the ether lipids as well as the 

sphingolipids increased and the PC/PE ratio dropped. In the same way, if this time 

Group 5, which included patients suffering from mild 1 and 2 vessel CADs and 1 vessel 

CAD, and Group 6 , which included patients suffering fromS vessel and severe 3 vessel 

CADs, were considered, the plasmalogens increase in Group 6 was an additional 

difference from the normals as compared to Group 5 (figure 3.14 and 3.15). As too little 

is known about the mechanism of CADs at a molecular level it was impossible to 

explain these observations. The only exception to this was when comparing the 3 vessel 

CAD group to the severe 3 vessel CAD one, where no significant change in either ether 

or sphingo lipids was observed, but a decrease in total choline lipids was the only 

variation accounting for a more severe disease state. The differences in drug cocktails
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taken by the two groups was tentively proposed to explain this fact, as these might affect 

lipid metabolism.

3.4 CONCLUSION

The present study demonstrated that the analysis of platelet lipids could be 

achieved rapidly, comprehensively and accurately, by using proton ID and 2D NMR 

techniques.

The overall phospholipid composition of platelet membranes by NMR analysis 

amounted to 62.5 % and included phosphocholine, phosphoethanolamine, acidic 

phospholipids, sphingolipids and ether lipids. Phosphocholine lipids constituted the 

major class of platelet membrane phospholipid accounting for 27.6 %, followed by the 

phosphoethanolamine lipids accounting for 18.4 % of the total. Sphingolipids and ether 

lipids amounted to 11.9 % of total lipids, with the remainder mainly cholesterol, making 

up 39.6 %. These values are comparable to those reported by Mahadevapa and Holub 

[181] and Safrit et a l [ 182] using other analytical procedures.

Fatty acids were also detected and quantified in the same experiments. 

Unsaturated fatty acyl, mainly linoleic, arachidonic and docosahexaenoic acid, were the 

main PUP As detected, amounting to a total of nearly 22.2 % of the total fatty acid chains 

present in platelet membranes. Again the data compared well with literature values [181, 

182].

Thus, this rapid and non destructive lipid profiling by NMR proved a reliable 

and comprehensive approach to lipid analysis of platelets. The usefulness of the NMR 

methodology as an investigative diagnostic tool was reinforced by the results obtained 

from the lipid analysis of 20 cardiac patients. Compared to those of 6 normal
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individuals, the striking features included elevated cholesterol between 46 and 76 % (the 

mean obtained for normal individuals was 33.44 %), a decrease in the triglycerides level 

from a mean at 11.1 % for the normals to one at 5.1% for the patients, and a decrease 

in the total diacylglycerol level from a mean at 33.2 % for the normals to 16.9 % for the 

patients. The sample size of the study was very small (a problem due to the great 

difficulty of gaining access to patients suffering CADs for research purposes) and the 

patients were all on a diverse range of medications, therefore the pathological and 

diagnostic significance of these results cannot be over-emphasized. However, 

hypercholesterolemia with an associated excess low density lipoprotein and disturbances 

in platelet function are among the known risks factors of coronary artery disease [183]. 

Studying the lipid metabolism of platelets on a wider clinical scale, using the 

methodology proposed here, should contribute to solving medical problems involving 

platelets.
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CHAPTER 4

Design, synthesis and properties 

of conformationally-restricted 

polyunsaturated fatty acids analogues

“Mardi Gras, ne t ’en vas pas,
On fera des crepes 

Mardi Gras, ne t ’en vas pas 
On fera des crêpes et tu les mangeras. 

Mardi Gras, s ’en est allé.
On ne lui a pas fait de crêpes. 

Mardi Gras, s ’en est allé 
Il en a point mangé”
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4.1 INTRODUCTION

4.1.1 Molecular modelling in drug design

Medicinal chemists today are facing many complicated challenges. The most demanding 

and perhaps the most rewarding one is the rational design of new therapeutic agents for 

treating human diseases. For many years the strategy for discovering new drugs 

consisted of taking a lead structure and developing a chemical program for finding 

analogue molecules exhibiting the desired biological properties. Generally found by 

chance observation or by random screening, initial lead compounds also included the 

natural ligand of the system concerned. The process involved several trial and error 

cycles patiently developed and analysed by medicinal chemists utilising their experience 

and chemical intuition to ultimately select a candidate analogue for further development. 

The entire process was labourious, expensive, and perhaps when looked at today, 

conceptually inelegant. However, this process has provided most of the existing 

medications that are used today for indications ranging from the treatment of minor pain 

to life-threatening diseases. The traditional methods of drug discovery are now being 

supplemented by more direct approaches made possible by the understanding of the 

molecular processes involved in the underlying disease. In this perspective, the starting 

point in drug design is the molecular target (receptor, enzyme) in the body instead of the 

existence of an already known lead structure.

The scientific concepts underlying this approach have been understood for 

generations, but their practical application was beyond the reach of existing technology. 

The existence of receptors and lock-and-key concepts currently considered in drug 

design were formulated by P. Ehrlich [195] and E.Fisher [196]. It was only in the 

seventies that it became possible to understand some of the subtleties of the mechanisms
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involved in life processes. Pure samples of protein targets were isolated and X-ray 

crystallography and NMR revealed their molecular architecture. It then became possible 

to learn how precisely three-dimensional (3-D) structures control the regulation of life 

processes. In order to further such progress, a rational approach to drug discovery has 

emerged in the pharmaceutical industry and has contributed to the rapid development 

of molecular modelling as a full discipline.

The concepts used in 3-D drug design are quite simple. New molecules are 

conceived either on the basis of similarities with known reference structures or on the 

basis of their complementarity with the 3-D structure of known active sites. Molecular 

interactions are regulated by subtle recognition and discrimination processes whereby 

the 3-D features and the binding energies play an important role. Molecular modelling 

is a discipline that contributes to the understanding of these processes in a qualitative 

and sometimes quantitative way. It not only presents means for analysing the details of 

the molecular structure involved in a known system and understanding the way the 

biological system functions, but it also provides the necessary tools for predicting the 

potential possibilities of prototype candidate molecules. Molecular modelling based on 

theoretical chemistry methods and experimental data can be used both to analyse 

molecules and molecular systems and to predict molecular and biological properties.

The currently available techniques provide an insight into the precise molecular 

features that are responsible for the regulation of biological processes: molecular 

geometries, atomic and molecular electronic aspects, and hydrophobic forces. All of 

these structural characteristics are of primary importance in the understanding of 

structure-activity relationships and in rational drug design.

The field has grown rapidly since the 1980s and advances have been made in 

molecular biology and in both experimental and theoretical structural chemistry together
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with the supporting computer technologies. They all constitute important elements of 

the molecular modelling framework.

4.1.2 Molecular modelling techniques

4.1.2.1 Molecular Mechanics

Among the theoretical methods available to predict the geometry of a molecule, 

the Molecular Mechanics method (often called Force Field method) is one of the most 

commonly used. Its advantages are that only limited resources are required, little 

experience is necessary to use the method and the results have almost the same quality 

with regard to geometry as those obtained by sophisticated quantum methods.

The molecule is viewed as a collection of points (atoms) connected by springs 

(bonds) with different elasticities (force constants). The forces holding the atoms 

together can be described by potential energy functions of structural features like bond 

lengths, bond angles, non-bonded interactions, and so on. The combination of these 

potential energy functions is the force field. There exist natural lengths and angles for 

bonds, and in the simplest cases a molecule assumes a geometry with those values. In 

general, steric, electrostatic and other strain forces must be included. Because of the 

intimate connection between structure and energy, molecular mechanics calculations 

always involve both and to find the structure, one necessarily has to examine the energy 

to find where the minima occur.

For a force field calculation to be performed, an equation needs to be used to 

calculate the energy as a function of the molecular geometry, and an algorithm has to be 

chosen to calculate new atomic coordinates.

The energy, E, of the molecule in the force field arises from deviations from 

ideal structures, and can be approximated by a sum of energy contributions.
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E  =  E ^ s t r  +  E ^ b e n d  ^ E ^ o o p  +  E ^ to r s  +  E E y d w +

[ E ^ e l e  +  E ^ d i s t . c  +  E E a n g _ c  +  E ^ to r s .c + E E r a n g e _ c  ] 

where the sums extend over all bonds, bond angles, torsion angles and non-bonded 

interactions between atoms not bound to each other or to a common atom (i.e. 1,4- 

interactions and higher).

Ê tr energy of a bond stretched or compressed from its natural bod length.

Ebend energy of bending bond angles from their natural values.

Eoop energy of bending planar atoms out of the plane.

E(̂ ,rs torsional energy due to twisting about bonds.

Ê (ĵ  energy due to van der Waals non-bonded interactions.

The optional energy terms are defined as follow :

Eg,g energy due to electrostatic interactions.

Edist c energy associated with distance constraints.

Eang_c energy associated with angle constraints.

Etors_c energy associated with torsion angle constraints.

Era„ge c energy associated with range constraints.

E is only a measure of intramolecular strain relative to a hypothetical situation. By itself 

E has no physical meaning. The value of E is the difference in energy between the real 

molecule and a hypothetical molecule where all the structural features like bond length 

and bond angles are exactly at their ideal or natural values. Each energy term contains 

adjustable parameters that have been optimised empirically and that depend on the 

chosen force field.
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Energy is a function of the atomic coordinates and the program attempts to 

generate the coordinates which correspond to a minimum of energy. This is 

accomplished by a minimisation procedure. All the minimisation methods currently used 

for this purpose are called descent series methods. They are iterative methods in which 

the atomic coordinates are modified from one iteration to the next in order to decrease 

the energy.

They are several methods to locate the minimum of a function. The methods can 

be classified as using no derivatives, using first derivatives only or using first and 

second derivatives. In the first case, a non derivative based procedure is used to optimise 

the variables on an atom by atom basis until the maximum force on any atom is below 

some specified value. In highly distorted structures the potential energy surface and its 

derivatives are often discontinuous and this method can handle these areas while a 

derivative based procedure cannot. The primary and secondary optimisation methods 

adjust the atomic coordinates of all the atoms simultaneously, based on the first and 

second derivatives of the energy equation with respect to the degrees of freedom. A 

series of line searches is used for finding the local minimum of this function. From the 

current position a direction in the n-dimensional space is chosen. A sequence of steps 

are taken in that direction until a minimum along the direction is bracketed. Then, a 

quadratic interpolation is done until the minimum is isolated to the required accuracy. 

The method of Steepest Descent uses as line search direction which is the derivative of 

the function at the current position and no information from previous iterations is used. 

The minimum is searched until the variance between the current minimum and the 

previous minimum is within a pre-defined value. The overall convergence properties of 

this method are poor. The Conjugate Gradient method accumulates information about 

the function from one iteration to the next. [229]. Its convergence properties are superior

146



Chapter 4 Design, synthesis and properties of conformationally-restricted PUFA analogues

to steepest descent. The Powell method belongs to the Conjugate Gradient family of 

minimisation methods, but uses more advanced rules to determine the descent direction. 

It is also more tolerant to inexact line searches, and as a result is faster than the 

Conjugate Gradient method and well suited for a wide variety of problems [211].

These methods are generally unable to find the global energ> minimum, i.e. the 

set of atomic coordinates corresponding to the lowest value of the energy. Most of the 

time, only a local minimum is found, the one closest to the starting set of coordinates. 

The only way to find the global minimum is to systematically explore different sets of 

starting coordinates. These can be generated by rigid geometry calculations or postulated 

on the basis of other considerations and data (e.g. NMR studies or crystallographic 

results)

4.1.2.2 Distance Geometry

Distance Geometry is a method for producing three-dimensional structures 

consistent with a set of distances bounds [230, 231]. It automatically generates many of 

the possible interatomic distances from the starting structure given as input: it assumes 

that all bond lengths and angles are fixed, and generates the interatomic distances 

corresponding to all covalent bonds and all bond angles. Appropriate ranges are assigned 

for all distances. For other atom pairs. Distance Geometry uses the sum of their Van der 

Waals radii as a lower bound for the interatomic distance. Using only these distance 

constraints, this method produces structures which represent a random sampling of the 

possible conformations of the molecule. These may be useful in further analyses, such 

as starting conformations for molecular dynamics simulations. The best known 

application of Distance Geometry to structure determination is in the area of
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incorporating interatomic distances obtained from NMR NOE experiments [232, 233].

4.1.2.3 Molecular Dynamics

Molecular Dynamics (MD) is a method of studying the motions and the 

conformational space of molecular systems by integration of the classical Newtonian 

equations of motion given a potential energy function and its associated force field. 

Earlier applications of MD techniques were concerned with the calculations of ensemble 

averages on models of simple liquids [234-236].The basic assumption that justified 

thc^e calculations was the use of the ergodic hypothesis that states that (infinite) time 

averages are equal to ensemble averages or integrals over conformational space. 

Standard Monte Carlo methods try to estimate those integrals more directly [237]. The 

initial success of MD and Monte Carlo simulations in reproducing values of 

thermodynamic properties and average geometrical features indicated that the 

computational techniques were valid and that the potential energy functions could be 

trusted. These developments set the stage for the first MD calculations of large bio

molecules [238, 239], and later, for long simulations of peptides [240, 241] and proteins 

in vacuo [242], proteins in a crystalline environment and in solution [243], and 

oligosaccharides [244].

Operationally, and at the simplest possible level, two entities are required in an 

MD program : a force field and a way of integrating the equations of motion. The Verlet 

method [245], also known as the Leapfrog method, is generally used for this integration. 

As in any MD method implemented in a digital computer, the calculations of motion are 

done at discrete intervals: the length of these intervals defines the time step. A common 

type of simulation is a run at constant temperature. In this type of simulation the 

velocities of the atoms are scaled at each step so that the kinetic energy of the system
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corresponds to a set of temperatures. The desired simulation temperature is commonly 

achieved by slowly raising the temperature from near absolute zero up to the target 

value. This is done by specifying a series of temperatures and the times to remain at 

these temperatures. A common use of the constant temperature simulation is to explore 

the conformational space available at the given temperature. This is done by simulating 

the motions at a very high temperature, 2000 K for example, where nearly all 

conformations are energetically accessible, then slowly cooling down to room 

temperature or below. The molecules settles into a natural conformation at that 

temperature. This sequence can be repeated many times, heating and cooling, to explore 

the possible families of conformations energetically attainable at a given temperature. 

This methodology, also known as simulated annealing has been introduced to molecular 

modelling of proteins using NMR [246] or crystallographic data [247].

4.1.3 Arachidonic acid and other polyunsaturated fatty acids in biochemical

processes

The existence of lipid-soluble “hormone”-like agents which are active in vitro 

was first demonstrated almost 60 years ago when it was observed that seminal fluid from 

several species of mammal contains an active principle which can induce smooth- 

muscle contraction. It was later found that this substance was not a single molecular 

species but that such lipid extracts contained several related compounds which all 

contained 20 carbon atoms and possessed a terminal carboxyl group. The compounds 

were called “prostaglandins” to denote their supposed source of origin in the prostate 

gland. This has proved to be an inappropriate nomenclature since many tissues are 

capable of synthesizing such molecules, and they are known to carry out important 

messenger functions at local level. Originally, it was proposed that prostaglandin
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products were derived from an hypothetical precursor termed “prostanoic acid” which 

was envisaged to contain 20  carbon atoms and a carboxyl group but no unsaturated 

double bonds. Subsequently, it became clear that this was not the case but that the 

precursor was a fatty acid which is an essential component to human diet, arachidonic 

acid. It has emerged in subsequent years that arachidonic acid can be modified by 

lipoxygenases thereby giving rise to leukotrienes or hydroxy and hydroperoxy fatty 

acids. Alternatively, metabolism by cyclooxygenase generates cyclic endoperoxides 

from which the classical prostaglandins or thromboxanes and prostacyclin can be 

synthesised. None of these compounds, now referred to under the more general 

collective heading of eicosanoids (meaning a C20 fatty acid derivative), is stored in 

cells, which means that they must be synthesised de novo from the precursor arachidonic 

acid immediately upon stimulation. They are important examples of local hormones. 

[198]. A summary of the overall pathway for generation of eicosanoids is shown in 

Figure 4.1.

Phospholipid ---------  Stimulus

I
Essential fatty acid (Arachidonate)

Upoxygenàsesy^ ^^\^^clooxygenase

Leukotrienes Cyclic endoperoxides
+ hydroxy- Prostacyclin

and hydroperoxy- synthetase/
fatty acids ^

Prostacyclin

reductase \T h ro m b o x a n e  
gr \ s y n th e ta s e

isomerases
Thromboxanes

Prostaglandins

Figure 4.1 Overall pathway for conversion of essential fatty acids into eicosanoids

[3].
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Prostaglandin formation requires the unesterified fatty acid as the substrate and 

not an activated form. The ability of the arachidonic chain to fold allows the appropriate 

groups to come into juxtaposition for the ring closure to occur (Figure 4.2 and 4.3). The 

reaction is catalysed by the enzyme prostaglandin endoperoxide synthetase (FES), which 

has two distinct activities (cyclooxygenase and peroxidase activities) and which is 

therefore a multifunctional protein. Certain non-steroidal anti-inflammatory drugs, such 

as aspirin or indomethacin, interact with the cyclooxygenase. These drugs compete with 

the fatty acid substrate for the cyclooxygenase active site. In addition, aspirin has been 

shoWn to acetylate a serine hydroxyl at or near the active site and inactivate the enzyme. 

This covalent modification cannot be reversed and, therefore the cell can only restore 

PBS activity by synthesizing fresh enzyme. Prostaglandin H is the key intermediate for 

conversion to various active eicosanoids (Figure 4.4). In 1973, the Swedes Hamberg and 

Samuelsson [199], while studying the role of prostaglandins in platelet aggregation, 

discovered two new cyclooxygenase products that they named thromboxanes because 

of their discovery in thrombocytes. In 1976, Needleman and coworkers [200] found an 

enol-ether (prostacyclin, PGI2) which was produced in vascular endothelial cells and 

which would lead to coronary vasodilation.
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COOH

20

Figure 4.2 Structure of 5 ,8 ,1 1,14-eicosatetraenoic acid (arachidonic acid) [198].

The eicosanoids produced by the cyclooxygenase reaction exert a range of 

profound activities at concentration down to 10 '̂  g per gram of tissue. These are known 

to include : effects on smooth muscle contraction, inhibition or stimulation of platelet 

stickiness, bronchoconstriction/dilation and vasoconstriction/dilation with a consequent 

influence on blood pressure. The effects of prostaglandins, in particular on smooth 

muscle contraction, is utilised in both medicine and agriculture. PGEj is known to have 

a cytoprotective effect in the upper gut while PGI2 is used in dialysis and the treatment 

of peripheral vascular disease. Continuous perfusion of very small amounts of PGI2 into 

pregnant women causes uterine activity similar to that encountered in normal labour 

without any effect on blood pressure. Prostaglandins and synthetic analogues are now 

being used for induction of labour and for therapeutic abortion in both humans and 

domestic animals. PGE is also an effective antagoniser of the effect of a number of 

hormones on free fatty acid release from adipose tissue. In fat cells, PGE reduces cAMP 

levels. In platelets prostacyclin tends to raise cAMP levels, while thromboxanes have 

the reverse effect, thereby initiating aggregation.

152



Chapter 4______Design, synthesis and properties of conformationally-restricted PUFA analogues

COOH

COOH

COOH

0-0

Arachidonic acid

COOH
PGG,

COOH
PGH,

OH

Figure 4.3 Mechanism of biosynthesis of the cyclic endoperoxydes, PGHj [3].

Instead of cyclooxygenation, arachidonate can be lipoxygenated. Lipoxygenases 

catalyse the introduction of oxygen into polyunsaturated fatty acids. The products are 

hydroperoxy eicosatetraenoic acids (HPETEs). These can undergo three reactions 

(Figure 4.5). The hydroperoxy group can be reduced to an alcohol, thus forming an 

hydroxyeicosatetraenoic acid (HETE). Alternatively a second lipoxygenation elsewhere 

on the chain yields a dihydroxyeicosatetraenoic acid (diHETE) or a dehydration 

produces an epoxy fatty acid. Epoxy eicosatrienoic acids and their metabolic products 

are called leukotrienes. Leukotrienes have potent biological activity. A summary of their 

more important actions is provided in Table 4.1.
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HO
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6 -keto-PGF,„ (inert)

Figure 4.4 Conversion of PGH2 into various biologically active eicosanoids [ 3 ]

The peptidoleukotrienes contract respiratory, vascular and intestinal smooth muscles. 

By contrast, LTB4 is a chemotactic agent for neutrophils and eosinophils. Although it 

can cause plasma exudation by increasing vascular permeability, it is less potent than 

the peptidoleukotrienes. These actions of the leukotrienes have implications for asthma, 

immediate hypersensitivity reactions, inflammatory reactions and myocardial infarction.

154



Chapter 4 Design, synthesis and properties of conformationally-restricted PUFA analogues

XOOH
Arachidonic acid

5-lipoxygenase

OOH
COOH

5-HPETE

0,2e~ lipoxygenation4e~
reduction

dehydrationOH OH
COOH COOHH;0

OH
5S, 155-diHETE

5-HETE

Leukotriene A,

GSH
non-enzym ic Glutathione

S-transferaseH2O
/  Hydration 

(enzym ic)

H2O
5, 12 diHETE+ 5, 6 diHETE OH

COOH
S -C H

OH
CHCONHCHgCOOH
I
NHCOICHzlzCHCOOH

NH,
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Leukotriene C/OH
Leukotriene 64

Figure 4.5 Formation of leukotrienes from arachidonic acid [3].

Effect Comments

Respiratory Peptidoleukotrienes ca u se  constriction of bronchi 
especially  sm aller airways and increase m ucus  
secretion

Microvascular Peptidoleukotrienes ca u se  arteriolar constriction, 
venule dilation, plasm a exudation

L eukocytes LTB4 chem otactic agent for neutrophils, eosinophils, 
e.g . increase degranulation of p latelets, cell surface  
receptors and adherence of polym orphonucleocytes  
to receptor cells

Gastrointestinal Peptidoleukotrienes ca u se  contraction of sm ooth  
m u scle  (LTB4 no effect)

Table 4.1 Biological effects of leukotrienes
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A necessary prerequisite for eicosanoid formation is the availability of an 

appropriate unesterified fatty acid. In mammals, this is usually arachidonic acid. The 

concentration of unesterified arachidonic acid in cells is well below the for 

prostaglandin H synthetase. Thus, the first stage for eicosanoid formation will normally 

be an activation of the release of arachidonate from the sn-2 position of 

phosphoglycerides which contain it. Two classes of phospholipids are thought to play 

major roles as sources of arachidonate in cells - phosphatidylcholine (the major 

membrane constituent) and phosphoinositides (by virtue of the high enrichment of 

arachidonate at their sn-2 position). Thus, hydrolysis of phosphoinositides not only 

produces two second messengers directly but may also initiate an arachidonate cascade. 

Other potential sources of arachidonic acid are the plasmalogens which also have a high 

enrichment at the sn-2 (acyl) position. Because plasmalogens are poor substrates for 

phospholipase A2, they are hydrolysed by a plasmalogenase first. Thus, release of 

arachidonic acid from plasmalogens could be controlled independently to that from 

diacyl-phosphoglycerides.

Two main types of stimuli increase arachidonate release. These can be called 

physiological (specific) and pathological (non specific). Physiological stimuli, such as 

adrenaline, angiotensin H and certain antibody-antigen complexes, cause the specific 

release of arachidonic acid. In contrast, pathological stimuli, such as mechanical 

damage, ischaemia, membrane-active venoms such as mellitin or tumour promoters like 

phorbol esters, have generalised effects on cellular membranes and promote release of 

all fatty acids from the sn-2 position [3].

It will be evident from the outline provided in this section that the single 

precursor molecule arachidonic acid can be metabolized in a startling number of ways 

by appropriately equipped cells. Indeed, it seems likely that the complete range of
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biologically relevant pathways has still not been fully appreciated and that, yet more, 

active metabolites await discovery. The arachidonic acid cascade, therefore represents 

a uniquely versatile signalling system that is used by cells to generate both intra- and 

extra-cellular second messenger molecules. It is of interest that the derivatives which are 

active at extracellular sites exert their influence by interaction with receptors coupled 

to the more “classical” signalling systems (such as cAMP and Ca^ )̂ and, thus, 

arachidonic acid metabolites converge with other hormones at this level. Since PLA2 

activity can, itself, be under hormonal control, arachidonic acid metabolism can be 

viewed as an amplifying and diversifying cascade mechanism that can be directly 

controlled by, and may functionally interact with, other hormonal mechanisms.

It is emerging that arachidonic acid and other PUFAs themselves may serve as 

messenger molecules in some cells, without the requirement for further metabolism. For 

example, under certain conditions arachidonic acid can elicit the release of hormones, 

such as prolactin and insulin, when it is directly added to the incubation medium bathing 

cells. These effects are not blocked by inhibitors of arachidonic acid metabolism which 

suggests that they probably reflect direct actions of the fatty acid itself [3]. 

Docosahexaenoic acid has been found to particularly accumulate in PE and PS of 

neuronal membranes [248] and in PE, PS and PC of retinal outer segments membranes. 

Diet induced docosahexaenoic acid deficiency in neonatal primates is accompanied by 

impaired visual function [249]. It is therefore suspected that docosahexaenoic acid may 

serve some special function in the above mentioned membranes [204]. The n-3 

polyenoic fatty acids, eicosapentaenoic and docosahexaenoic acids, and the n-6 fatty 

acid, arachidonic acid, significantly enhanced neutrophil antiparasitic activity against 

Plasmodium falciparum (Malaria). These findings identified the PUFAs as a new class 

of immunoenhancers [250]. PUFAs are know to inhibit mitochondrial respiration and
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oxidative phosphorylation [251]. Also, polyenoic fatty acids with more than 22 carbon 

atoms (very long chain fatty acids, VLCFAs) are normal cellular components that are 

implicated in the pathophysiology of a number of peroxisomal disorders, by mobilising 

intracellular calcium and inducing superoxide production. They are involved in signal 

transduction and 30:4 (n-6) fatty acids have proved to influence second messenger 

systems in intact cells, that differ from those affected by long chain fatty acids such as 

20:4 (n-6) [81]. There is accumulating evidence to support a role for arachidonic acid 

, and to a lesser extent, related fatty acids, as an intracellular messenger molecule able 

to activate several signal transduction pathways, such as the activation of channels 

in cardiac and smooth muscle cells [77, 78], the activation of human neutrophil protein 

kinase [79], and the activation of a GTP binding protein in the neutrophil plasma 

membrane [80], but the details of their effects remain to be firmly established and may 

even vary from tissue to tissue [81-85].

PUFAs have moreover proved to be directly involved in the biochemical 

processes of cancer. Arachidonic acid modulates a skin tumour promoter 12-0- 

tetradecanoylphorbol-13-acetate [86] and is involved in the intracellular signal- 

transduction pathways of the tumour necrosis factor/lymphotoxin ligand receptor system 

[87]. Gamma-linolenic acid was shown to participate in the regulation of the expression 

of E-cadherin, a suppressor of metastasis, on human cancer cells [88]. Conjugated 

linoleic acid is a powerful anticarcinogenic fatty acid present in milk fat [89].
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4.1.4 Towards the design of arachidonic acid analogues

It is clear, from the section above, that arachidonic acid and other PUFAs play 

an important role in metabolic processes and signalling pathways.The polyfunctionality 

of the PUFAs accounts in part for their versatility, but another factor may be an unusual 

conformational flexibility. Because of this flexibility, it is possible for the PUFAs chains 

to assume a wide variety of shapes in membranes or in enzyme pockets [51]. It is known 

that specific biological activities usually correspond to specific conformational states of 

the molecule interacting with an enzyme or a receptor. It should be possible therefore 

to select a particular activity by structural modifications of the PUFAs, leading to 

restricted conformational mobility [90].

In order to design the appropriate conformationally-restricted analogues, the 

different low energies comformations of arachidonic acid and other PUFAs have to be 

studied. Little is found in the literature about this matter. The crystal structure of 

arachidonic acid is characterised by features known as the angle-iron shaped 

conformation [203] (see figure 4.6 (a)). In C D C I 3 , arachidonic acid forms at least a 

partially backfolded, tightly packed tertiary structure as elucidated by NMR 

spectroscopy [202]. A few studies have been documented on the conformation of 

arachidonic acid bound to proteins. Lalonde et al. [252] found arachidonate in a hairpin 

conformation (Figure 4.6 (b)) within the cavity of the crystalline adipocyte lipid-binding 

protein. No structure of lipoxygenase with substrate or inhibitor bound, nor of 

cyclooxygenase are currently available. The planar C-shaped configuration adopted by 

arachidonic acid when interacting with these enzymes, as suggested by Anderson et al. 

is thus only hypothetical [253, 254, 50] . NMR spectroscopy also gives clear indications 

that the structural and dynamic properties of arachidonic acid and other unsaturated fatty

159



Chapter 4 Design, synthesis and properties of conformationally-restricted PUFA analogues

acids within phospholipid bilayers differ from those of saturated and monounsaturated 

chains [201].

Computer simulation studies is the technique of choice to study conformational 

space of molecules as discussed above, and a combination of the latter with 

experimental techniques such as high field 1- and 2-D NMR and Circular Dichroism 

(CD) should be ideal to explore the molecular details of unsaturated fatty acids. 

Computer simulations of long-chain unsaturated fatty acids have, however, been sparse, 

being limited primarily to a Monte Carlo technique [203], and a deterministic approach 

wliich relies upon systematically setting key dihedral angles to create starting geometries 

[51, 204]. Conformation search methodologies using molecular dynamics, based upon 

minimizing or quenching high temperature molecular dynamics conformations have 

successfully been employed for studying conformational space in proteins [205-207]. 

Moreover, molecular dynamics (MD) calculations have an advantage over alternative 

computational methods in that they can thus provide both a useful probe of equilibrium 

properties as well as time dependent properties [208]. Extensive conformational search 

by computer and potential energy calculations performed for arachidonic acid allowed 

the identification of global energy minima and provided an indication of the high 

conformational mobility of this specie. Over 20 conformers were found to be within 

1 Kcal of the minimum energy molecular geometry and over 250 conformers within 3 

Kcal. Among these low energy conformers were several in which the ends of the chain 

were in proximity [51]. Ernst et a l Reported an angle-iron shaped structures as 

representative of the low energy ones [212]. More sophisticated conformational 

calculations involving molecular dynamics simulations of arachidonic acid were 

simultaneously carried out by Rich [91] and ourselves. However, here, we calculated the 

low energy conformations using a different force field and tried to confirm the results
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by cryogenic NMR. We also report the design, synthesis and conformational studies of 

conformationally-restricted analogues of arachidonic acid and other PUFAs, on the basis 

of the stable coexisting conformations identified through our calculations.
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4.2 DESIGN OF THE CONFORMATIONALLY-RESTRICTED 

POLYUNSATURATED FATTY ACID ANALOGUES

4.2.1 Molecular dynamics studies of arachidonic acid

4.2.1.1 Materials and Methods

The molecular structure of arachidonic acid was constructed with the aid of the 

BUILD module in SYBYL 6.2 [209], on a Sun/Silicon Graphics work station. All 

calculations were performed in a vacuum using a dielectric constant of 1 and 

KOLLMAN charges. In order to compare our results with other studies, strict agreement 

in starting geometries was required. Thus, in respect of Rich’s [91] methodology, prior 

to MD simulations, the initial arachidonic acid structure of ccttts'CssCs's'CssCs'ttt 

conformation (see note below for explanations) was subjected to 500 iterations of 

steepest descent minimisation, followed by minimisation using conjugate gradient until 

the maximum derivative of the system was < 0.001 Kcal/Â.

Note on the torsion angle conventions.

All torsion angles (œ) for bond rotation in the computer models are designated according 

to the conventions of Sundaralingam and Hauser et al. [255, 256]. They are defined in 

terms of the principal non-hydrogen substituent atoms attached to the atoms that form 

the bond. The 0° reference angle corresponds to overlapping, or eclipsed principal 

substituents as viewed along the bond axis. Positive angles correspond to clockwise 

rotations at the far end of the bond. We adopt the commonly used nomenclature of cis 

(cû = 0° = c), gauche (co = 60° = g), skew (co = 120° = s; co = -120° = s') and trans (co 

= 180° = t). The cis conformation at the double bonds is denoted by a capital C.
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Torsion angle Bond Initial Arachidonic Minimised

acid Arachidonic acid

H(2)-0(2)-C(l)-C(2) al 0 -0.22

0(1)-C(1)-C(2)-C(3) ml 0 -1.23

0(2)-C(l)-C(2)-C(3) m2 180 178.86

C(l)-C(2)-C(3)-C(4) m3 180 -179.32

C(2)-C(3)-C(4)-C(5) m4 180 -179.86

C(3)-C(4)-C(5)-C(6) m5 -120 -112.51

C(4)-C(5)-C(6)-C(7) m6 0 0.35

C^5)-C(6)-C(7)-C(8) m7 120 118.04

C(6)-C(7)-C(8)-C(9) m8 120 119.68

C(7)-C(8)-C(9)-C(10) m9 0 0.02

C(8)-C(9)-C(10)-C(ll) mlO -120 -118.83

C(9)-C(10)-C(ll)-C(12) m il -120 -118.93

C(10)-C(ll)-C(12)-C(13) ml2 0 -0.03

C(ll)-C(12)-C(13)-C(14) ml3 120 118.59

C(12)-C(13)-C(14)-C(15) ml4 120 118.84

C(13)-C(14)-C(15)-C(16) ml5 0 0.36

C(14)-C(15)-C(16)-C(17) ml6 -120 -112.98

C(15)-C(16)-C(17)-C(18) ml7 180 -179.25

C(16)-C(17)-C(18)-C(19) ml8 180 179.80

C(17)-C(18)-C(19)-C(20) ml9 180 179.97

Table 4.2 Torsion angles for minimized initial structure.

The TRIPOS 6.2 [210] forcefield was used throughout thereafter. MD 

integrations were done using a leap-frog algorithm with a time step of 1.0 fs, and were 

carried out at 300 K. 100 ps of dynamics were performed, during which structures were
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archived every picosecond. After dynamics was completed, each archived structure was 

retrieved and subjected to minimisation using the POWELL method [211] until the 

maximum derivative was < 0.01 Kcal/Â.

4.2.1.2 Results and Discussion

4.2.1.2.1 Minimization of initial structure

The torsion angles for the minimised structure arranged to be identical to the 

angle-iron-shaped structure reported by Rich [91] and Ernst et al [212] (Figure 4.6 (a)). 

The torsion angles for the minimized structure, along with their labelling designations 

are given in Table 4.2. The torsion angles of carbon-carbon bonds between double bonds 

were found to be near skew at 120°. The approximate alternating sequence of 4-119° 

4-119°, - 1 19° -119°, 4-119° 4-119° for respective pairs for torsion angles of carbon bonds 

located between double bonds in arachidonic acid is characteristic of the angle-iron 

shaped structure.
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(a) (b) (c)

Figure 4.6 (a) angle iron-shaped structure, (b) hairpin structure and (c) crown

shaped structure.

4.2.1.2.2 Molecular dynamic simulations

Table 4.3 shows the energies and torsion angles for the 5 lowest energy 

arachidonic acid conformers. In agreement with Rich [91], the lowest energy conformers 

found after dynamic simulations showed hairpin structures [204] (Figure 4.6 (b), AAl, 

AA2, AA3, AA4); however crown-like structures (Figure 4.6 (c), AA5), and a diversity 

of structures, some of them similar to helices found in peptides and proteins were also 

observed at higher energies (above 8.189 Kcal). The couples of torsion angles defined 

around the methylene carbons between double bonds ((co?, ©8), (©10, ©11) (©13, ©14)) 

were plotted on the same graph for the 10 low energy structures of arachidonic acid 

(Figure 4.54). Their distribution defined 4 different regions unequally populated. Region 

1, limited by -160<©j <-60 and 60<©i^.,<180, and with a cluster of points at (-80, 160), 

was very similar to the p strand region defined by the Ramachandran plot for peptides 

(Figure 4.20). Region 2, limited by - 180<©j <-45 and -180<©j+,<-45, had a cluster of 

points at (-60, -60) which corresponded to the a helix region of the Ramachandran plot
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(Figure 4.20). Regions 3 and 4 were less populated and limited by 120<Q)i <160 and 

90<o)i^,<160, and 45<CL)i<160 and -80<cOi+;<-45 respectively. The distribution of the 

torsion angles between double bonds showed that arachidonic acid was a fairly flexible 

molecule, as indicated by the (cOj, (Oi+J couples scattered all over the plot (Figure 4.54). 

However, the existence of four regions, among which two highly populated ones, 

accounted for the presence of stable conformations.

4.2.1.2.3 Implications for protein-specific interactions

Theoretical studies demonstrate that hydrophobicity depends on local curvature 

and that binding energies depend on the curvature of the associating molecules; a 

concave surface of equal but opposite curvature will interact more strongly than two 

planar surfaces [213]. Proteins are known to contain highly curved surfaces. The 

conformational change of arachidonic acid from extended angle-iron structure to the 

curved hairpin geometry, which may occur when arachidonic acid is liberated from 

phospholipid, may influence protein function via hydrophobic interactions. This may 

explain the selective effects of arachidonic acid over other fatty acids at low 

concentrations. In addition, the highly curved loop, rich in xc-bonds may make the low- 

energy arachidonic conformers (AAl, AA2, A A3, AA4) a candidate for hydrogen 

bonding with protein. Recent studies support the view that hydrogen bonding between 

electron-rich xr-bonds may occur with several polar groups [214]. Further investigations 

should be carried out on the conformational basis for the protein-arachidonic acid 

interactions, but it is clear that these low energy conformers are likely to be the ones 

involved in interactions leading to biological activity.

Analogues which would be “frozen” in such a conformation, would therefore be 

highly likely candidates for drug design development. However, the experimental
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evidence for the existence of such a conformer of arachidonic acid has still to be 

obtained. It was proposed to perform cryogenic NMR experiments for that purpose. 

Indeed, the lowering of the temperature reduces the molecular mobility and a stable 

conformation could dominate in the equilibrium [55].
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Bond AAl
(7.740
Kcal/mol)

AA2
(7.458

Kcal/mol)

AA3
(7.881
Kcal/mol)

AA4
(7.888
Kcal/mol)

AA5
(8.050
Kcal/mol)

al 0.1 -1.0 -1.4 1.0 -0.2

col 1.6 109.8 109.8 -106.6 0.6

0)2 178.4 -70.1 -70.1 73.2 -179.3

0)3 -178.2 -173.8 -178.2 178.7 176.4

0)4 -179.7 174.7 177.7 -179.7 179.7

0)5 -100.7 -92.4 106.2 -94.1 -108.7

0)6 0.9 1.5 -1.4 1.5 0.5

0)7 -78.7 -81.7 -156.4 -93.1 -76.7

0)8 168.6 136.9 66.2 -95.8 140.7

0)9 0.1 0.8 0.5 2.3 1.0

0)10 -130.6 58.5 -109.9 150.7 151.0

0)11 103.7 -140.1 -144.6 -85.9 123.9

0)12 -1.1 -1.2 -1.4 1.6 0.6

0)13 83.5 -163.9 -45.4 147.4 126.1

0)14 -178.9 -73.3 -49.2 -72.2 -81.9

0)15 0.3 0.3 -1.8 0.5 1.2

0)16 -113.3 -121.5 -143.7 -114.7 -98.0

0)17 64.0 61.2 61.0 62.3 177.0

0)18 172.3 172.8 173.4 174.7 177.8

0)19 63.2 63.2 61.3 60.8 178.6

Table 4.3 Energies and torsion angles for low energy conformers of arachidonic 

acid. See Table 4.2 for torsion angles definition.
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Figure 4.54 Distribution of the torsion angles between double bonds from 

arachidonic acid.

4.2.2 Cryogenic NMR on arachidonic acid

4.2.2.1 Material and methods

Arachidonic acid and the solvents were purchased from Aldrich Company Ltd. 

10 mg were dissolved in 0.6 ml of C D C I 3  or C D 3 O D , bubbled under nitrogen to avoid 

oxidation, and transferred to 5 mm NMR tubes.

Spectra were recorded on a Bruker AM500 NMR spectrometer. The proton 

spectra were recorded at different temperatures and in different solvents (C D C I 3  or 

C D 3 O D ), in the Fourier transform mode with 16K data points, using a 45° transmitter 

pulse and 2.0 s acquisition time. The temperature was decreased using the temperature 

control unit and a stream of liquid nitrogen to cool the probe down. Spectral references 

were determined at different temperatures in a separate experiments using a methanol 

or chloroform sample with internal TMS (Tetra Methyl Silane).
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4.2.2.Z Results and discussion

4.2.2.2.1 NMR spectra of arachidonic acid in methanol

Figure 4.7 shows the 500 MHZ NMR spectrum of arachidonic acid in methanol. 

It presents all the typical fatty acids resonances described in Chapters 2 and 3.The lowest 

temperature allowed by our cooling system and the solvent-fatty acid system freezing 

point was 190 K (-83°C). As the temperature was raised, NMR spectra of 64 

acquisitions each were recorded every 10°C. The state of the sample was checked 

systematically at very low temperature to make sure that it was still clear and that the 

peptide was in solution. The stack plots presented Figures 4.8,4.9, 4.10, 4.11 show how 

different regions of the fatty acid spectrum evolved as a function of the temperature. 

They all have in common the broadening of their multiplet structure, from 253 K (- 

40°C). Surprisingly, broadening did not seem to be consistently increasing from 253 K, 

and this observation remained unexplained. Figure 4.8 focuses on the œ-CH^ and on the 

high field CH2 moieties of arachidonic acid. The ©-CH3 resonance was shifted slightly 

towards low field at lower temperature, while (CH2)n remained practically constant. The 

resonance corresponding to -CH2-CH2-CH2-COO- started shifting upfield from 233 K. 

The 2 pairs of allylic methylene protons (-CH2-CH=CH-...-CH=CH-CH2-) (Figure 4.9) 

experienced a gradual shift in opposite but converging directions leading to the two 

multiplets merging into one. The -CH2-COO- resonance shifted towards lower fields. 

The multiplet characteristic for the methylene protons between the double bonds shifted 

to the low field region (Figure 4.10). The water peak was tremendously shifted to lower 

field whereas the -CH=CH- broadened and shifted gradually towards lower field from 

293 K and then significantly from 213 K (Figure 4.11).

This temperature-dependent behaviour of the proton resonances was diagnostic 

for the presence of an equilibrium between different conformations of arachidonic acid.
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As the temperature decreases, the rate at which the rotamers exchange decreases. The 

resonance characteristic for the protons involved in the rotamers, taking into account the 

spin-spin coupling, is therefore affected. The multiplet broadens and the peaks coalesce 

at a characteristic coalescence temperature. A new multiplet structure, usually more 

complicated, since the exchange rate has become too small to average the rotamers, is 

obtained and conformations are frozen out.

The rotation about CC single bonds between two sp3-hybridized carbon atoms 

is so fast at room temperature-even when bulky substituents are present- that only time- 

averaged signals over the three energetically most favoured rotamers are observed. It is 

only at very low temperatures that the rotation can be frozen out. In agreement with this, 

broadening only, was observed here.
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p p m

O

2.5 2 . 0 I . 5 I . 0
p p m

F igu re 4.7 500  M H z N M R  sp ectru m  o f  a rach id on ic  acid  in  m eth an o l. 64 FIDs were  

recorded  at 29H K  in fourier transform mode with I6K  data points, usin^ a 4 5 °  

detection pulse and 2.0 s acquisition time.
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243K
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273K
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298K
1 . 0

Figure 4.8. 500 MHz NMR spectra of arachidonic acid in methanol as a function

of temperature : stack plots of the 0.90-1.70 ppm region between 298 and 190 K.
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Figure 4.9. 500 MHz NMR spectra of arachidonic acid in methanol as a function

of temperature : stack plots of the 2.05-2.35 ppm region between 298 and 190 K.
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263K

273K
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Figure 4.10.500 MHz NMR spectra of arachidonic acid in methanol as a function

of temperature : stack plots of the 2.75-2.95 ppm region between 298 and 190 K.
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Figure 4.11.500 MHz NMR spectra of arachidonic acid in methanol as a function

of temperature : stack plots of the 4.80-6.00 ppm region between 298 and 190 K.
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When sp3- and sp2-hybridized bonded carbons are considered, the rotation about 

the CC single bond is partly hindered. It is therefore possible to freeze the conformers 

at higher temperatures than above, for equivalent substituents. The most temperature- 

affected protons in this experiment were indeed the ones involved in rotations about CC 

single bonds where one carbon has an sp  ̂hybridization making it less mobile : the 

allylic methylene protons, the methylene protons between the double bonds. Their 

resonances not only broadened but also shifted to lower field (except for the 4 allylic 

proton multiplet resonances which merged). However, because of experimental 

limitations (the lowest temperature allowed by our cooling system and the solvent-fatty 

acid system freezing point was 190 K) it was not possible to reach the coalescence 

temperature for any of the methylene protons.

There is no rotation possible around the CC double bond, therefore the 

perturbations observed at the vinyl proton resonance was a consequence of the 

conformational changes in the C(sp3) nearby.

The trend of the chemical shifts to move towards lower fields was noteworthy. 

Only the resonance corresponding to -CH2-CH2-CH2-COO- disagreed with this trend. 

It implied that while the chemical environment was becoming more deshielding for 

most of the protons in arachidonic acid as certain conformers are stabilised in methanol, 

this was not the case of these particular methylene protons which found themselves in 

a less deshielding environment i.e. where the electronic density was closer to the 

nucleus. It was very likely that conformers presenting a bend bringing the carboxylic 

proton closer to the electron rich double bond sequence were stabilised in polar 

methanol; which would agree both with the observations and the particular hairpin 

structure obtained by molecular modelling.

The dynamic processes observed here for arachidonic acid confirmed therefore
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the results of the molecular dynamics calculations described above : at room 

temperature, arachidonic acid exists as an equilibrium of different conformations; these 

can be partly frozen out when the exchange rate between them is lower. As this 

experiment was performed in a polar environment (CD3OD), it was decided to repeat 

it in a less polar one (CDCI3) in order to study more thoroughly the influence of polarity 

on the conformational space adopted by arachidonic acid.

4.2.2.2.2 Arachidonic acid in chloroform

Figure 4.12 shows the 500 MHZ NMR spectrum of arachidonic acid in 

chloroform. It is very similar to the one in methanol. The lowest temperature allowed 

by our cooling system and the solvent-fatty acid system freezing point was 213 K (- 

60°C). As the temperature was raised, NMR spectra of 64 acquisitions each were 

recorded every 10°C. The stack plots presented Figures 4.13,4.14,4.15, 4.16 show how 

different regions of the fatty acid spectrum evolved as a function of the temperature. As 

with the spectra of arachidonic acid in methanol, line broadening and chemical shifts 

displacement were observed with cooling. Band broadening was observed for all the 

resonances on the spectrum. Surprisingly, broadening was not consistently increasing 

from 253 K, and this observation remained unexplained. At 213 K (-60°C), the 

coalescence state was attained by most multiplets. C0-CH3 as well as the nearby CRj 

moieties shifted slowly towards high fields as the temperature decreased. The 2 pairs of 

allylic methylene protons (-CH2-CH=CH-...-CH=CH-CH2-) did not experience a shift 

in opposite directions as in methanol, but towards high fields. This implied that their 

environment was different in solvents of different polarities and that therefore different 

conformers were stabilised in methanol and chloroform. The -CH2-COO- resonance was 

the only one whose chemical shift was practically not affected by the temperature,
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implying no conformational change at the carboxylic end of the molecule. The 

methylenes between double bonds also shifted towards high fields but started 

broadening before 268 K, significantly earlier than the other entities. This was probably 

diagnostic for the location of the main conformational change as the temperature 

decreased. The -CH=CH- protons agreed with the above trend and shifted towards 

higher fields.

If compared to the behaviour observed in methanol, the coalescence temperature 

was higher, implying that a different, more stable, conformation was frozen out in a non

polar solvent. Also, the trend in chemical shifts displacement was reversed in 

chloroform as compared to methanol, since all the resonances shifted towards high 

fields, implying more shielding ie. an electronic density closer to the nucleus. This was 

consistent with the stabilisation of conformers that did not involve the participation of 

the hydrogen type of bonding within arachidonic acid and probably with an extended 

structure such as angle iron. It was unfortunately not possible to perform more 

experiments, such as NOE, at these very low temperatures, as our cooling arrangements 

did not allow keeping the temperature stable for a longer period of time. The 

conformations frozen out in each solvent could not therefore be studied further. 

However, it seemed reasonable to infer that the conformers observed in methanol were 

likely to be stabilized by hydrogen bondings, and therefore required a molecular space 

that favoured this interaction.
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Figure 4.13.500 MHz NMR spectra of arachidonic acid in chloroform as a function

of temperature : stack plots of the 0.80-1.70 ppm region between 298 and 190 K.
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Figure 4.15.500 MHz NMR spectra of arachidonic acid in chloroform as a function

of temperature : stack plots of the 2.65-2.90 ppm region between 298 and 190 K.
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Figure 4.16.500 MHz NMR spectra of arachidonic acid in chloroform as a function

of temperature : stack plots of the 5.10-5.60 ppm region between 298 and 190 K.
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4.2.2 3 Conclusion

Cryogenic NMR experiments on arachidonic acid in two different solvents, 

confirmed the molecular dynamics results by showing that this fatty acid existed at room 

temperature and below, as an equilibrium of stable conformations. When the 

temperature was decreased the different components of the equilibrium and/or their 

proportions varied, as observed by the variations in proton chemical shifts. Detailed 

information on the structure of the conformations involved in the equilibrium could not 

be obtained by 1-D NMR, but it was possible to gather interesting facts comparing 

proton chemical shift sensitivity to temperature in two different solvents. In particular 

methanol seemed to favour bended conformations that bring the carboxylic end closer 

to the double bonds.

4.2.3 Design of conformationally-restricted analogues of arachidonic acid 

4.2.3.1 Sterically hindered analogues 

4.2.3.1.1 Definition

Different strategies can be adopted to modify arachidonic acid structurally in 

order to restrict its conformational mobility and, therefore, select one or several stable 

conformers. One possibility is to sterically hinder the molecule. It is likely that a 

méthylation of the methylene positions between double bonds (Figure 4.17) will 

stabilize specific conformations.

4.2.3.1.2 Molecular modelling

Such branched analogues of arachidonic acid were built on SYBYL 6.2 and 

submitted to Molecular Dynamics as described above (4.2.1.1). Since carbon atoms
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b e t w e e n  t h e  d o u b l e  b o n d s  b e c a m e  c h i r a l  c e n t r e s  w h e n  m e t h y l a t e d ,  a l l  t h e  s t e r e o i s o m e r i c  

c o m b i n a t i o n s  w e r e  s u b j e c t e d  t o  M D  s i m u l a t i o n s .  T a b l e  4 . 4  p r e s e n t s  t h e  e n e r g i e s  a n d  

t o r s i o n  a n g l e s  o f  t h e  r e p r e s e n t a t i v e  l o w e s t  e n e r g i e s  c o n f o r m e r s  f o u n d .  T h e  R R R  a n d  

S S S  a n a l o g u e s  f a v o u r e d  “ b e n d ”  c o n f o r m a t i o n s  w i t h  s i m i l a r  t o r s i o n  a n g l e s  a r o u n d  t h e  

c h i r a l  c e n t r e s  b u t  o p p o s i t e  s i g n s  ( F i g u r e  4 . 1 8  ( a )  a n d  ( b )  a n d  T a b l e  4 . 4 ) .  H o w e v e r ,  t h e  

m o s t  s t a b l e  c o m b i n a t i o n s  w e r e  f o u n d  b y  a l t e r n a t i n g  R  a n d  S  s t e r e o i s o m e r s  a s  s h o w n  b y  

t h e  e n e r g i e s  v a l u e s  ( T a b l e  4 . 4 ) .  T h e  R S R  a n d  S R S  a n a l o g u e s  b o t h  d i s p l a y e d  “ c r o w n ”  

t y p e  s t r u c t u r e s  ( F i g u r e  4 . 1 8  ( c )  a n d  ( d ) ) .  I n t e r e s t i n g l y ,  a l l  t h e  o t h e r  c o m b i n a t i o n s  s h o w e d  

s t r u c t u r e s  s i m i l a r  t o  p e p t i d i c  h e l i c e s  ( F i g u r e  4 . 1 8  ( e )  a n d  ( f ) ) .

? a

1 9

1 8

1 3

'12

HO
0

0

( a )  ( b )

F igure 4.17. A rachidonic acid (a) and m ethylated arachidonic acid analogue (b).
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(a) (b)

(c) (d)

(e) (f)

Figure 4.18. Representative methylated arachidonic acid analogues. The RRR (a)
and SSS (b) stereoisomers showed a “bend” conformation while the RSR (c) and SRS 
(d) stereoisomers folded into a “crown” conformation. The other stereoisomers (only 
the SRR (e) and the SSR (f) are presented here) gave rise to an “helix” type 
conformation.
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Bond' RRR
(4.577
Kcal/mol)

SSS
(4.857
Kcal/mol)

RSR
(3.748
Kcal/mol)

SRS
(4.323
Kcal/mol)

SRR
(6.127
Kcal/mol)

SSR
(6.081
Kcal/mol)

a! -179.9 -179.6 -179.9 -179.5 179.4 -179.8

col -114.8 119.3 -130.6 6.2 119.8 -114.7

(o2 65.1 60.5 49.9 -174.3 -60.0 65.1

0)3 179.5 -178.4 178.5 69.1 -63.2 178.4

co4 64.5 -171.7 -179.5 -174.2 176.5 178.4

(o5 -122.8 -96.1 87.7 108.2 -99.6 109.3

(o6 -0.4 1.7 -1.6 -1.4 1.6 -0.3

co7 74.0 -74.6 111.1 -147.8 150.8 -66.0

(o8 -138.5 146.6 -112.1 67.0 -84.2 138.4

(o9 -0.9 1.8 0.4 0.3 2.2 1.1

CO 10 99.6 -87.3 -129.8 135.6 149.5 -109.9

col 1 -137.8 152.6 68.7 -74.4 -124.9 127.0

col 2 -1.2 0.6 0.4 -0.6 -0.2 0.3

col3 93.7 -131.4 138.5 -136.4 52.0 65.1

col4 -148.5 109.6 -79.8 61.5 55.8 -139.1

col5 -1.5 -1.3 0.5 0.5 -0.3 -1.3

col6 101.5 -156.2 -114.5 -106.8 -108.4 -163.8

col7 177.6 62.8 65.4 166.2 -178.0 172.2

col8 178.9 179.2 -177.1 59.4 -171.6 58.4

col9 179.7 178.7 -177.3 175.8 -61.2 172.4

Table 4.4. Energies and torsion angles for the representative structures of 10 low-energy 

conformers o f the methylated arachidonic acid analogues. See Table 4.2 for torsion angles definition.

As seen in section 4.2.1.2.2, arachidonic acid low energy conformations 

presented a large variety of structures (including hairpin, crown-like and helix-like 

structures) on a 0.9 Kcal/mol energy spread. Each methylated arachidonic acid analogue, 

on the contrary, presented highly similar structures on a 2 to 3 Kcals/mol energy spread. 

In addition, the distribution of the torsion angles between double bonds ((coV, co8), (©10, 

©11), (©13, ©14)) for the 10 low energy conformers showed unequivocally the selection
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of preferential regions. The RRR and SSS analogues defined one region centred around 

(90°, -140°) and (-90°, 140°) respectively, while the other analogues, combining the S 

and R enantiomers, each defined two unequally populated regions approximately centred 

as above (Figures 4.55 to 4.58). The methylated arachidonic acid analogues were thus 

successfully conformationally-restricted.

The RSR and SRS analogues selected the “crown” type conformer of arachidonic 

acid whereas the other enantiomers selected helical or bent structures. They could 

therefore be suitable candidates for further drug design development.
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Figure 4.55 Distribution of the torsion angles between double bonds from: (a) the

RRR and (b) the SSS methylated arachidonic acid analogues.
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Figure 4.56 Distribution of the torsion angles between double bonds from: (a) the

RSR and (b) the SRS methylated arachidonic acid analogues.
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Figure 4.57 Distribution of the torsion angles between double bonds from: (a) the

SRR and (b) the RSS methylated arachidonic acid analogues.
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Figure 4.58 Distribution of the torsion angles between double bonds from: (a) the

RRS and (b) the SSR methylated arachidonic acid analogues.
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4.2.3.2 Isosteric analogues

4.2.3.2.1 Definition

The replacement of a peptide bond in a biologically active peptide by an isosteric 

function is being used commonly in medicinal chemistry [215,281-283]. Different types 

of modifications, resulting in changes in activity profile, can give information about 

conformational and structural features involved in peptide-receptor interaction or about 

metabolic degradation processes of an hormone. A large field of interest for this type of 

modification resides in the design of non-hydrolysable enzyme substrates. Here, the 

double bond structure of the PUFAs, prone to chemical oxydation, is the entity to be 

modified in order to avoid rapid degradation of any analogue in vivo. Semi-empirical 

calculations of model alkene dipeptide isosters have indicated an increase in flexibility 

compared to the parent peptide as a result of the replacement of the amide oxygen by the 

smaller hydrogen atom [281]. It makes therefore sense to take the opposite approach to 

the above mentioned workers, and to replace the double bonds by peptide bonds isosters 

in order to obtain both a better resistance to oxydation and a higher conformational 

restriction.
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Figure 4.19. Peptido analogues of arachidonic acid. The polyalaniue ufuiloguc is 

similar hut contains three Ala moieties instead o f  the Gly ones.

Peptido-analogues of arachidonic acid were thus designed follow ing this idea 

and form ed a polyglycine and a retro-polyglycine analogues (Figure 4.19). A nother set 

o f analogues were designed by m éthylation of the C a to add the steric hindrance 

dim ension studied in the section above. They were referred as polyalanine and retro- 

polyalanine analogues since the basic am ino-acid residue in the peptide chain was now 

alanine (F igure 4.19).

4.2.3.2.2 Molecular modelling

Such peptido-analogues of arachidonic acid were built on SY B Y L 6.2 and 

subm itted to M olecular Dynam ics as described above (4.2.1.1). Table 4.5 presents the 

energ ies and torsion angles o f the lowest energies conform ers found. The (p and \|/
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torsion angles are, respectively, by convention, the angles of rotation around the N-C„ 

and the Cq-CO bonds from the same C  ̂atom [217]. Each amino-acid residue is 

associated with two conformational angles q> and \|/. Since these are the only degrees of 

freedom, the conformation of the whole main chain of polypeptide is completely 

determined when these two angles are defined for each amino-acid. Only certain 

combinations of (p and \p angles are allowed due to steric hindrance between main chain 

and side chain atoms; except for glycine which has no side chain atoms. The angle pairs 

(p and \|/ are usually plotted against each other in a diagram called a Ramachandran plot. 

Figure 4.20 shows the results of such calculations and also a plot for all amino acids 

except glycine from a number of accurately determined protein structures. It is apparent 

that the observed values are clustered in the sterically allowed regions. Glycine can 

adopt a much wider range of conformations than the other residues as seen in Figure 

4.20 (c). The cp and vp angles obtained for the low energy peptido-analogues of 

arachidonic acid (one representative structure of each analogue is given Table 4.5) were 

not presenting any particular pattern from the different types of structure found in 

polypeptides. However, the molecular graphics 3-D representations of the conformers 

showed clearly features such as turns, bends and helices commonly observed in long 

polypeptide chains. Since the conformers (p and \p angles did not correspond to the ones 

found in proteins (probably because the short chain implies less steric hindrance and 

therefore more possible rotation angles are allowed), the names of these features will 

still be used but between inverted commas. Thus, the polyglycine analogue led to an 

“helix” type structure, whereas its retro entity corresponded to a “bend” conformation 

(Figure 4.21 (a) and (b)). In the same way, the polyalanine and retro-polyalanine 

analogues gave rise to a structure similar in shape, but not in (p and \p angles values, to 

the “y” turn [218] and a “bend” conformation respectively (Figure 4.21 (c) and (d)).
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As seen in section 4.2.1.2.2, arachidonic acid low energy conformations 

presented a large variety of structures (including hairpin, crown-like and helix-like 

structures) on a 0.9 Kcal/mol energy spread. Each polypeptide analogue, on the contrary, 

presented highly similar structures on a 2 to 2.5 Kcals/mol energy spread. The peptido 

arachidonic acid analogues were thus successfully conformationally-restricted. The 

polyglycine analogue selected an helix-like structure and the polyalanine analogue 

favoured a “y turn” like structure, while their retro equivalent selected the “bend” 

conformations of arachidonic acid. They could therefore be suitable candidates for 

further drug design investigations.

Figures 4.59 and 4.60 confirmed that the retro entities had similar structures, as 

indicated by their similar phi and psi angles distribution. These figures also highlighted 

the selection by the polyalanine arachidonic analogue of a stretch of consécutives 

residues all having phi and psi angle pairs approximately equal to (-60°, 60°), and which 

thus could be defined as p strand like in the peptide backbone region (see Ramachandran 

plot, figure 4.20).
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! i^ure 4.20. Ramachadran plots showing allowed combinations of the 

conformational angles (p and ij/. Since these angles refer to rotations o f  two rigid  

peptide units around the same  C„ atom, most combinations produce steric collisions 

either between atoms in different peptide groups or between a peptide unit and the side  

chain attached to Q . These combinations are therefore not allowed, (a) Coloured areas  

show sterically allowed regions. The areas labelled a, f ,  and L correspond  

approximately to conformational angles found fo r  the usual right-handed a helices, f  

strands, and left-handed a helices, respectively, (b) Observed values fo r  all residue types 

except glycine. Each point represents (p and if/ values f o r  an amino acid residue in a 

well-refined x-ray structure to high resolution, (c) Observed values f o r  glycine. Notice  

that the values include combinations o f  <p and  (// that are not a llow ed fo r  other amino 

acids  [217].
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Torsion angle PolyGly
(10.670
Kcal/mol)

Retro-
PolyGly
(17.169
Kcal/mol)

PolyAla
(15.607
Kcal/mol)

Retro-
PolyAla
(21.412
Kcal/mol)

H(2)-0(2)-C(l)-C(2) 179.6 -180.0 -179.9 179.6

0(1)-C(1)-C(2)-C(3) -99.3 -1.6 -114.3 116.4

0(2)-C(l)-C(2)-C(3) 80.6 178.5 65.6 -63.3

C(l)-C(2)-C(3)-C(4) 176.9 -178.0 -179.0 -58.0

C(2)-C(3)-C(4)-N(5) / 
C(2)-C(3)-C(4)-C(5) *

176.2 -61.2 173.5 -173.9

C(3)-C(4)-N(5)-C(6)/
C(3)-C(4)-C(5)-N(6) *

178.0 -75.4 -170.1 -66.0

C(4)-N(5)-C(6)-C(7)/ 
C(4)-C(5)-N(6)-C(7) *

84.9 178.5 102.3 -179.4

N(5)-C(6)-C(7)-N(8) (psi 1)/ 
C(5)-N(6)-C(7)-C(8) (phi 1)*

19.7 43.1 -47.5 58.5

C(6)-C(7)-N(8)-C(9) (phi 1)/ 
N(6)-C(7)-C(8)-N(9) (psi 1) *

61.5 43.1 74.6 39.6

C(7)-N(8)-C(9)-C(10)/
C(7)-C(8)-N(9)-C(10)*

157.7 -174.2 -179.8 177.5

N(8)-C(9)-C(10)-N(l 1) (psi 2) / 
C(8)-N(9)-C(10)-C(ll) (phi 2) *

69.3 64.2 -61.5 64.0

C(9)-C(10)-N(l 1)-C(12) (phi 2) / 
N(9)-C(10)-C(l 1)-N(12) (psi 2) *

-59.3 -68.5 65.7 -63.5

C(10)-N(ll)-C(12)-C(13)/
C(10)-C(ll)-N(12)-C(13)*

-178.5 175.9 178.8 -177.3

N(11)-C(12)-C(13)-N(14) (psi 3) / 
C(11)-N(12)-C(13)-C(14) (phi 3) *

-64.2 -67.5 -63.6 -48.6

C(I2)-C(13)-N(14)-C(15) (phi 3) / 
N(!2)-C(13)-C(14)-N(15) (psi 3) *

61.0 63.5 64.9 -30.9

C(13)-N(14)-C(15)-C(16)/
C(13)-C(14)-N(15)-C(16)*

-177.0 -178.8 -179.8 143.0

N(14)-C(15)-C(16)-C(17)/
C(14)-N(15)-C(16)-C(17)*

146.0 -77.5 73.8 -168.2

C(15)-C(16)-C(17)-C(18)/
N(15)-C(16)-C(17)-C(18)*

-63.4 -171.4 178.7 176.4

C(16)-C(17)-C(18)-C(19) 177.9 -61.0 -179.8 179.8

C(I7)-C(18)-C(19)-C(20) 178.8 -173.0 179.9 179.9

T ab le  4 .5 . E nergies and torsion  angles for  low  energy con form ers o f the peptido- 
arach id on ic acid  analogues. * Torsion angle definition fo r  the retro entities.
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(a) (b)

(d)(c)

Figure 4.21. Representative low energy conformations of the peptido-analogues of 

arachidonic acid, (a) poly glycine analogue; (b) retropolyglycine analogue; (c) 

polyalanine analogue; (d) retro polyalanine analogue.

4.2.3.3 Conclusion

Both methylated and peptido-analogues successfully selected some of the 

arachidonic acid stable low energy conformations and could be equally considered for 

synthesis and biological activity testing. However, when one looks at the chemistry 

involved in synthesizing these analogues, it is clear that the peptidic ones would be less 

difficult to synthesize.

PUFAs with more double bonds, such as eicosapentaenoic acid or 

docosahexaenoic acid, are also known (as seen in 4.1) to exert biological activity. By 

extrapolation of the results for the conformation search of arachidonic acid, it was

200



Chapter 4 Design, synthesis and properties of conformationally-restricted PUFA analogues

greatly expected that more double bonds would imply stabilisation of an even more 

folded structure. Thus, it seemed worthwhile to also consider their peptido-analogues 

for synthesis.

Figure 4.22 shows the peptides selected for synthesis. Peptido and retro-peptido 

arachidonate analogues (M^ = 372 g/mol), peptido and retro peptido-eicosapentaenoate 

analogues (M^ = 387 g/mol), peptido and retro peptido-docosahexaenoate analogues 

(M^ = 430 g/mol), based on a polyglycine backbone will be referred respectively 

thereafter as the Gly3, RetroGly3, Gly4, RetroGly4, Gly5, Retro Gly5 analogues. The 

equivalent analogues with a methyl group at each positions will be named after the 

alanine motif they contain ie : Ala3, RetroAla3 (M^ = 414 g/mol), Ala4, RetroAla4 (M^ 

= 443 g/mol), Ala5, RetroAla5 (M^ = 500 g/mol).
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Figure 4.59 Distribution of the phi and psi torsion angles from: (a) the polyglycine

and (h) the retropolylycine arachidonic acid analogues.
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Figure 4.60 Distribution of the torsion angles between double bonds from: (a) the

polyalanine and (b) the retropolyalanine arachidonic acid analogues.
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4.4 STUDIES OF THE CONFORMATIONALLY-RESTRICTED 

PEPTIDO- FATTY ACIDS 

BY HIGH FIELD NMR AND CIRCULAR DICHROISM ; 

STRUCTURE REFINEMENT BY MOLECULAR DYNAMICS

SIMULATIONS

The PUFAs analogues designed by molecular modelling presented stable low 

energy conformations predicted by molecular dynamics calculations. However, these 

calculations were performed in vacuum for simplicity, and therefore required 

experimental validation in different solvents.

The structural properties, studied by high field NMR and Circular Dichroism, of 

a series of lipid mimetics synthesized by solid phase chemistry, are reported here.

4.4.1 Materials and methods 

4.4.1.1 Materials

TFE, and Et(OH)2 used for CD were of the highest purity grade and were 

purchased from Merck. Deuterated solvents (d2-TFE and D2O) were obtained from 

Aldrich.

4.4.1.2 Methods

4.4.1.2.1 CD experiments

Circular d ichroism  spectra o f  the G ly  analogues w ere perform ed in the laboratory
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of Dr. S. Fermandjian, at the Centre National de la Recherche Scientifique, Paris, 

France, on a Jobin-Yvon CD6 spectrometer with a thermostat Haake F3, calibrated with 

isoandrostirone in dioxane and camphorsulfonic acid. A concentration of 0.4 mg/ml and 

a 0.1 cm optical pathlength were used throughout the experiments.

Circular dichroism spectra of the Ala analogues were performed at the EPSRC 

Spectroscopy Service at King’s College, on the Jasco J600 (temperature dependent 

experiment) and J720 spectropolarimeters, calibrated with ammonium D-Camphor-10- 

sulfonate. A concentration of 0.2 mg/ml and a 0.05 cm optical pathlength were used 

throughout the measurements.

4.4.1.2.2 Temperature-dependent NMR

10 mg of the peptides were dissolved in 0.6 ml of TFE-d2, bubbled under 

nitrogen to avoid oxidation, and transferred to 5 mm NMR tubes.

Spectra were recorded on a Bruker AMX 600 NMR spectrometer. The proton 

spectra were recorded at different temperatures in the Fourier transform mode with 16K 

data points, using a 45° transmitter pulse and 2.0 s acquisition time. The temperature 

was decreased using the temperature control unit using a stream of liquid nitrogen to 

cool the probe down. Spectral reference were determined at different temperatures in a 

separate experiment, using a TFE-d2 sample with internal TMS.

4.4.1.2.3 NMR experiments

ID, 2D COSY, 2D TOCSY, 2D NOES Y, 2D ROES Y and 2D-J proton high field 

NMR experiments were performed on a Bruker AMX 600 MHZ spectrometer, at Queen 

Mary and Westfield College, Mile End, London. FIDs were processed using UXNMR 

(Bruker) and Felix 2.3 (Biosym, 1987, 1993).Samples were bubbled with nitrogen prior
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to recording the spectrum in order to avoid oxidation. The spectra were recorded at 300 

K in the Fourier transform mode (FT).

The ID spectra were acquired using a 5 ps, 45° pulse, a spectral width of 

6714.113 Hz, an acquisition time of 2.0 s and a relaxation delay of 1 s. The free 

induction decays (FIDs) were collected with 32 K data points. Water suppression on 

both the lipidic and aqueous samples was obtained by gated decoupling of the water 

resonance.

2D COSY, TOCSY, NOESY, ROES Y experiments were performed using 

standard pulse sequences. Mixing time were 500 ms for NOESY and ROESY. The other 

acquisition parameters varied depending on the sample and its concentration. 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 

pre&aturation. Number of scans and FIDs differed according to the sample and its 

concentration. The FI data were zero filled, prior to FT. The spectra were tilted by 45° 

to provide orthogonality of the chemical shift and coupling constant axes and 

subsequently symmetrized about the FI axis.

Chemical shifts were referenced to the TFE peak at 3.67 ppm or to the TSP peak 

at 0.00 ppm, for the samples in TFE and D2O respectively.

4.4.1.2.4 Molecular dynamics simulations

The structures of the synthesized analogues were refined by molecular dynamics 

simulations, after the experimental values of constraints were obtained from NOESY or
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ROES Y spectra. These constraints were applied to the structures previously calculated 

and Distance Geometry (see 4.1.1) was used to generate randomly 10 structures 

complying with the constraints, each of which was submitted to MD. MD integrations 

were done using a leap-frog algorithm with a time step of 1.0 fs. Dynamics were 

performed at 1000 K, and at 300 K consecutively for 1 ps, during which structures were 

archieved every 50 fs. TRIPOS 6.2 [210] forcefield was used with KOLLMAN charges 

throughout dynamics. After dynamics were completed, the lowest energy structure was 

retrieved for each random structure and subjected to minimisation using the POWELL 

method [211] until the maximum derivative was < 0.01 Kcal/Â.

4.4.1.2.5 Generation of models by molecular modelling

The ten minimised structures obtained from the MD experiment were 

superimposed using PROFIT 1.7 [257]. PROFIT is a least square fitting program. The 

best fitting was calculated with reference to the carbon alpha atoms of the peptides.

4.4.2 Results and discussion

4.4.2.1 CD of the PUFAs analogues

4.4.2.1.1 Glycine fatty acid analogues

Glycine does not have a chiral centre and therefore does not affect the right- and 

left-circularly polarized light. However, its secondary structure might render the two a 

protons non equivalent and optical activity then could be observed. Assuming that our 

polyglycine analogues fold into a combination of secondary structural types, the CD 

spectra in different solvents should lead to useful insights. Unfortunately, the analogues 

containing a polyglycine backbone exhibited a very low optical activity (<0.2 Ae in H2O 

or TFE) very near to noise level, that prevented us from drawing conclusions from the
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resulting spectra in different solvents.

4.4.2.1.2 Retro alanine fatty acid analogues

The retro alanine analogues dissolved in water were titrated by TFE and the 

titration followed by circular dichroism. Figures 4.25, 4.26, 4.27 show the titration CD 

spectra of RetroAla3, RetroAla4 and RetroAla5 respectively. Figures 4.28, 4.29, 4.30 

present the titration curves of RetroAla3, RetroAla4 and RetroAla5 respectively, at two 

different wavelengths, defining the two areas of major changes of the CD spectra : the 

negative band at ca. 197 nm and its shoulder (a helix band) at ca. 212 nm. The peptides 

were also studied in TFE and in EthyleneGlycol (Et(OH)2)/water (2:1, v/v) as a function 

of temperature, in an attempt to “freeze out” a thermodynamically preferred state and 

to help dissect the conformational equilibria into their component conformational 

moieties.

4.4.2.1.2.1 Retro Ala3

RetroAla3 (Figure 4.31) in pure water presented a CD spectrum characteristic 

of a linear combination between two or more CD spectra of “pure” secondary structures 

(Figure 4.53). The similarity between the spectrum of RetroAla3 and the one of 

polyproline type II (Figure 4.53) [221] implied a high proportion of this secondary 

structure in the conformational equilibrium defined by this peptide in water. Polyproline 

type n  is a left-handed helix of trans-peptide bonds with 3 residues per turn. Indeed, the 

lack of intramolecular hydrogen bonds due to the propyl tertiary amide and the steric 

hindrance of the proline residue render these helical structures quite different from an 

a-helical conformation [284]. In pure TFE (Figure 4.32), the 200 nm region was found 

to be more positive, while the 220 nm one became more negative. This was tentatively

209



Chapter 4 Design, synthesis and properties of conformationally-restricted PUFA analogues

explained by an increase in the participation of a p-structure spectrum (positive band at 

200 nm and negative one at 220 nm) [258]. However, the spectra obtained in the two 

different solvents were highly similar.

When titrating RetroAla3 in water by TFE (Figure 4.25) a weak cooperative 

change before 50% TFE was observed, confirming the presence of an equilibrium 

between two secondary structures. At 50% TFE, the titration was completed and the 

conformational equilibrium contained a lesser proportion of polyproline type II 

secondary structure since the 220  nm band had experienced an increase in negative 

intensity.

The spectra in TFE and in Et(OH)2/water (Figure 4.33) as a function of 

temperature and the corresponding plots of intensity versus temperature at different 

wavelength (Figure 4.34) were also consistent with the existence of a conformational 

equilibrium. The isodichroic points at A;=207 nm in TFE and ?i=202nm in Et(OH)2/water 

certainly indicated an equilibrium between two conformers A and B. Figure 4.34 

indicated a weakly cooperative change from A to B as temperature decreased. Although 

one conformer (say A), which predominated in both solvents at lowest temperatures, 

was not completely frozen out, it was clear that it had a minimum at A.= 192 nm (spectra 

in Et(OH)2/water) and was highly similar to the polyproline type II CD spectrum (Figure

4.53). The corresponding parameters for B were more difficult to determine without 

simulation but a simple linear combination of A and p turn spectra (Figure 4.53) allowed 

a good approximation of the spectrum obtained at higher temperature for RetroAla3 and 

thus implied that, B, the minor component, of the equilibrium could be a p turn 

structure.

In agreement with the TFE titration behaviour, conformer A was even more 

favoured in Et(OH)2/water than in TFE, as demonstrated by the progressive appearance
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of a positive band around 220 nm as the temperature decreased (Figure 4.33).

In conclusion, RetroAla3 in solution exists as a conformational equilibrium 

between a predominant structure (whose characteristic parameters obtained by 

temperature study were : = 215 nm; = 19 2 nm, = 1 dm  ̂mole ' cm ' and

= -39 dm^ mole ' cm ') likely to be polyproline type U and a minor structure 

compatible with P turns.

When RetroAla3 was dissolved in a helix promoter solvent such as TFE, the 

proportion of ordered structures (p turn structure in this case) was significantly 

increased.

4.4.2.1.2.2 RetroAla4

RetroAla4 in pure water presented a CD spectrum highly similar to Retro Ala3 

(Figure 4.31) and therefore characteristic of a linear combination between two or more 

CD spectra of “pure” secondary structures, one being polyproline type II (Figure 4.53). 

In pure TFE, the spectra of RetroAla3 and RetroAla4 (Figure 4.32) were almost identical 

and thus again the same conclusion could be reached : the conformational equilibrium 

was characterised by an increase in the participation of p turn structures as compared to 

the equilibrium found in pure water.

When RetroAla4 in water was titrated by TFE (Figure 4.26) two cooperative 

changes took place : a weakly cooperative one around 25% TFE and a sharper one close 

to 100% TFE. This confirmed the presence of an equilibrium between three 

conformations at least.

The spectra in TFE and in Et(OH)2/water (Figure 4.35) as a function of
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temperature and the corresponding plots of intensity versus temperature at different 

wavelength (Figure 4.36) were also consistent with the existence of a conformational 

equilibrium. The presence of approximate rather than precise isodichroic points at X̂ =209 

nm in TFE and X;=201 nm in Et(OH)2/water certainly indicated an equilibrium between 

at least three conformers. Figure 4.36 supported the equilibrium hypothesis since 

cooperative changes were observed but it was difficult to be precise about their quantity. 

In TFE, as temperature decreased, the population of conformers characterised by a 

negative band at around 200 nm and a positive one at around 220 nm increased. In 

Et(bH)2/water, the behaviour of RetroAla4 was very similar as temperature decreased, 

with the conformation characterised by ^j„=190 nm almost frozen out at the lowest 

temperatures. As mentioned above, this was diagnostic of polyproline type II 

conformations (Figure 4.53). The other two components of the equilibrium were more 

difficult to identify without simulation. However, it seems likely that as for RetroAla3, 

P turn structures were involved. Interestingly, the CD spectra of retroAla4 in both 

solvents at room temperature were almost identical, differences in behaviour appearing 

only when lowering the temperature.

In agreement with the TFE titration behaviour, conformer A was even more 

favoured in Et(OH)2/water than in TFE, as demonstrated by the progressive appearance 

of a positive band around 220 nm as the temperature decreased (Figure 4.35).

In conclusion, RetroAla4 in solution exists as a conformational equilibrium 

between a predominant structure (whose characteristic parameters obtained by 

temperature study were : = 211 nm; = 192 nm, Aê ax = 8 dm  ̂mole ' cm ' and

= -45 dm  ̂ mole ' cm'*) likely to be polyproline type II and two minor structures 

compatible with p turn structures (Figure 4.53).
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When dissolved in the helix promoter TFE, the proportion of ordered structures 

(p turn structures in this case) was significantly increased in RetroAla4.

4.4.2.1.2.3 RetroAIaS

RetroAla5 (Figure 4.3land 4.32) presented the most complex behaviour. Its 

spectrum in pure water and in pure TFE included the features of a more ordered 

structure than RetroAla3 and RetroAla4 with a at 200 nm and a more negative band

around 220 nm. It was however still not characteristic of a pure secondary structure but 

of a linear combination of pure structures.

When RetroAla5 was titrated in water by TFE (Figure 4.27) three cooperative 

changes were observed : between 0 and 12.5 % TFE, between 12.5 and 25% and 

between 87.5 and 100% TFE. This asserted the presence of an equilibrium between at 

least four conformations.

The spectra in TFE and in Et(OH)2/water (Figure 4.37) as a function of 

temperature and the corresponding plots of intensity versus temperature at different 

wavelengths (Figure 4.38) were also consistent with the existence of a conformational 

equilibrium. The presence of approximative rather than precise isodichroic points at 

1=194 nm in TFE and 1=205 nm in Et(OH)2/water certainly indicated a complex 

equilibrium between conformational species. Figure 4.38 supported this hypothesis since 

at least three cooperative changes were observed in the ethanediol: water representation 

of intensities versus temperature.

In TFE, as temperature decreased, the population of conformers characterised by 

a negative band at 200  nm and a shoulder around 220  nm increased and was stabilised 

at -10.8°C. These bands were diagnostic for a strong contribution of p turn type I [258] 

in the linear combination of structures which constitute the RetroAla5 CD spectrum. The
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other components were difficult to identify without simulations, however it seemed 

likely that polyproline type II and other p structures were involved as for RetroAIaS and 

RetroAla4.

In Et(OH)2/water, the behaviour of RetroAla5 was characteristic of aggregation. 

Two transitions were noticeable : one from 3.2°C to 25°C where the peptide was in a 

state of conformational equilibrium between defined structures and the other one at 

lower temperature (from 3.2°C to -90.1°C) characterised by an increase in the 

population of a particular structure exhibiting a positive band around 192 nm and a 

negative one at 218 nm. Theoretical calculations of the optical activity of p sheets [258- 

262 ] have shown a positive band at about 200 nm and a negative one at 220 nm (Figure

4.53). RetroAla5 was therefore aggregating into a beta-sheet structure when cooled 

down. Figure 4.38 showed that after cooling, it was not possible to reproduce the set of 

conformations that were in equilibrium at room temperature. This demonstrated the 

irreversibility of the transition phenomenon observed and confirmed its quality as an 

aggregation phenomenon. It was quite remarkable that the structure of RetroAla5 at 

room temperature could be dissected into a linear combination of a structure rich in beta- 

sheet (for example the CD spectrum of RetroAla5 in ethanediol: water at -90°C) and a 

structure containing polyproline type II features (for example the CD spectrum of 

RetroAla3 in ethanedioliwater at room temperature). This confirmed that there was a 

small proportion of polyproline type II population at room temperature in the RetroAla5 

structural mixture in ethanedioliwater.

In agreement with the TFE titration behaviour, the temperature study implied a 

highly complex equilibrium between ordered (P sheet, p turn) and less ordered structures 

(polyproline type H).
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In conclusion, RetroAIaS in solution exists as a complex conformational 

equilibrium  between (3 turn type I, p sheet, polyproline type II with the possibility of 

other structures. When temperature or solvent perturbations were applied some of these 

conform ations were favoured and frozen out. In TFE, a p turn type I structure 

characterised by = 188 nm; = 201 nm, = 20 dm^ mole ' cm ' and A8„,i„ = 

-23 dm^ mole ' cm ' and a shoulder at 220 nm with a -6 intensity was predominant. 

While in ethanedioliwater, a p sheet stmcture characterised by = 192 nm; = 219 

nm, A8.„,„ = 22 dnr^ mole ' cm ' and A8,,: = -13 dnr^ mole ' cm ' was favoured.

20

P sheet

P turn

a - h e l i x

polyproline type II

200 240 260180
wavelength nm

Figure 4.53 Circular dichroism spectra of “pure” secondary structures.
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Far-UV CD Spectra of (Ala)o as a function of solvent.

0.2mg/mL, 0.05cm pathlength
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" -10
CO

<

-20

240 260220180 200

Wavelength (nm)

----------  1 0 0 % HgO

  25% TFE
  50% TFE

  100% TFE

Figure 4.25. Water/TFE titration of RetroAIaS at 20°C.
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Far-UV CD Spectra of (Ala)  ̂ as a function of solvent

0.2mg/mL, 0.05cm pathlength

- j  -1 0

-20

-30

260240220200180

Wavelength (nm)

--------- 1 0 0% HgO

  12.5% TFE 
  25% TFE 

  50% TFE 

  75% TFE 

  100% TFE

Figure 4.26. Water/TFE titration of RetroAIa4 at 20°C.
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Far-UV CD Spectra of (Ala)g as a function of solvent

0.2mg/mL, 0.05cm pathlength
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Figure 4.27. Water/TFE titration of RetroAIaS at 20°C.
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Figure 4.28. Water/TFE titration curve of RetroAia3 at two different wavelengths.
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Figure 4.29. Water/TFE titration curve of RetroAla4 at two different wavelengths.
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Figure 4.30. Water/TFE titration curve of RetroAIaS at two different wavelengths.
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Figure 4.31. CD spectra of RetroAIaS, RetroAla4 and RetroAIaS in water, at 20°C.
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Wavelength (nm)

0.2mg/mL, 0.05cm pathlength
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Figure 4.32. CD spectra of RetroAIaS, RetroAia4 and RetroAIaS in TFE, at 20°C.
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Figure 4.33. CD spectra of RetroAla3 in TFE and in Et(OH)2 :H20 (2:1 v/v) as a 
function of the temperature. The different temperatures at which the CD spectra were 
recorded were, in degree Celsius : in TFE, 34.5, 20.8, 12.1, 3.4, -4.8, -14.5, -34.5; in 
Et(OH),:H,0 (2:1 v/v), 20.4, 6.1, -5.5, -20, -31.1, -47.8, -63.1, -77.
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RetroAIaS in TFE
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Figure 4.34. RetroAIaS in TFE and in Et(OH) 2  iHjO (2:1 v/v) : Ae as a function of

the temperature.
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Figure 4.35. CD spectra of RetroAla4 in TFE and in Et(OH)2 iHjO (2:1 v/v) as a 
function of the temperature. The different temperatures at which the CD spectra were 
recorded were, in degree Celsius : in TFE, 30.7, 24, 12, -4.1, -12.2, -36.2; in Et(OH)2 

.//.O  (2.-/ v/W, 23./, 6.7, -23.3, -39.0, -70.3, -79.3.
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RetroAla4 in TFE
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Figure 4.36. RetroAla4 in TFE and in Et(OH) 2  iHzO (2:1 v/v) : Ae as a function of

the temperature.
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Figure 4.37. CD spectra of RetroAIaS in TFE and in Et(OH)2  :H20 (2:1 v/v) as a 
function of the temperature. The different temperatures at which the CD spectra were 
recorded were, in degree Celsius : in TFE, 23.1, 9.7, -5.4, -10.8; in EtiOHjj.H^O (2:1 
v/v), 20.7, 3.2, -31.4, -54.3, -69.8, -80.1, -90.1. The insert in the second spectrum shows 
the irreversibility of the conformational change when the sample is warmed up.
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Figure 4.38. RetroAIaS in TFE and in Et(OH) 2  iHzO (2:1 v/v) : As as a function of

the temperature.
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4.4.2.2 Temperature dependency analysis of the retro alanine analogues by 

one-dimensional NMR analysis

The lowest temperature allowed by the cooling system and the solvent-peptide 

system freezing point was -40°C. The highest temperature used was 50°C. As the 

temperature was raised, NMR spectra of 64 acquisitions each were recorded every 10°C. 

The state of the sample was checked systematically at very low temperature to make sure 

that it was still clear and that the peptide was in solution. The stack plots presented 

Figures 4.39,4.41,4.43 show how different regions of the peptide spectra evolved as a 

function of the temperature. The equivalent graphs, plotted as chemical shifts 

characteristic of each multiplet on the spectrum as a function of the temperature, are 

presented Figures 4.40, 4.42 and 4.44.

This experiment should permit the detection of any changes in the spectral 

parameters of individual proton multiplets as a function of temperature. Specifically, 

changes in chemical shifts and temperature coefficients (AS/AT), line widths (Aco = 

l/(7rT2)) and coupling constants could provide useful information on conformational 

equilibria, cooperative changes and specific conformations.
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Figure 4.39. 600 MHz NMR spectrum of RetroAla3 In TFE between -40°C and 

50°C. Expansions o f  the regions : (a) 0.5-3.5 ppm, ib) 4.0-4.4 ppm. ic) 6.6-8.0 ppm. 

Intensities were comparable on all spectra.
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Figure 4.40. Chemical shifts of RetroAIaS in TFE obtained on the Bruker AMX 
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4.4.2.2.1 Retro Ala3

Figure 4.39 focuses on the spectra of RetroAIaS and its expansions of three 

regions, namely 0.5-3.5 ppm (the fatty acid chain ends), 4.00-4.40 ppm (the protons 

from the C J and 6 .6-8.0 ppm (the NH protons), as a function of the temperature.

The first region (0.5-3.5 ppm) showed clearly the broadening of the multiplet 

structure of all moieties when the temperature was decreased from room temperature. 

The temperature of coalescence (see 4.2.2.2) was however still not reached at -40°C. 

The observed broadening of the CH  ̂multiplet at -30°C but not at -40°C was probably 

due to shimming difficulties at this temperature. The equivalent (A5/AT) graph (Figure 

4.40 (a)) showed no peak shifting as a function of temperature. The most striking 

observation that could be made on the first expansion (Figure 4.39 (a)) was the 

progressive separation of the two overlapping multiplets characteristic for HOOC-CH -̂ 

CH2-ÇH2-CO-, at 2.33 ppm, as the temperature decreased. However, the 3:1 ratio of the 

separated resonances implied that the conformation stabilised here had changed the 

environment of one proton only, probably restricting the mobility of the corresponding 

-CH2- group and rendering one proton magnetically non equivalent to the other proton 

on the same carbon atom. When the temperature was raised from room temperature to 

50°C, the resonances of the (CH )̂p group at 1.35 ppm, the HOOC-CHo-CHo-CHo-CO- 

at 1.92 ppm and HOOC-CHn-CHo-CHn-CO- at 2.33 ppm, were the only resonances 

affected. The chemical shift degeneracy of the Alai, Ala2 and Ala3 methyl doublets 

was removed above 30°C. As for the methylene from the carboxylic end at 2.33 ppm, 

a splitting of their resonances was also observed, implying that a different set of 

conformations was obtained.

The second region (4.00-4.40 ppm) characteristic of the protons from the three
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Cq behaved in a very similar way, since the temperature decrease involved peak 

broadening, but also resolution of the three C„ multiplets overlapping at high 

temperature (Figure 4.39 (b)). Figure 4.40 (b) showed three different temperature 

coefficients (AÔ/AT) for the shifting of the multiplets towards higher fields. One of 

them, AlaH„\ remained almost exactly at the same chemical shift over temperature 

change. This implied that Alai and Ala2 were more likely to be the loci of temperature- 

induced conformational change than Ala3. However a cooperative change observed 

figure 4.40 for AlaH„  ̂at -10°C indicated a conformational change around Ala3 at this 

temperature. The broad peak at 4.38 ppm in the spectrum at -20°C was the water peak 

shifting rapidly towards low fields as temperature decreased.

The third region (6.6-8.0 ppm) featured the 4 NH protons (Figure 4.39 (c)). 

These experienced broadening and shifting towards lower field as temperature lowered. 

The temperature coefficients were different for each NH protons (Figure 4.40 (c)). The 

NH proton from the CH,-(CHo)^-NH- ((NH)4) had a temperature coefficient of -6  ppb/K 

very comparable to (NH)3, but (NH) 1 and (NH)2 had the same temperature coefficient 

of -10 ppb/K. High values of amide proton temperature coefficients reflect exposure to 

solvent. In general, smaller temperature coefficients imply the involvement of NH in 

intramolecular H-bridges [55, 56, 52]. Here, the NH protons are probably oriented to the 

outside of the molecule towards the solvent. The temperature coefficients ranged from 

-6 to -10 ppb/K indicating significant differences in solvent exposure within the peptide. 

The temperature coefficients of (NH)1 and (NH)2 were higher than the one of (NH)3 

and (NH)4, implying that the N-terminus residues were more solvent exposed than the 

C-terminus residues. (NH)3 and (NH)4 could possibly be involved in stronger 

interactions such as H bonding which could explain their lower temperature coefficients. 

The most important feature observed on this stack plot was that CHi-(CHA„-NH-
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reached the temperature of coalescence around -30°C as the multiplet broadened into a 

singlet that gave two singlets at -40°C, implying that there were two different 

conformations for this proton and they had been stabilised at this temperature.

This temperature-dependent behaviour of the proton resonances was diagnostic 

for the presence of an equilibrium between different conformations of RetroAIaS (see

4.2.2.2 for details on temperature-dependence features) and thus confirmed the 

conclusions obtained from the CD analysis. When the temperature was decreased, it was 

easy to determine the loci of change within the molecule. They were attributed to the 

HOOC-CH2-CH2-CH2-CO- end, one of the p methyl protons, (C„) 1 and (C J2 , and the 

NH protons. These divided into two groups (NH)1 and (NH)2 which were highly solvent 

exposed and (NH)3 and (NH)4 which likely to form hydrogen bonds.

An hypothesis compatible with these observations would suggest a proximity of 

the carboxylic end HOOC-CH2-CH2-CH2-CO- to (NH)3 and (NH)4 favouring hydrogen 

bond interactions in the area.
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Figure 4.42. Chemical shifts of RetroAIa4 in TFE obtained on the Broker AMX 

600 MHz instrument, as a function of temperature. Regions : (a) 1.0-3.5 ppm, (b) 

4.15-4.40 ppm, (c) 6.6-8.0 ppm.
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4.4.2.2.2 RetroAla4

Figure 4.41 focuses on the spectra of RetroAla4 and its expansions of three 

regions, namely (a) 1.0-3.5 ppm (the fatty acid chain ends), (b) 4.15-4.40 ppm (the 

protons from the C J and (c) 6.6-8.0 ppm (the NH protons), as a function of the 

temperature. The temperature of coalescence (see 4.2.2.2) was not reached at -40°C.

The first region (1.0-3.5 ppm) showed clearly the broadening of the multiplet 

structure of all moieties when the temperature was decreased. In contrast with 

RetroAla3, the important features observed on this stack plot (Figure 4.41 (a)) were the 

progressive merging of the two multiplets characteristic of HOOC-CHo-CHo-CHo-CO- 

at 2:31 and 2.35 ppm and those of the (CH3)p at 1.37 ppm, as the temperature decreased. 

Note that the chemical shifts given are at room temperature unless otherwise stated. The 

equivalent graph (Figure 4.42) showed no peak shifting as a function of temperature 

except for a slight shift towards lower field for the multiplet centred on 2.31 ppm 

resulting in the above mentioned merging.

The second region (4.15-4.40 ppm) characteristic of the protons from the four 

C„ also showed peak broadening as the temperature decreased, and a better resolution 

of the four multiplets, that were overlapping at high temperature (Figure 4.41 (b)). 

The resulting three multiplets of ratio 2:1:1 implied that, at low temperature, the 

favoured conformation positioned the four C„ protons in three distinct electronic 

environments, while they were fairly similar at higher temperatures. Figure 4.42 gave 

more information on this structure. (CJ3 and (CJ4 shifted towards higher fields with 

the same temperature coefficients and overlapped all through the range of temperature, 

asserting the similarities in their electronic environment. The resonances of (C J1 and 

(CJ2 separated clearly as temperature decreased, from -20°C. The two residues adjacent 

to the carboxylic group end were thus the most affected by the conformation adopted at
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low temperature. The broad peak at 4.23 ppm in the spectrum at -10°C and at 4.38 ppm 

at -2 0 °C was the water peak, shifting sharply towards low fields as temperature 

decreased.

The third region (6.6-8.0 ppm) featured the five NH protons (Figure 4.41 (c)). 

These experienced broadening and shifting towards lower fields as temperature lowered, 

indicating a more electron withdrawing environment. The temperature coefficients 

ranged from -5 to -10 ppb/K (Figure 4.42 (c)) which was consistent with important 

differences in solvent exposure. The protons from CH,-CHtNH- and (NH)2 had a 

temperature coefficient of -6 ppb/K, which was very similar to the temperature 

coefficient of -5 ppb/K exhibited by (NH)4 and (NH)3. (NH) 1, the N-terminus residue 

was the most solvent exposed, with a temperature coefficient of -10 ppb/K. Figure 4.42 

(c) also showed several cooperative changes, affecting (NH)1 between 0°C and -10°C 

and (NH)2 between +10°C and 0°C. (NH) 1, the proton most affected by temperature, 

was defined as the major locus of conformational change.

An equilibrium between different conformations of RetroAla4 was detected by 

this temperature-dependent behaviour of the proton resonances confirming the CD 

results. When the temperature was decreased, a set of conformations was 

thermodynamically favoured. The loci of conformational change as defined by the 

chemical moieties mostly influenced by temperature, were found to be one of the 

underlined methylene groups at the carboxylic end of the chain (HOOC-CH2-CH2-CH2- 

CO-), the four C„ protons ((C Jl and (CJ2 in particular) and the five NH protons 

(especially (NH)1). This implied most probably important solvent interactions at the N- 

terminus end of the molecule and very likely the involvement of NH2, NH3, NH4, NH5 

in hydrogen bonds since their temperature coefficient was much lower than (NH) 1.
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4.4.2.2.3 RetroAIaS

Figure 4.43 focuses on the spectra of RetroAIaS and its expansions of three 

regions, namely (a) 1.0-3.5 ppm (the fatty acid chain ends), (b) 4.05-4.40 ppm (the 

protons from the C J and (c) 6 .8-8.2 ppm (the NH protons), as a function of the 

temperature. The temperature of coalescence (see 4.2.2.2) was not reached at -40°C.

The first region (1.0-3.5 ppm) showed clearly the broadening of the multiplet 

structures of all moieties when the temperature was decreased (Figure 4.43 (a)). At 1.4 

ppm, the p methyl protons which were non degenerated at high temperature started 

degenerating at lower temperature. This could be diagnostic of a regular conformation 

at low temperature and a heterogenous one at room temperature. The equivalent graph 

(Figure 4.44 (a)) showed a slight shifting towards lower fields for the proton at 2.87 

ppm, and towards higher field for the proton at 2.45 ppm, both from the complex non 

first-order spin system defined by HOOC-CHo-CHo-CO-. This indicated a change in 

conformational equilibrium for the carboxylic acid end as temperature decreased.

The second region (4.05-4.40 ppm) characteristic of the protons from the five C„ 

also showed peak broadening as the temperature decreased, and a slightly better 

resolution of the five multiplets, that overlapped at high temperature (Figure 4.43

(b)). The resulting three multiplets of ratio 1:3:1, implied that, at low temperature, the 

favoured conformation positioned the five protons in three distinct electronic 

environments, different from the two obtained at the highest temperatures. Remarkably, 

(CJ3, (C„)4 and (CJ5 shared a similar environment. Figure 4.44 (b) gave more 

information on the low temperature structure. The multiplets shifted towards higher 

fields with (C Jl and (CJ5 the most temperature dependent protons observed on the 

graphs, and (C Jl experiencing a cooperative change between 50 and 30°C.

The third region (6 .8 -8 .2 ppm) featured the six NH protons (Figure 4.43 (c)).
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These experienced broadening and all, except (NH)3 which remained almost unaffected, 

shifted towards lower fields as the temperature was lowered, signifying a more electron 

withdrawing environment. The temperature coefficients of -4 and -5 ppb/K were very 

similar for (NH)6 , (NH)4 and (NH)2, while (NH)5 and (NH)1 were the most exposed 

to solvent with coefficients values of -8 and -11 ppb/K (Figure 4.44 (c)). The NH 

protons with similar temperature coefficients evolved therefore in equivalent 

environments all through the temperature change. Low values of amide proton 

temperature coefficients reflected solvent shielding or hydrogen bonding. (NH)3 with 

a temperature coefficient of -1 ppb/K and to a lesser extent (NH)6 , (NH)4 and (NH)2 

were thus interacting internally while (NH)1 and (NH)5 had the solvent as their 

predominant environment. Cooperative changes were observed for (NH) 1 between 0 and 

-10°C and between -30°C and -40°C; for (NH)3 between 30 and 20°C, and for (NH)4 

and (NH)2 between -20 and -30°C.

An equilibrium between different conformations of RetroAla5 was asserted by 

this temperature-dependent behaviour of the proton resonances. When the temperature 

was decreased, the conformational equilibrium was modified and a set of conformations 

was thermodynamically favoured. The loci of conformational change were identified at 

the carboxylic end (HOOC-CH^-CHo-CO). at the (C„) 1 and (C^)5 protons and around the 

(NH)1 protons. The many cooperative changes involving almost all NH protons at 

different temperatures was indicative of a complex conformational behaviour, 

confirming the CD results. (NH)2, (NH)4 and (NH)6 presenting low temperature 

coefficients and the central (NH)3 proton characterised by the very low -1 ppb/K 

temperature coefficient, demonstrated the likelihood of intramolecular hydrogen 

bonding and thus of a higher folding of the peptide. This was also compatible with the 

CD results that indicated the possibility of the P turn being thermodynamically favoured
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at low temperature.
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Figure 4.43. 600 M H z N M R  spectrum  o f RetroAIaS in TFE betw een -40°C  and  

50°C. Expansions o f  the regions : (a) 1.0-3.5 ppm, (h) 4 .05-4.40 ppm, (c) 6.8-8.2 ppm. 

Intensities were comparable on all spectra.

247



Chapter 4 Design, synthesis and properties of conformationally-restricted PUFA analogues

Ea.a.
ÎIc(/>
s
Ê0)£.o

3.5

3

' 2 .5

1.5

1
-40 -30 -20 -10 0 10 20 30 40 50

Temperature (Celsius)

•CH3- 

- C betaH

HO OC-CH2-CH 2-CO-

HO OC-CH2-CH 2-CO-

H O OC-CH2-CH2-CO-

CH3-CH2-HN-

4.35

4.3 C alphaH I

C alphaH 4 4- C aiphaH 3

C alphaHS

C alphaH 2

4.25

4.2

4.15

Temperature (celsius)

-40 -30 -20 -10 0 10 20 30 40 50

Temperature (Celsius)

■ CH3-CH2-NH-, -5 ppb/K 

NH3, -I ppb/K

NH4, -4 ppb/K

■ NH2, -4ppb/K

■ NH5, -8 ppb/K 

■NH1, -11 ppb/K
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ppm, (c) 6.8-8.2 ppm.
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4.4.2.3 NMR of the PUFAs analogues

NOESY or ROES Y cross peaks yield distance information and are commonly 

used for the identification of polypeptide secondary structure in linear peptides, in 

solution [222-225]. Vicinal coupling constants are directly related to torsion angles 

through the dihedral angle 0 .

Two dimensional NMR experiments were thus performed on the PUFA 

analogues in order to gather structural information. This section focusses on the results 

of the NMR analysis.

4.4.2.3.1 Polyglycine analogues

The quantities of polyglycine analogues obtained by synthesis were low, and the 

number of experiments (Mass Spectrometry, NMR, CD, Biological testing) to be 

performed was quite extensive. The limited time available on the NMR machine did not 

allow good NOESY spectra to be obtained at such concentrations. However, by taking 

vertical and horizontal cross-sections of the NH and a (CH2) resonances, it was possible 

to determine the sequence of most peptides.

Because the two protons were degenerated, the coupling constants could 

not be obtained by direct readings from the ID or the 2D-J resolved spectrum. The C„ 

protons overlapped with the TFE peak and the ABX spin system they formed with NH 

could not be fully studied. No assignments are therefore given here.

Since, the precision of the volume determination was not good, given the low 

intensity of the spectrum, but that precise NOE volumes are not required for molecular 

modelling purposes, the NOEs intensities were classified into three categories, namely 

strong, medium and weak.
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4.4.2.3.1.1 Gly3

ID, 2D COSY, 2D NOES Y and 2D-J resolved proton NMR experiments were 

performed on Gly3 in d2-TFB. ID peak assignments were assisted by 2D COSY 

correlations. Table 4.6 summarizes the NMR information. The NOEs that were observed 

on cross sections are listed in Table 4.7.

5 (ppm)

Entity NH Others

CH,- 0.87

C H r(C H Jr 1.30

CH3-(CH2)2-CH2-CH2-C0 - 1.61

CH,-(CH2)2-CH2-CH2-CO- 2.31

Gly-1 7.41 3.95

Gly-2 7.61 3.92

Gly-3 7.69 3.99

HOOC-CH2-CH2-CH2-NH- 7.43

HOOC-CH2-CH2-CH2-NH- 3.31

HOOC-CH2-CH2-CH2-NH- 1.83

HOOC-CH2-CH2-CH2-NH- 2.36

Table 4.6 H chemical shifts (ô, ppm) of Gly3 in TFE-d2.
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Residue I (intraresidue) I (sequential) I (other)

Gly-1 aNS aN(l ,2)M CH3-(CH2)3-CH2-C0-NH(1)- m  

CH3-(CH2)2-CH2-CH2-C0-NH( 1 )- 

M

Gly-2 aNS aN(l ,2)M  

oN (2,3) M

Gly-3 aNS aN (2,3) M a, -NH(4)-CH2-(CH2)2-C00H M

-NH(4)-CH2-(CH2)2-C00H M

Table 4.7 GIy3 NOES Y cross peak intensities (I) in d2-TFE at 20°C.
S : strong; M : medium; W : weak.

4.4.2.3.1.2 GIy4 and RetroGIy4

ID, 2D COSY, 2D NOES Y and 2D-J resolved proton NMR experiments were 

performed on Gly4 and RetroGly4 in d2-TFE. Table 4.8 and 4.10 summarize the 

information obtained. The NOEs that were observed on cross sections are listed in Table 

4.9 and 4.11.
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5 (ppm)

Entity NH C„H Others

CH3- 1.13

CH3-CH2-CO 2.30

Gly-1 7.34 3.91

Gly-2 7.63 3.96

Gly-3 7.73 3.96

Gly-4 7.57 3.88

HOOC-CH2-CH2-CH2-NH- 7.29

HPOC-CH2-CH2-CH2-NH- 3.27

HPOC-CH2-CH2-CH2-NH- 1.84

HOOC-CH2-CH2-CH2-NH- 2.37

Table 4.8 H chemical shifts (ô, ppm) of Gly4 in TFE-d2.

Residue I (intraresidue) I (sequential) I (other)

Gly-1 aN M aN (l,2 )M C H 3 - C H 2 - C 0 - N H ( 1 ) -  m

Gly-2 aN M aN (l,2 )M

Gly-3 aN M aN (3,4) M

Gly-4 aN M aN (3,4) M a, NH(5 )-CH2-(CH2)2-C0 0 H M

-NH(5)-CH2-(CH2)2-C00H M 

-NH(5)-CH2-CH2-CH2-C00 W 

- N H ( 5 ) - C H 2 - C H 2 - C H 2 - C 0 0 H  m

Table 4.9 Gly4 NOES Y cross peak intensities (I) in d2-TFE at 20° C.

S : strong; M : medium; W : weak.
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5 (ppm)

Entity NH C„H Others

CH,- 1.12

CH3-CH2-NH- 3.28

CH3-CH2-NH- 7.07

Giy-1 7.5 3.95

Gly-2 and Gly-4 7.79 3.99

Gly-3 7.59 3.92

HOOC-CH2-CH2-CH2-CO- 1.92

H6 0 C-CH2-CH2-CH2-CO- 2.34

Table 4.10 H chemical shifts (5, ppm) of RetroGly4 in TFE-d2.

Residue I (intraresidue) I (sequential) I (other)

Gly-1 aN M aN (l,2 )M
NN(1,2)M

-NH( 1 )-C0-CH2-(CH2)2-C00H 
M
-NH( 1 )-C0-CH2-CH2-CH2-C00H
w

Gly-2 aN M aN (l,2 )M  

aN (2/4,3) M

Gly-3 aN M aN (2/4,3) M 

aN (3,2/4) M 

NN (2/4,3) W

Gly-4 aN M aN (3,2/4) M a, NH(5 )-CH2-CH3 M

-NH(5)-CH2-CH3 M

Table 4.11 RetroGly4 NOESY cross peak intensities (I) in d2-TFE at 20°C.

S : strong; M : medium; W : weak.
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4.4.2.3.1.3 GlyS and RetroGlyS

ID, 2D COSY, 2D NOESY and 2D-J resolved proton NMR experiments were 

performed on Gly5, in d2-TFE, but on RetroGly5, in d2-TFE, 10%H2O, because 

supplies of the very expensive d2-TFE were exhausted. Tables 4.12 and 4.13 summarize 

the information obtained. Minute quantities of Gly5 and limited time available on the 

NMR spectrometer resulted in unsatisfactory 2D NOESY and 2D-J resolved spectra. 

Insufficient data rendered the sequence and structure determination very difficult. The 

numbers following the Gly residue were therefore arbitrary and did not represent the 

sequence. The NOEs observed for RetroGlyS are listed in Table 4.14.

5 (ppm)

Entity NH Others

CH,- 1.13

CH3-CH2-CO 2.32

Gly-1 7.36 3.92

Gly-2 7.61 3.89

Gly-3 and Gly-4 7.66 3.96

Gly-5 7.77 3.98

HOOC-CH2-CH2-NH- 7.3

HOOC-CH2-CH2-NH- 3.51

HOOC-CH2-CH2-NH- 2.56

Table 4.12 H chemical shifts (ô, ppm) of GlyS in TFE-d2.

The numbers following the Gly residue are arbitrary and do not represent the sequence.
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5 (ppm)

Entity N H C . H Others

C H 3 - 1.06

C H 3 - C H 2 - N H - 3.17

C H 3 - C H 2 - N H - 7.57

Gly-1, Gly-3 and Gly-4 8 . 2 2 3.95

Gly-2 8.27 3 . 9 8

Gly-5 8.1 3 . 8 6

H O O C - C H 2 - C H 2 - C O - 2.56

Table 4.13 'H chemical shifts (Ô, ppm) of RetroGlyS in TFE-d2,10% H2O.

Residue I (intraresidue) I (sequential) I (other)

Gly-1 oN M -NH(1)-C0-CH2-C00H m

Gly-2 oN M aN (2,3/(l,4)) M

Gly-3 aN M

Gly-4 aN M

Gly-S aN M aN (2 ,3/(1,4)) M a, NH(6 )-CH2-CH3 M 

N, NH(6 )-CH2-CH3 W

-NH(6 )-CH2-CH3 S 

-NH(6 )-CH2-CH3 M

Table 4.14 RetroGlyS NOESY cross peak intensities (I) in d2-TFE, 10% HjO at 

20°C.

S : strong; M : medium; W : weak.
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4.4.2.3.2 Polyalanine analogues

ID, 2D TOCSY, 2D ROESY, and 2D-J resolved experiments were performed 

on the retroalanine analogues, both in TFE-d2 and in H2 0 :10% D2O.

4.4.2.3.2.1 RetroAla3

The results for RetroAla3, in each solvent system, are presented Tables 4.15 and 

4.17. The structural information obtained from comparing the TOCSY and ROESY 

spectra permitted the determination of the alanine sequence assignements. The 

intensities of the ROEs observed for RetroAla3, in each solvent are listed in Tables 4.16 

and 4.18.

5 (ppm) N̂H (Hz)

Entity NH CaH CpH Others

C H 3 - 0.89

CH3-(CH2)2- 1.32

C H 3  -(C H 2 ) 2 -C H 2 -C H 2 -N H - 1.53

C H 3  -(C H 2 ) 2 -C H 2 -C H 2 -N H - 3.21

C H 3 -(C H 2 ) 4 -N H - 7.03 6.0

Ala-1 7.25 4.25 1.39 5.0

Ala-2 7.46 4.26 1.39 5.8

Ala-3 7.41 4.30 1.39 6.6

H O O C -C H 2 -C H 2 -C H 2 -C O - 1.92

H O O C -C H 2 -C H 2 -C H 2 -C O - 2.33

Table 4.15 H chemical shifts (ô, ppm) of RetroAla3 in TFE-d2.
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Residue I (intraresidue) I (sequential) I (other)

Ala-1 aN  M  

P N M

a N ( l ,2 )  W - N H ( 1 ) - C 0 - C H 2 - ( C H 2 ) 2 - C 0 0 H  s

Ala-2 a N S

P N M

a N ( l ,2 )  W  

aN  (2,3) W  

N N (1 ,2 )  W

Ala-3 a N S

P N M

aN  (2,3) W a, NH (4)-CH 2-(C H 2),-C H , M  

N , NH (4)-CH 2-(C H 2),-C H , W

!

-NH(4)-CH2-(CH2)3-CH3 M  

-NH(4)-CH2-CH2-(CH2)2-CH3 W  

-NH(4)-(CH2)2-CH2-CH2-CH3 W

Table 4.16 RetroAla3 ROESY cross peak intensities (I) in d2-TFE at 20°C.
S : strong; M : medium; W : weak.
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5 (ppm) N̂H (Hz)

Entity NH C„H CpH Others

CH3- 0.89

CH,-(CH2)2- 1.28

CH,-(CH2)2-CH2-CH2-NH- 1.50

CH3-(CH2)2-CH2-CH2-NH- 3.16,3.21

CH3-(CH2)4-NH- 7.80 5.9

Ala-1 8.29 4.24 1.38 5.6

Ala-2 8.38 4.28 1.39 5.6

Ala-3 8.13 4.21 1.38 5.6

HOOC-CH2-CH2-CH2-CO- 1.85

HOOC-CH2-CH2-CH2-CO- 2.25,2.31

Table 4.17 ‘H chemical shifts (ô, ppm) of RetroAla3 in HjO: 10% D2O.

Residue I (intraresidue) I (sequential) I (other)

AIa-1 aN M aN(l,2) W -NH( 1 )-C0-CH2-CH2-CH2-C00H

PNM NN(1,2) W M

Ala-2 aN M 

pNM

aN(l,2) W 

aN (2,3) W 

NN(1,2) W

Ala-3 aNS aN (2,3) W a, NH(4 )-CH2-(CH2)3-CH, M

PNM PN (2,3) W P, NH(4)-CH2-(CH2)rCH, W 

N, NH(4)-CH2-(CH2)3-CH3 W

-NH(4)-CH2-(CH2)3-CH3 S

Table 4.18 RetroAIa3 ROESY cross peak intensities (I) in HjO: 10% D2O at 20°C.
S : strong; M : medium; W : weak.
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4.4.2.3.2.2 RetroAla4

The results for RetroAla4, in each solvent system, are presented Tables 4.19 and 

4.21. The structural information obtained from comparing the TOCSY and ROESY 

spectra permitted the determination of the alanine sequence assignements. The 

intensities of the ROEs observed for RetroAla4, in each solvent are listed in Tables 4.20 

and 4.22.

5 (ppm) N̂H (Hz)

Entity N H CaH CpH Others

C H 3 - 1.11

C H 3 -C H 2 -N H - 3.21

C H 3 -C H 2 -N H - 7.04 4.7

Ala-1 7.20 4.23 1.38 4.5

Ala-2 7.31 4.24 1.4 4.7

Ala-3 7.43 4.28 1.41 6.4

Ala-4 7.35 4.29 1.38 6.8

H O O C -C H 2 -C H 2 -C H 2 -C O - 1.92

H O O C -C H 2 -C H 2 -C H 2 -C O - 2.30;

2.36

Table 4.19 H chemical shifts (ô, ppm) of RetroAla4 in TFE-d2.
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Residue I (intraresidue) 1  (sequential) I (other)

Ala-1 aN S
PNM

aN (l,2 )M
NN(1,2)M

-NH(1)-C0-CH2-(CH2)2-C00H
s

Ala-2 aN S
PNM

aN (l,2 )M  
aN (2,3) W 
NN(1,2)M  
NN (2,3) W

Ala-3 aN S
PNM

aN (2,3) W 
aN (3,4) W 
NN (2,3) W 
NN (3,4) W

Ala-4 aN S
pNM

aN (3,4) W 
NN (3,4) W

a, NH(5 )-CH2-CH, M 
P, NH(5)-CH2-CH, W

-NH(5)-CH2-CH, M 
-NH(5)-CH2-CH3 W

Table 4.20 RetroAIa4 ROESY cross peak intensities (I) in d2-TFE at 20°C.
S : strong; M : medium; W : weak.
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Ô (ppm) N̂H (Hz)

Entity NH C„H CpH Others

CH 3 - 1.11

CH 3 -CH 2 -NH- 3.21

CH 3 -CH 2 -NH- 7.84 4.9

Ala-i 8.29 4.25 1.37 4.9

Ala-2 8.37 4.28 1.39 4.9

Ala-3 8.21 4.26 1.38 5.1

Ala-4 8.12 4.20 1.37 5.1

HOOC-CH 2 -CH 2 -CH 2 -CO- 1.85

HOOC-CH 2 -CH 2 -CH 2 -CO- 2.27;
2.31

Table 4.21 ‘H chemical shifts (ô, ppm) of RetroAla4 in H^O: 10% DjO.

Residue I (intraresidue) I (sequential) I (other)

Ala-1 aN W 
pNM

aN (l,2) W 
NN(1,2) W

-NH (1)-C0-CH2-(CH 2)2-C00H  m

Ala-2 aN M 
(3NM

aN (l,2 )M  
aN (2,3) W 
PN(1,2)M  
NN(1,2)M  
NN (2,3) M

Ala-3 aN M 
PNM

aN (2,3) W 
aN (3,4) W 
NN (2,3) W

Ala-4 aN S
PNM

aN (3,4) W a, NH(5 )-CH2-CH3 M 
P, NH(5)-CH2-CH3 W 
N, NH(5)-CH2-CH3 W

-NH(5)-CH2-CH3 M 
-NH(5), -CO-CH2-CH2-CH2- 
COOH W

Table 4.22 RetroAla4 ROESY cross peak intensities (I) in H^O: 10% D2O at 20°C.
S : strong; M : medium; W : weak.
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4.4.2.3.2.3 RetroAlaS

The results for RetroAlaS, in each solvent system, are presented Tables 4.23 and 

4.25. The structural information obtained from comparing the TOCSY and ROESY 

spectra permitted the determination of the alanine sequence assignements. The 

intensities of the ROEs observed for RetroAlaS, in each solvent are listed in Tables 4.24 

and 4.26

5 (ppm) N̂H (Hz)

Entity NH C„H Others

CH,- 1.13

CH3-CH2-NH- 3 .2s

CH3-CH2-NH- 7.09 S.9

Ala-1 7.S0 4.13 1.43 S.9

Ala-2 7.48 4.27 1.41 S.9

Ala-3 7.36 419 1.4S 6.1

Ala-4 7.42 4.17 1.4S 6.1

Ala-S 7.S1 4.22 1.44 S.9

HOOC-CH2-CH2-CO- 2.4S; 2.62 
;2.87

Table 4.23 H chemical shifts (ô, ppm) of RetroAlaS in TFE-d2.
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Residue I (intraresidue) I (sequential) I (other)

Ala-1 oN M 
PNM

aN (l,2) W 
PN(1,2) W 
NN(1,3) W

-NH (1)-C 0-C H 2-C H 2-C 00H  w

Ala-2 aN W 
PN W

aN (l,2) W 
aN (2,3) W 
pN(l,2) W 
NN(1,2)W  
NN (2,4) W

-N, -NH(1)-C0 -CH2- CH2-COOH
w

Ala-3 aN W 
PN W

aN (2,3) W 
aN (3,4) W 
pN (3,4) W 
NN(1,3)W

Ala-4 aN W 
PNM

aN (3,4) W 
aN (4,5) W 
NN (2,4) W 
NN (4,5) W

Ala-5 aN M 
PN W

aN (4,5) W 
NN (4,5) W

a, NH(6)-CH2-CH, W 
P, NH(6)-CH2-CH, W 
N, NH(6 )-CH2-CH3 M

-NH(6 )-CH2-CH3 M

Table 4.24 RetroAlaS ROESY cross peak intensities (I) in d2-TFE at 20°C.
S : strong; M : medium; W : weak.
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5 (ppm) (Hz)

Entity N H C«H Others

C H 3 - 1.11

C H 3 -C H 2 -N H - 3.21

C H 3 -C H 2 -N H - 7.72 4.5

Ala-1 8.36 4.213 1.394 5.1

Ala-2 8.02 4.238 1.401 6.0

Ala-3 8.08 4.238 1.406 6.0

Ala-4 8.31 4.263 1.411 6.0

Ala-5 7.99 4.207 1.387 6.0

H O O C -C H 2 -C H 2 -C O - 2.48; 2.53

Table 4.25 H chemical shifts (ô, ppm) of RetroAlaS in H2O: 10% D2O.
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Residue I (intraresidue) I (sequential) I (other)

Ala-1 aN M 
PNM

aN (l,2 )M  
pN (l,2)W  
NN(1,4) W 
NN(1,2) W

-N H (1)-C 0-C H 2-CH 2-C00H  s  
-NH (1)-C 0-C H 2-CH 2-C00H  s

Ala-2 aN M 
pNS

aN (l,2 )M  
aN (2,4) W 
PN(1,2) W 
PN (2,4) W 
NN(1,2) W

-N H (1)-C 0-C H 2-CH 2-C00H  w

Ala-3 aN S
PNM

aN (2,3) W 
aN (3,4) W

AIa-4 aN M 
PNM

aN (3,4) W 
aN (2,4) W 
aN (4,5) W 
PN (2,4) W 
PN (4,5) W 
NN (4,5) M

Ala-5 aN M 
pN W

aN (4,5) W 
pN (4,5) W 
NN (4,5) M

a, NH(6 )-CH2-CH, M 
N, NH(6 )-CH2-CH3 W

-NH(6 )-CH2-CH3 M

Table 4.26 RetroAlaS ROESY cross peak intensities (I) in H2 0 : 10% DjO at 20°C.
S : strong; M : medium; W : weak.
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4.4.2.3.3 Analysis of the NOESY or ROESY cross peaks patterns

There were very few NOESY cross peaks in the polyglycine analogues spectra 

due to a combination of low peptide concentration and limited experimental time. There 

were slightly fewer cross peaks for all samples in water than in TFE, as expected, TEE 

being a secondary structure promoter.

The observation of sequential NN(i, i+1) crosspeaks is known to be consistent 

with helical structure [226]. None were observed in Gly3 and RetroGlyS, in TFE, 

whereas NN(1,2) and NN(2,3) were observed in RetroGly4, in TFE. The Retro Ala 

analogues were richer in this type of features with NN(1,2) obtained in RetroAla3, in 

TFE and in water, NN(1,2), NN(2,3) and NN(3,4) in RetroAla4, in TFE, and NN(1,2) 

and NN(2,3), in RetroAla4, in H2O, and finally NN(1,2), NN(1,3), NN(4,5) for 

RetroAlaS, in TFE and NN(1,2), NN(1,4), NN(4,S) for RetroAlaS in water. Observable 

NOESY or ROESY oN(i,i+2) crosspeaks are characteristic of 3,o helix, beta turns and 

polyproline type H segments of polypeptides whilst observable aN(i,i+4) are 

characteristic of a-helix [226]. These patterns were only observed in the case of 

RetroAlaS in water where aN(2,4) was most probably consistent with the presence of 

polyproline type II conformers or beta turns as the 3,o helix is energetically less favoured 

in such short peptides.

 ̂ coupling constants are directly related to torsional angles and therefore are 

a reliable indication of population of certain conformers. For instance, segments of 

sequential ^Jg^<6Hz indicate helical conformers [227]. The polyalanine analogues 

studied presented ranging from 4.5 to 6.8 Hz and thus were likely to exhibit helix

like conformers, confirming the CD results. However, the weakness of the NMR 

patterns and the absence of other characteristic cross peak features, led to the conclusion
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that a conformational equilibrium between helix-like structure and other types of 

structure was present.

Since the peptides studied were short and sufficient NMR constraints were 

available, models of the polyglycine and polyalanine analogues were calculated.

4Â.2.4 Refined molecular models of the PUFAs analogues

NOESY and ROESY cross peaks observed on the NMR spectrum were used as 

distance constraints, while values defined torsion angle constraints, in structure 

geometry and MD experiments (see details sections 4.4.1.2.3 and 4.4.1.2.4). 10 random 

structures were generated by distance geometry for each peptide and they were 

submitted to MD. The resulting structures were minimised and best fitted using the C„ 

atoms as reference, to obtain the refined models presented Figures 4.45 to 4.54. Table 

4.27 presented the phi and psi angles of the arachidonic acid analogues representative 

structures. Only phi and psi torsion angles are given here, since the fitting was 

concentrated on the peptide backbone. They are given for information only and are not 

discussed further since they did not comply with the ones expected for defined structures 

such as a helix, p strands or turns.

4.4.2.4.1 Refined molecular models of the polyglycine and retro-polyglycine 

analogues

The triglycine analogue, Gly3 (Figure 4.45, table 4.27)), in TFE, yielded an 

“helix” type of structure as expected (see 4.2.3.2.2), in vacuum, in spite of such a short 

peptide sequence. The low RMS (Root Mean Square) deviations were consistent with 

a rigid peptide chain. However, the fatty ends were very mobile as observed figure 4.45.
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Two clusters of highly similar structures could be defined from the 10 low energy 

conformations. The first cluster indicated that 5 structures fitted with high degrees of 

rigidity (low RMS spread) in a “sinusoidal” conformation. The second cluster 

highlighted 2 conformations with the 3 Gly residues in a helix-like structure.

Gly4, in TFE (Figure 4.46, table 4.27), was more of a bend type of structure, 

centred between (Gly)2 and (Gly) .̂ The RMS values, significantly higher than for Gly3, 

indicated a lesser degree of rigidity of the chain.

The retro-polyglycine analogues, RetroGly4 and RetroGlyS (Figures 4.47 and 

4.4È, table 4.27), in TFE, defined “helix” types of structure. The 10 low energy 

conformers obtained for RetroGly4 could be subsequently divided into 2 clusters. 

Cluster 1 contained the majority of structures (7), which were characterised by the 4 Gly 

residues folding into an helix-like conformation. Cluster 2, formed by only two 

structures had a clear bend centred on (Gly)^. All 10 structures had very low RMS (see 

figure 4.47), again demonstrating high rigidity. RetroGlyS was less rigid as indicated by 

higher RMS values than RetroGly4 (see figures 4.47 and 4.48).

It was clearly shown in the figures, as reflected in the multiplicity of structures 

and the RMS values, that the polyglycine chain was relatively rigid, while the fatty ends 

were very mobile, due to the absence of or the minimal interactions with the peptidic 

chain. In addition, it seemed that the fatty ends chain length played a role in the rigidity 

of the peptide. The longer the fatty chain, the more rigid the molecule due to steric 

hindrance, as observed when comparing Gly3 and Gly4. Naturally, the number of 

residues in the chain was also an important factor influencing rigidity. It was expected 

that more intra-molecular interactions would be obtained, thus increasing rigidity, as 

more residues were added. This was however not observed when comparing RetroGly4 

and RetroGlyS, where rigidity diminished as the number of Gly residues increased. It
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was concluded that the limiting factor for rigidity was the fatty chain length and not the 

number of residues.

( (p ,v ) (tPi^Vi) (92 , ^ 2) (93 ,93 ) (94 ,94 ) (95 ,95 )

Gly3 in 
TFE

cluster 1 
cluster 2

(-39.4, -36.6) 

(83.2, 35.2)

(178.7, 178.9) 

(-149.1,43.0)

(-62.5,-20.1)

(64.0,-178.4)

Gly4 in 
TFE

(95.4, 140.5) (-63.4, 147.7) (-74.1,-28.2) (-57.8, 154.7)

RetroGly4
in;TFE

cluster 1 
cluster 2

(-179.8,64.3)

(94.8,-178.1)

(1.9, -64.0) 

(-135.5, 56.6)

(-175.6, 161.1) 

(-175.8,-124.3)

(-1.0, 65.5) 

(64.1,-105)

RetroGlyS 
in TFE

(75.0, 1.6) (-70.9, 170.4) (-86.7, 158.0) (-54.9, 158) (81.5, 1.0)

RetroAlaS 
in TFE (61.1,-76.6) (-65.4,-41.8) (39.0, 48.8)

RetroAlaS 
in H2O (81.6,-69.3) (67.4, -160.9) (-39.4, 109.4)

RetroAla4 
in TFE (159.1,-45.0) (-39.9, -34.8) (54.5, 59.8) (-177.2,159.7)

RetroAla4 
in H2O (77.5, 50.7) (146.0, 50.9) (64.7,-61.1) (46.9, 98.5)

RetroAlaS 
in TFE

cluster 1 
cluster 2

(-107.4, 89.9) 

(-109.8,59.7)

(113.4, -27.6) 

(-110.1, 14.8)

(102.0, 60.1) 

(-94.8, 35.6)

(-45.3, 141.3) 

(-74.1, 166.3)

(-179.1,-62.1) 

(-49.8, -64.4)

RetroAlaS 
in TFE

cluster 1 
cluster 2

(63.2, 130.4) 

(90.6, 23.2)

(-115.4, -36.2) 

(60.4, 87.7)

(-41.5,-60.3)

(36.6,-127.9)

(-67.3, -46.7) 

(151.2,-82.4)

(-50.1,-55.8)

(-44.1,-55.0)

Table 4.27 Representative ((p,Y) angles of the peptido-PUFAs analogues.
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Figure 4.45. GIy3 in TFE: refined models obtained after molecular dynamics 
simulations, (o) 10 superimposed low energy structures (average RMS : 0.857À), (b) 
cluster I: superimposition o f 5 highly similar structures (average RMS: 0.453A), (c) 
cluster 2: superimposition o f 2 highly similar structures (RMS: 0.520 A).
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Figure 4.46. Gly4 in TFE: refined models obtained after molecular dynamics 

simulations 10 superimposed low energy structures (average RMS : 1.889 Â).
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Figure 4.47. RetroGly4 in TFE, refined models obtained after molecular dynamics 
simulations including ribbon representation of peptide backbone, (a) 10
superimposed low energy structures (average RMS : 1.090), (b) cluster 1: 
superimposition of 7 highly similar structures (average RMS: 0.630), (c) cluster 2: 
superimposition o f 2 highly similar structures (RMS: 0.378).
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(a)

(b)

Figure 4.48. RetroGlyS in TFE, refined models obtained after molecular dynamics 
simulations. 10 superimposed low energy structures (average RMS : 1.829) : (a) wire 
frame representation, and (b) ribbon representation o f peptide backbone.
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4.4.2.4.2 Refined molecular models of the retro-polyalanine analogues

The retro-polyalanines were studied in TFE and in water, and models were 

generated from both sets of data.

RetroAlaS (Figure 4.49, table 4.27) and RetroAla4 (Figure 4.50, table 4.27) 

presented a structure similar in shape to the y turn [218] in both solvents. In water, two 

clusters of highly similar structures, could be defined for the RetroAlaS models. The first 

cluster, superimposing 5 of the 10 low energy structures, agreed with the y turn shape, 

while the second cluster, including 4 of the 10 structures, corresponded to a bend 

conformation. Bend conformations were expected, for RetroAlaS, before the NMR- 

derived constraints were applied. The molecular modelling refinement based on 

experiments carried out in solvent and not vacuum, was the reason for obtaining 

different conformations. The difference observed was therefore attributed to the 

presence of solvent molecules. While in vacuum the only interactions can be 

intramolecular, when solvated, the peptide can and does interact also with the solvent. 

RetroAlaS had a more rigid polyalanine chain than RetroAla4, as reflected in the 

multiplicity of structures and the RMS values (Figures 4.49 and 4.50). As for the 

polyglycine analogues, the shorter (CH3-CH2- instead of CH3-(CH2 )4~) fatty chain of 

RetroAla4 did not create the steric hindrance that enabled the constriction of the last 

peptide bond of RetroAlaS. If rigidity is to be compared in different solvents, it was 

higher in the helix promoter TFE (see RMS values in figures 4.49 and 4.50), as 

expected.
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Figure 4.49. RetroAlaS refined models obtained after molecular dynamics 
simulations. 10 superimposed low energy structures (a) in TFE (average RlvlS: 0.373), 
(h) in water (average RMS: 0.543), (c) cluster I: superimposition o f 5 highly similar 
structures (average RMS: 0.074), (d) cluster 2: superimposition o f 4 highly similar 
structures (average RMS: 0.197).
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(a)
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(b)

Figure 4.50. Retro Ala 4 refined models obtained after molecular dynamics 
simulations. 10 superimposed low energy structures (a) in TFE (average RMS: 2.034), 
(b) in water (average RMS: 2.133).
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Figure 4.51. RetroAlaS in TFE refined models obtained after molecular dynamics 
simulations, (a) 10 superimposed low energy structures (average RMS : 1.599), (b) 
cluster 1: superimposition o f 4 highly similar structures (average RMS: 0.520), (c) 
cluster 2: superimposition o f 5 highly similar structures (RMS: 0.861).
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Figure 4.52. RetroAlaS in water, refined models obtained after molecular dynamics 
simulations, (aj 10 superimposed low energy structures (average RMS : 1.960) 
tnchMing ribbon representation o f peptide backbone, (b) cluster 1: superimposition o f 
8 highly similar structures (average RMS: 1.231), (c) cluster 2: superimposition o f 2 
highly similar structures (RMS: 0.975).
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RetroAlaS (Figures 4.51 and 4.52, Table 4.27) favoured a folded structure of the 

helix type, in both solvents as shown by the models obtained and their clusters. This 

structure was less mobile than the ones found for RetroAla4, but more mobile than 

RetroAlaS and, as expected, more mobile in water than in the helix promoter TFE, as 

indicated by the lower RMS values. A longer peptide chain should enhance folding 

capabilities, since the possible intramolecular hydrogen bonds are more numerous, and 

this is what was observed here, as opposed to the retroglycine analogues. However, the 

two fatty ends were here at their minimal length compared to the other two polyalanines 

and this, as for RetroAla4, should explain the lack of rigidity of the structure, as 

corhpared to RetroAlaS (see RMS values in figures 4.49 to 4.52).

The models obtained, after refinement, were satisfactory with regard to their 

decreased mobility, as compared to arachidonic acid, as expected from the preliminary 

molecular modelling study (section 4.2.S.2). These models resulted from experimental 

data, since they were generated by molecular modelling calculations based on NMR 

constraints. They therefore confirmed, experimentally, the conformational restrictions 

expected.

The peptide chain and their fatty termini played a crucial role in the structure 

adopted. As the number of residues increased, the limiting factor for rigidity appeared 

to be the fatty termini chain length.

The analogues were less restricted in water, but still significantly constrained to 

permit a possible selection of a specific activity of arachidonic acid in vivo. Biological 

testing has still to be performed in physiological conditions to check for activity against 

some of the enzymes involving arachidonic acid.
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4.4.2.S Comparison of the results obtained from CD and NMR

Two techniques, CD and NMR, offering complementary information on 

secondary structure were employed in the study of the polyglycine and polyalanine 

analogues. The results obtained from each technique are compared in this section.

The CD spectra of glycine analogues in TFE and in water exhibited very low 

optical activity which did not permit their analysis. They were very few NOES Y cross 

peaks in the polyglycine analogues due to a combination of low peptide concentration 

and limited experimental time. Sequential NN(i, i+1) crosspeaks, which are consistent 

with helical structures, were only observed in the RetroGly4 spectra in TFE. This was 

in agreement with the “helix” like structure found in the molecular models after 

refinement. As a consequence of the small number of distance constraints obtained for 

the polyglycine analogues, the models based on the NMR data were relatively flexible 

as indicated by the RMS values of the fitted 10 low energy conformers (Figures 4.45 to 

4.48).

The results of both the CD experiments and the NMR at low temperature agreed 

with the presence of a conformational equilibrium for RetroAlaS. The CD spectra 

revealed that polyproline type II was the likely predominant structure, while p turns were 

consistent with the minor structure involved in the equilibrium. One NN(i, i+1) was 

observed in TFE and in water, which was in agreement with the helical structure 

indicated by the CD experiments. The NMR based models in both TFE and water 

confirmed the CD hypothesis by highlighting an extended backbone in both solvents.

Sim ilarly, the C D  experim ents and the N M R  experim ents at low  temperature
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agreed with the presence of a conformational equilibrium for RetroAla4. This time at 

least three conformations seemed to be involved in the equilibrium, but the predominant 

one was still polyproline type H, while the likely others were probably p turn structures. 

More sequential NN(i, i+1) ROES Y crosspeaks were observed here, in agreement with 

the helical structure indicated by both the CD experiments and the likely involvement 

of most NH protons in hydrogen bonds as shown by the NMR at low temperature. The 

NMR-based models in both TFE and water confirmed these results by presenting an 

extended backbone, both in TFE and water.

RetroAlaS also presented a conformational equilibrium as indicated by both the 

CD experiments and NMR at low temperature. The solvent dependency was high and 

RetroAlaS behaved differently in TFE, where it exhibited a p turn type I structure, in 

water/Et(OH)2 , where p sheet structure was predominant as aggregation took place, and 

in pure water, where polyproline type II was preferred as for the shorter RetroAlaS and 

RetroAla4. This was in agreement with the 2D NMR results that presented NN(i, i+1) 

cross peaks in both solvents, indicative of helical structure, and NN(i, i+2) in water, 

diagnostic for polyproline type H structures. The NMR-based models once again 

complied with the results from the CD experiments, clearly highlighting an helical 

structure in both solvents.

4.5 CONCLUSION

Arachidonic acid and more generally the PUFAs are involved in key biochemical 

processes and have various functions [3] that make them a target of choice for mimetics 

based drug design. Indeed, if one particular conformer or set of conformers is selected 

by conformation restriction it is likely that a particular biological function is also
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selected.

Arachidonic acid’s structure was studied by molecular modelling simulations and 

several low energy conformations were identified. These showed hairpin structures, 

crown-like structures and a diversity of other structures, some of them similar to helices 

found in peptides and proteins.

To determine the existence of these conformations experimentally, cryogenic 

NMR was applied to arachidonic acid in two different solvents namely methanol and 

chloroform. The presence of an equilibrium between several stable conformers was 

ascertained since when temperature was decreased the different components of the 

equilibrium and/or their proportions varied as observed by the variations in proton 

chemical shifts and peak broadening.

The design of conformationally-restricted PUFAs was suggested to “freeze out” 

some of the arachidonic acid stable conformations. Methylated analogues, obtained by 

mono-methylation of the carbon between each double bond of arachidonic acid, and 

peptido-analogues, obtained by isosteric substitution of the double bonds by peptide 

bonds [215,216], were built by molecular modelling and their low energy conformations 

were studied after molecular dynamics calculations had been carried out. The methylated 

arachidonic acid analogues were successfully conformationally-restrained, as they 

clearly selected some, rather than all, of the arachidonic stable conformations, as 

observed on the torsion angle distribution charts. These conformations corresponded to 

“bend”, “crown” and “helix” type structures, depending on the stereoisomer considered. 

The peptido-arachidonic acid analogues built with glycine and alanine residues were 

also successfully conformationally-restrained. The torsion angle distribution charts and 

the molecular model representations showed that some conformers were favoured. They 

corresponded to “bend”, “y turn”, and “helix” type structures, and the polyalanine
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analogue was interestingly characterised by consecutive phi and psi angles 

corresponding to the p strands region o f the Ramachandran plot.

The arachidonic acid analogues designed by molecular modelling had low energy 

conformations that selected one or several arachidonic acid conformers and could  

therefore be equally considered for experimental validation of their structures. However, 

only the peptido-analogues, were considered for organic synthesis, as they could be 

more easily obtained than the methylated arachidonic acid analogues. Peptido- and retro 

peptido-arachidonate analogues, peptido- and retro peptido-eicosapentaenoate 

analogues, peptido- and retro peptido-docosahexaenoate analogues, based on a 

polyglycine backbone, were synthesised, as well as the equivalent analogues based on 

a retro-polyalanine backbone.

Different analytical techniques, such as circular dichroism and one- and two- 

dimensional NM R, in different solvents and at different temperatures were applied to 

these analogues. The glycine analogues could not be studied by CD because o f their lack 

of chiral centres. However, the results o f the CD measurements for the retro-polyalanine 

analogues showed that they all existed in solution as a conformational equilibrium  

between two or more structures. Polyproline type II was the predominant structure for 

RetroAlaS and RetroAla4 and minor stmctures were compatible with p structures. When 

dissolved in the helix promoter TFE, the proportion o f ordered structures (P structures) 

was increased, as expected. The behaviour o f RetroAlaS was much more complicated. 

It existed in solution as a complex equilibrium between p turn type I, p sheet, 

polyproline type II and maybe other structures.

The retro-polyalanine analogues were submitted to 1-dimensional proton NM R  

at low temperature. Their temperature behaviour was diagnostic for the presence o f an 

equilibrium between different conformations and thus confirmed the conclusions
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obtained from the CD analysis. These NMR experiments also allowed the determination 

o f specific structural features such as the loci for possible hydrogen bonds or folding. 

RetroAlaS was found solvent exposed at the N  terminus and likely to form hydrogen 

bonds at the C terminus. Similarly, RetroAla4 and RetroAlaS were found solvent 

exposed at the N terminus, while the other amino groups were likely to form hydrogen 

bonds. In particular, for RetroAlaS, a p turn in the centre of the backbone seemed to be 

preferred, once again confirming the CD results. Two-dimensional NM R experiments 

(COSY and NOESY for the polyglycine analogues, TOCSY and ROBSY for the 

polyalanine analogues) were performed on the PUFAs analogues in order to obtain 

distance constraints information. These constraints were used in molecular dynamics 

simulations o f the peptide analogues and led to refined molecular models. Ten lower 

energy models were selected for each analogue and were best fitted using the backbone 

C„ atoms as reference. All the models complied with a relatively rigid backbone, as 

indicated by the plotted overlapping models and the RMS values between them. It was 

not possible to characterise the structures in terms of defined secondary structure, at this 

point, since the obtained (\(/, (p) angles did not present any similarities with known 

structures. However, the observed shapes of the models were used to denominate them  

and compare them with arachidonic models and models before refinement.

Overall, the results o f the combined CD, high field NM R and molecular 

modelling experiments indicated that the low energy conformations o f the arachidonic 

acid analogues presented a satisfactorily constrained peptide backbone and that the 

analogues existed in solution as an equilibrium between different conformers. A set o f 

conformers had been selected rather than a specific one. However, since this set was 

smaller than the arachidonic acid one, as indicated by the early modelling work, and was 

predominantly composed of polyproline type II structures, as shown by the CD
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experiments, the success of the conformational restriction could be nonetheless claimed. 

The existence of these PUFAs peptido-analogues as an equilibrium rather than as a 

unique stable conformation is not incompatible with the selection of a particular 

function of the PUFAs since linear peptides are unlikely to be rigid unless involved in 

specific receptor complexation.

Structure-activity relationships of such analogues have yet to be studied. Since 

the designed peptides are analogues of arachidonic, eicosapentaenoic and 

docosohexaenoic acids, it is now planned within the laboratory to design enzymological 

experiments that would test the activity of these peptides against series of 

phospholipases and cyclo-oxygenases. It is hoped that the selection of specific biological 

activities of the parent PUFAs by the selection of specific conformations will lead to the 

synthesis of potent and useful inhibitors of these enzymes.
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CHAPTER 5

Conclusion and Scope for Further Work

‘Je suis venue te dire que je  m ’en vais... ” 

Serge Gainsbourg
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Chapter 5__________________________________________________________________ Conclusion

5.1 Profiling by NMR of lipids and water metabolites in mushrooms, fungi and 

plants.

Research on lipids and their metabolites has become a major activity in 

molecular biochemistry with the analytical methodology for lipids and related 

compounds evolving rapidly. The extensively used chromatographic techniques, 

although well established, are labour-intensive and time consuming, and now have been 

in some instances overtaken by the NMR lipid profile approach, which has the 

advantages of rapidity, comprehensiveness and is non-destructive.

The NMR approach has been applied extensively in animal and human studies 

on tissues and fluids but in comparison, the NMR analysis of tissues from plants and 

fungi has been largely overlooked. Ni and Eads [38] used proton NMR to determine the 

metabolite profiles of intact tissues from grape, banana and apple and have been the only 

researchers so far to apply this technique. Important biological and medical information 

can be obtained from looking at lipids from plants and fungi together with their water 

soluble metabolites; for instance, the interdependence between membrane lipids identity 

and un saturation index in the chilling sensitivity of plants is still to be investigated 

further [263, 264]. In addition, the hypocholesterolemic properties of different 

mushrooms, such às Auricularia-auricula (tree-ear), Tremella fuciformis (white jelly- 

leaf) [265], Pleurotus abalonus, Tricholoma giganteum, Auricularia polytricha [266], 

Pleurotus ostreatus (oyster mushroom) [267], Lentinus edodes (shiitake mushroom) 

[268], Volvariella volvacea (straw mushroom) [269] and Grifola frondosa (maitake 

mushroom) [270] have been demonstrated. The screening of mushrooms, fungi and

287



Chapter 5__________________________________________________________________ Conclusion

plants for biologically active metabolites (whether toxic or therapeutic) also requires 

thorough metabolite analysis [271-275].

In the first part o f this thesis, the NMR lipid assay was applied for the first time 

to Agaricus bisporus, the common mushroom and has also been successfully extended 

to its water soluble metabolites, thus demonstrating the versatility and usefulness o f this 

technique for total lipid and water metabolites analysis. The proton NM R assignments 

o f the metabolite spectra were achieved in this thesis by referring to and comparing with 

published data, and by analysing the cross peaks o f 2D NM R spectra. The majority o f  

the lipids and water soluble metabolites were identified by using solely the IH NM R  

approach. Quantitation o f lipids and fatty acids relative to total lipids was also 

achievable but quantitative analysis of the water soluble metabolites was much more 

difficult because o f larger numbers of overlapping signals in the ID spectrum. However, 

the goal o f this study was to concentrate on lipid analysis and carry out a limited water 

soluble metabolite analysis.

The NM R lipid assay was improved, by introducing Bond Elut chromatography 

for lipid separation prior to the NMR experiment. Dividing the lipid mixture into four 

or five different but classified fractions depending on polarity, enhanced the specificity  

and sensitivity, particularly o f low abundant lipids. The results were, in general, in good 

agreement with those obtained by other workers using different techniques.

Several drawbacks still limited the NMR analysis approach. Lipids, such as PA  

and PG are difficult to analyse by proton NMR, partly due to their low abundance, and 

also because o f their lack o f specific head group signals. Similarly, the discrimination 

between ether lipids bearing different head groups is not easily made, and the spectra o f  

the water soluble metabolites contained overlapping peaks. It should be possible
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however, to resolve the NMR spectra of these species if the sample is subjected to a 

higher applied magnetic field (> 500 MHZ). Other difficult to detect lipid species 

included lysophospholipids, gangliosides and highly phosphorylated inositol lipids but 

this could be due to inefficient extraction or their low abundance. Finally, esterified 

monounsaturated fatty acids were unassigned due to the lack of specific diagnostic 

resonances, and their quantitation was achieved indirectly by subtraction.

An obvious approach to improving NMR assays is to pre-separate with HPLC 

prior to NMR analysis or directly coupled to NMR. Lipid and metabolite assays by 

HPLC have been developed extensively and although single assays are not truly 

corhprehensive, established multiple assays are available [17, 276]. However, one major 

advantage of the NMR approach, rapidity, is partially sacrificed, as one complete HPLC 

elution usually requires 30 to 60 min, and numerous elutions are necessary in order to 

accumulate sufficient amount of substrate for an adequate proton spectrum. Metabolites 

from different plants have recently been analysed by the combinations of HPLC-NMR 

and HPLC-UV-MS and these combinations of techniques have proved most efficient 

[277-279]

Current progress in NMR technology will provide improvements in the NMR 

metabolite profiling assays. Firstly, advances in NMR processing software will enable 

substantial spectral enhancements to be made and this will be valuable in identifying 

low abundance metabolites. Secondly, the latest commercial NMR instruments can 

provide up to 800 MHz in proton frequency, which can improve both the sensitivity and 

the resolution

By combining the technological enhancements described, the potential for 

metabolite profiling by NMR is considerable.
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5.2 Diagnosing CAD by NMR

Significant differences were found between 20 patients and 6 healthy volunteers, 

including elevated cholesterol, diminished triglyceride content and decreased quantities 

of diacylglycerophospholipids. The cholesterol increase coincided probably with high 

cholesterol levels in blood plasma. The difference observed in 

diacylglycerophospholipids content was explained by the increased platelet lipid 

metabolism occurring during platelet activation. An attempt was made to relate the 

magnitude of the differences with the type and seriousness of the disease. The trend 

appeared to be an increase in significant differences as seriousness increased; however, 

exceptions occurred and these were tentatively allocated to the variations in drugs given 

to the patients as part of their treatment. Drug intake was probably also the reason for 

the surprising lower levels of triglycerides in patients. It was not possible to establish 

any further significance from these results since the sample size of the study was small 

and the patients were on a diverse range of medications.

However, the results overall were encouraging and reinforced the usefulness of 

the NMR technique as an investigative diagnostic tool. Hypercholesterolemia with an 

associated excess low density lipoprotein and disturbances in platelet functions being 

among the known risks factors of coronary artery disease, further studies on the lipid 

metabolism of platelets are necessary, using the methodology proposed here, but on a 

wider clinical scale.
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5.3 Design studies of conformationally restricted PUFAs analogues

Arachidonic acid and more generally, PUFAs, are involved in key biochemical 

processes and have varied functions that make them an ideal target for mimetics based 

drug design. They are generally relatively flexible molecules and different 

conformational states are thought to be related to a number of biological properties. 

Therefore, if one particular conformer or set of conformers is selected by restricted 

mobility, it is likely that a particular biological function will also be selected.

Methylated and peptido PUFAs analogues (where the C=C bonds were replaced 

by peptide isosters), were designed and investigated by molecular modelling, and 

proved, as predicted, to be conformationally-restricted when molecular dynamics 

calculations were applied to them. The peptido-PUFAs were then synthesised and 

subjected to a combination of one and two dimensional NMR techniques in different 

solvents and at different temperatures together with CD studies, and molecular 

modelling techniques, such as distance geometry and restrained molecular dynamics, to 

assess their restricted mobility as compared to parent PUFAs. A set of conformers rather 

than any specific conformer were selected, which is by no means incompatible with the 

selection of a particular function of the PUFAs, since linear peptides are unlikely to be 

rigid in solution at room temperature, unless involved in specific receptor interaction. 

As analogues of arachidonic, eicosapentaenoic and docosahexaenoic acids, the partially 

conformationally-restricted peptides are expected to be active against some of the parent 

PUFA metabolic enzymes, such as phospholipases, cyclo-oxygenases or lipoxygenases.

It is thus necessary to focus further work on the investigation of the peptide
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activities and subsequently the determination of their structure-activity relationships. It 

must be hoped that ultimately, potent and specific inhibitors of the above mentioned 

enzymes will be designed, synthesised and tested.
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APPENDIX 1: 

DRUG PROFILES

Patients suffering from CADs or suspected of CADs were all under a wide range of 

medications. This section presents extracts from the British National Formulary [280] 

concerning these drugs.
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A M  A n t a c i d s  : G a v i s c o n

1.1 Antacids
1.1.1 A lum inium - and m agnesium -containing
1.1.2 Sodium bicarbonate
1.1.3 Calcium - and bism uth-containing 

A ntacids are still useful for trea ting  gastro-intes- 
tinal disease; they can often relieve sym ptom s in 
both ulcer and non-ulcer dyspepsia, and in reflux 
oesophagitis. They are best given w hen sym ptom s 
occur o r are expected , usually betw een meals and 
at bedtim e, four o r m ore times daily; additional 
doses may be requ ired  up to  once an hour. C on
ventional doses e .g . 10 mL three or four times 
daily of liquid m agnesium -alum inium  antacids 
prom ote ulcer healing, possibly less well than 
antisecretory agents (section 1.3); p roof of a 
relationship betw een healing and neutralising 
capacity is lacking. Liquid p repara tions are more 
effective than  solids.

I n t e r a c t i o n s . A ntacids should not be taken at 
the same time as o the r drugs as they may im pair 
iheir absorption. A ntacids may also dam age 
enteric coatings designed to prevent dissolution 
in the stom ach.

1.1.1 Aluminium- and magnesium- 
containing antacids
Aluminium- and m agnesium -containing antacids, 
such as m agnesium  carbona te , hydroxide and tri- 
silicaie. and alum inium  glycinate and hydroxide, 
being relatively insoluble in w ater, are long-acting 
if retained in the stom ach. They are suitable for 
most antacid purposes. M agnesium -containing 
antacids tend to be laxative w hereas aluminium- 
containing antacids may be constipating. A lu
minium accum ulation does not appear to  be a risk 
if renal function is norm al (see also appendix  3).

C om pound prepara tions have no clear advan
tages over sim pler preparations: neutralising 
capacity may be the  sam e.

Com plexes, such as hydrotalcite and magal- 
drate . confer no special advantage.

1.1.1.1 Aluminium- and 
magnesium-containing antacids with 
additional ingredients

A ctivated d im eth icone (sim eth icone), given alone 
or added to an antacid as an antifoam ing agent to 
relieve flatulence, is of uncertain  value. A lginates 
added as p ro tec tan ts  against reflux oesophagitis 
may be useful, but surface anaesthetics (e.g . 
oxethazaine) added to im prove sym ptom  relief 
are of doubtful efficacy. T he am ount of additional 
ingredient o r antacid in individual prepara tions 
varies widely, as does the ir sodium  con ten t, so 
that p repara tions may not be freely in terchange
able.

P reparations contain ing  activated  d im eth icone 
with an antacid may be useful for the relief of 
hiccup in term inal care.

G aviscon®  (R& C)
Tablets, alginic acid 50(1 mg. d n ed  alum inium  
hydroxide 100 mg. m agnesium  trisilicatc 25 mg. 
sodium bicarbonate 170 mg. C onta ins 2 mmol 
N'a‘ tab let. Net price 60-tab pack = £2.25 
Dnse 1-2 tab lets chew ed afte r m eals and at bedtim e, 
followed bv w ater: t  h i l o  1 tab let 

Liquid, pink, sugar-free, sodium alginate 
250 mg. sodium bicarbonate 133.5 mg. calcium 
carbonate 80 mg, 5 mL. C ontains abou t 3 mmol 
N a ' 5 mL. .Net price IOOmL = 54p 
Doie 10-211 mL afte r m eals and  at bedtim e c h i ld  
10 mL

Low N a’’
T he w ords low N a* ad d ed  afte r som e p rep ara tio n s  
indicate a sodium  co n te n t of less than  1 m m ol per 
tablet o r 10-mL dose.
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A 1 . 2  D r u g s  u s e d  i n  t h e  t r e a t m e n t  o f  d i s e a s e s  o f  t h e  c a r d i o v a s c u l a r  s y s t e m

2: Drugs used in the treatment of diseases of the

CARDIOVASCULAR SYSTEM
[n this chap ter, drug trea tm en t is discussed under 
tije following headings:

2 .1  Positive inotropic drugs
2.2 Diuretics
2.3 A nti-arrhythm ic drugs
2 .4  B eta-adrenocep to r blocking drugs
2.5 A ntihvpenensive therapy
2 .6  N itrates and calcium -channel blockers
2.7 Sym pathom im etics
2.8 A nticoagulants and P rotam ine
2.9 A n tip late let drugs
2.10 F ibnnolytic drugs
2.11 A ntifibnnolytic drugs and haem ostatics
2.12 Lipid-low ering drugs
2.13 Local sclerosants

2.1 Positive inotropic drugs
2.1.1 Cardiac glycosides
2.1.2 P hosphodiesterase inhibitors

Positive inotropic drugs increase the force of con
traction of the m yocardium ; for sym pathom i
metics with inotropic activity see section 2.7.1.

2.1.1 Cardiac glycosides
The principal actions o f the cardiac glycosides are 
an increase in the force of m yocardial contraction  
and a reduction in the conductivity  of the heart. 
They are most usetul in the trea tm en t of uiprn- 
I’cnincular lachvcuriiias. especially for controlling 
ventricular response in atrial tibrillation Heart 
failure may also he im proved , even in patien ts in 
sinus rhythm , because of changes in the avail
ability of in tracellu lar calcium ; this action is rela
tively un im portan t, how ever, com pared  with 
effects that can be achieved with diuretics and 
vasodilators. E.xcept w hen needed  to mainiatn 
satistactorv rhythm , cardiac glycosides can often 
be w ithdraw n from patien ts with heart ta ilurc that 
IS well contro lled , w ithout clinical deterio ration  
In the elderly who are particularly  susceptible to 
digitalis toxicity, cardiac glycosides should he used 
with special care in the m anagem ent of heart 
failure w ithout atrial ribnllation. >

Loss ot appe tite , nausea, and vom iting are com 
mon toxic etfects . sinus bradycardia , a trio 
ventricular b lock , ventricu lar e.xtrasystoles. and 
som etim es ventricu lar tachycardia o r atrial tachy
cardia with block also occur— especially in the 
presence of underlying conducting  system  defects 
or myocardial disease These unw anted  etfects 
depend bo th  on the plasm a concen tra tions ot the 
drugs and on the sensitivity of the conducting 
system or m yocardium , which is o ften  increased in 
heart disease. Thus, no one plasm a concentration  
can indicate toxicity reliably but the likelihood 
increases progressively th rough  the range 1.5 to 
3 m icrouram s.litre  for digoxin: higher steadv-

statc concentrations must certainly be avoided. 
M easurem ents of plasm a concen tration  are not 
necessary, how ever, unless p roblem s occur during 
m aintenance trea tm ent. H ypokalaem ra predis
poses to  toxicity, therefore d iuretics used with 
digoxin should cither be potassium  sparing or 
should be given with potassium  supplem ents.

Renal function is the most im portan t d e te r
minant of digoxtn dosage, w hereas elim ination  of 
digitoxin depends on m etabolism  by the liver. 
Toxicity can often be m anaged by discontinuing 
therapy and correcting hypokalaem ia if ap p ro 
p riate; serious m anifestations require urgent 
specialist m anagem ent. D igoxin-specitic antibody 
fragm ents are available for reversal of life-threat- 
cning overdosagc (see next page).

Digoxin is the glycoside m ost com m only  used. 
In patien ts with m ild  failure a loading dose is not 
required , and a satisfactory plasm a concen tration  
can be achieved over a period of abou t a w eek, 
using a dose of 125 to 250 m icrogram s twice a dav 
wnich may then be reduced having special regard 
to renal function. Because it has a long half-life 
m aintenance doses need only be given once daily 
(but higher doses should be divided to avoid 
nausea). For m anagem ent o( atrial fibrillation  the 
m aintenance dose can usually be governed  by 
ventricular response which should not be allow ed 
to fall below 60 beats per m inute except in special 
and recognised circum stances, e .g . with the con 
com itant adm inistration of heta-b lockers.

W hen uerv rapid control is needed , digoxin may 
he given intravenously in a digitalising dose of 
0."5 to 1 mg. preferably as an infusion (suggested 
volume 50 m Ll over two or m ore hours, followed 
by norm al m aintenance therapy. T he in tra 
muscular route IS not recom m ended, except when 
o ther m ethods of adm inistration are not available

Digitoxin has a long half-life and m aintenance 
doscs. again, need only he given once daily.

C h il d r e n . The dose is based on body-w eight; 
they require a relatively larger Jo se  of digoxin 
than adults.

_*DIGOXIN
Indications: heart failure, supraventricu lar

arrhythm ias (particu larly  atrial tibrillation I 
Cautions: recent infarction, hypothyroidism ; 

reduce dose in the elderly and in renal im pair
m ent; avoid hypokalaem ia; interactions: 
Appendix 1 (cardiac glycosides) 

Contra-indications: supraventricu lar arrhythm ias 
caused by W olff-Parkinson-W hite syndrom e 

Side-effects: anorexia. nausea. vom iting,
d ia rrhoea , abdom inal pain; visual d isturbances, 
headache, fatigue, drow siness, confusion, 
delirium , hallucinations; arrhythm ias, heart 
block; see also notes above
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A 1 . 2 . 2  F r u s e m i d e ,  A m i l o r i d e

2.2.2 Loop diuretics
These drugs inhibit resorp tion  from  the ascending 
loop o f H enie in the renal tubule and are pow erful 
diuretics. H ypokalaem ia may develop , and care 
is needed to  avoid hypotension . If there is an 
enlarged p rostate , u rinary reten tion  may occur; 
this is less likely if small doses and less po ten t 
diuretics are  used initially.

Frusem ide and bum etanide are sim ilar in 
activity; both  act w ithin 1 hour of oral adm ini
stration and diuresis is com plete within 6 hours 
so tha t, if necessary, they can be given twice in 
one day w ithout interfering w ith sleep. Following 
in travenous adm inistra tion  they have a peak  effect 
within 30 m inutes. T he degree of diuresis associ
ated with these drugs is dose related . In patien ts 
with im paired  renal function very large doses may 
occasionally be needed; in such doses both drugs 
can cause deafness and bum etanide can cause 
myalgia.

FRUSEMIDE
Indications: oedem a, o liguna due to renal failure 
Cautions; pregnancy (see also A ppendix 4); may 

cause hypokalaem ia and hyponatraem ia; aggra
vates d iabetes mellilus and gout; liver failure, 
prostatic en largem ent; Interactions: .Appendix 
1 (diuretics)

Contra-indications: p recom atose states associ
ated with liver cirrfiosis; porphvria (see section
9.8.2)

Side-effects: hyponatraem ia. hypokalaem ia (see 
also section 2.2). hypochloraem ic alkalosis, 
increased calcium excre tion , hypotension; less 
com m only nausea, g as tro in tes tin a l dis
turbances. hyperuricaem ia and gout; hyper- 
glycaemia (less com m on than with thiazides); 
tem porary  increase in plasm a cholesterol and 
triglyceride concentrations; rarely rashes and 
bone m arrow  depression (w ithdraw  trea tm en t), 
pancreatitis (w ith large paren tera l doses), tin 
nitus and deafness (usually with large p a r
en teral doses and rapid adm inistration  and in 
renal im pairm ent)

2.2.3 Potassium -sparing diuretics
Amiloride and triam terene  on the ir own arc weak 
diuretics. They cause re ten tion  of potassium  and 
are therefo re used as an a lternative to giving 
potassium  supplem ents w ith thiazide or loop 
diuretics. (See section 2.2 .4  for com pound prep
arations with thiazides o r loop  diure tics.)

amiloride hy drochlo ride
Indications: oedem a, potassium  conservation 

with thiazide and loop diuretics 
Cautions: pregnancy; d iabetes m ellitus; clderlv; 
interactions: A ppendix 1 (diuretics) 

Contra-indications: hyperkalaem ia. renal failure 
Side-effects: include gastro-intestinal d is tu rban 
ces. dry m outh, rashes, confusion , orthosta tic  
hypotension, hyperkalaem ia. hyponatraem ia
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A  1 . 2 . 3  A c e b u t o l o l ,  A t e n o l o l ,  T i m o l o l  M a l e a t e  ( T i m o l o l )

2.4 Beta-adrenoceptor 
blocking drugs
Bcta-adrcnoceptor blocking drugs (hcta- 
biockers) block the beia-ad rcn o rcccp io rs  in the 
heart, peripheral vasculature, b ronch i, pancreas, 
and liver.

M any beta-b lockers are now available and in 
general thev are all equally  effective. T here are. 
how ever, differences betw een them  which may 
affect choice in treating  particu lar diseases or 
individual patients.

Intrinsic sym pathom im eiic activity (IS A . partial 
agonist activity) represents the capacity of beta- 
blockers to stim ulate as well as to block adrenergic 
receptors. O xprenolol. pindolol, and acebutolol 
have in tnnsic sym pathom im etic activity; they 
tend to  cause less bradycardia than the o ther beta- 
blockers and may also cause less coldness of the 
extrem ities.

Som e beta-blockers are lipid soluble  and some 
are water soluble. Atenolol, nadolol, and sotalol 
are the most w ater-soluble; they are less likely to 
en te r the brain, and may therefore cause less sleep 
disturbance and nightm ares. W ater-soluble beta- 
blockers are excreted  by the kidneys; they 
accum ulate in renal im pairm ent and dosage 
reduction is the refo re often necessary.

Some beta-blockers have a relatively short dur
ation o f  action and have to be given twice or three 
times daily. M any o f these are . how ever, available 
in m odified-release form ulations so that in general 
it is not necessary to give beta-blockers more 
often than once daily for hypertension. For angina 
twice-daily trea tm en t may som etim es be needed 
even with a m odified-release form ulation.

All beta-blockers slow  the heart and may induce 
m yocardial depression and p recip itate heart 
failure. They should not therefo re be given to 
patien ts who have incipient cardiac failure or 
those with second- or th ird-degree heart block. 
Sotalol may prolong the Q T  interval, and has 
occasionally caused life-threatening  ventncular 
arrhythm ias (im portan t: particular care should be 
taken  to avoid hypokalaem ia in patien ts taking 
sotalol).

B eta-blockers may precipitate asthma  and this 
effect can be dangerous. Som e, such as atenolol, 
betaxolol. bisoprolol. m etoprolol. and (to  a lesser 
ex ten t) acebutolol. have less effect on the beta; 
(bronchial) receptors and are. therefore, rela
tively cardioselectire. but (hey are not cardio- 
specific. They have a lesser effect on airways 
resistance but are not free of this side-effect. 
Patien ts who have a tendency tow ards obstructive 
airways disease must he trea ted  with great caution 
and may require to  take increased doses of their 
be ta;-stim ulants (e.g . salhutam ol) to overcom e 
the effect of blockade of the bronchial adreno
ceptors.

CSM  advice. B eta-blockers. even those with 
apparen t cardioseleetivity. should not be used 
in patients with asthm a o r a history of obstruc
tive airways d isease, unless no alternative 
treatm ent is available. In such eases the risk 
of inducing bronchospasm  should be appreci
ated  and appropria te  precautions taken.

Beta-blockers can lead to  a small de terio ra tion  
of glucose tolerance in d iabetics; they also in ter
fere with m etabolic and au tonom ic responses to 
hypoglycaem ia. T he ir use is not con tra-ind icated  
in d iabetics, but cardioselective beta-b lockers (see 
above) may be p referab le and they should  be 
avoided altogether in those w ith frequen t episodes 
of hypoglycaem ia.

Labetalol com bines alpha- and  beta-recep to r 
blocking activity. T he alpha-blocking  activity in 
the peripheral vessels lowers peripheral resistance. 
Celiprolol is a relatively card ioselective beta- 
blocker with additional partia l beta;-agonist 
activity, and the la tte r p roperty  again low ers per
ipheral resistance. T here  is no evidence tha t these 
drugs have im portan t advantages over o the r beta- 
blockers in the trea tm en t of hypertension .

H Y P E R T E N SIO N

Beta-blockers are effective antihypertensives  but 
their m ode of action is not u nders tood ; thev 
reduce cardiac ou tp u t, a lte r ba ro cep to r reflex sen
sitivity, and block p en p h e ra l ad renocep to rs. 
Some beta-b lockers depress plasm a renin secre
tion. It is possible tha t a cen tral effect may also 
explain their m ode of action . B lood pressure can 
usually be contro lled  with relatively  few side- 
effects. In general the dose of beta-b locker does 
not have to be as high as ong inally  thought. The 
maximum dose of oxprenolol and p roprano lo l nec
essary is probably 320 mg daily. .Atenolol can usu
ally be given in a dose of 50 mg daily and it is no 
longer considered  necessary to  increase to  100 mg.

C om bined th iaz ide ,beta -b locker p repara tions 
may help com pliance but com bined p repara tions 
should only be used when blood p ressure is not 
adequately contro lled  by a thiazide ar a beta- 
blocker alone. B eta-b lockers reduce , but do  not 
abolish, the tendency for d iuretics to  cause hypo
kalaem ia.

B eta-blockers can be used to  con tro l the pulse 
rate in patien ts with phaeochrom ocytom a. H ow 
ever. they should never be used alone as beta- 
blockade w ithout concu rren t alpha-b lockade mav 
lead to a hypertensive crisis. For this reason 
phenoxybenzam m e should always be used 
together with the beta-b locker.

A N G IN A

B eta-blockers im prove exercise to lerance  and 
relieve sym ptom s in patien ts  with angina: this 
effect is caused by the ir reduction  of card iac w ork. 
As with hypertension  the re  is no good evidence 
of the superiority  of any one drug , although 
occasionally a pa tien t will respond b e tte r  to  one 
beta-b locker than to ano ther. T here  is som e evi
dence that sudden w ithdraw al may cause an 
exacerbation of angina the refo re  gradual 
reduction of dose is p referab le w hen beta-b lock
ers are to be stopped . T here is a nsk  of p re 
cipitating heart failure w hen beta-b lockers and

verapam il are used toge ther in established 
ischaemic heart disease (im portan t: see section

B eta-blockers are also associated with fatigue, 
coldness o f  the extremities (may be less common 
with those with ISA. see above), and sleep dis
turbances with nightmares (may be less common 
with the w ater-soluble ones, sec above).
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M Y O C A R D IA L  IN FA R C T IO N

Several studies have shown tha t som e beta-block
ers can cause a reduction in the recurrence rate 
of m yocardial infarction. H ow ever, pre-existing 
heart failure, hypotension . brad> arrhythmias, 
and obstructive airways disease render this group 
of drugs unsuitable in som e patien ts who have 
recovered from  a m yocardial infarction. Atenolol 
and metoprolol may reduce early  m ortality after 
intravenous and subsequent oral administration 
in the acute phase, while tim olol and  propranolol 
have protective value w hen started  in the early 
convalescent phase. The evidence relating to 
o the r beta-b lockers is less convincing, some have 
not been tested in tna ls  of secondary protection. 
It is also not know n w hether the protective effea 
of beta-blockers continues after two years; it is 
possible tha t sudden cessation mav cause a 
rebound w orsening of m yocardial isc.iaemia.

A R R H Y T H M IA S

B eta-blockers act as anii-arrhyihm ic  aruer pnn- 
cipally by attenuating  the effects ot the sym
pathetic system  on autom aticity  and conductivity 
within the heart. Some have additional anti- 
arrhythm ic p ropen ies . They may he used in con
junction with digoxin to contro l the -entncular 
response in a tn a l fibrillation, especially in patients 
with thyrotoxicosis. B eta-b lockers are also useful 
in the m anagem ent of sup raven tncaia r tachy
cardias. and are used to control those following 
m vocardial infarction, see above.

T H Y R O T O X IC O SIS

B eta-blockers are used in p re-operative prep
aration for thyroidectom y. A dm inistration of pro
pranolol can reverse clinical leatures of thyro
toxicosis w ithin 4 da vs. R outine tests ot increased 
thyroid function rem ain unaltered . Tee thyroid 
gland IS rendered  less vascular thus maxing sur
gery easier (see section 0.2.2).

O T H E R  USES

Beta-blockers have been used to alle \ia te  some 
symptom s of anxiety : probably  patients with pal
pitations. trem or, and tachycardia rcstxind best 
(See also sections 4 .1.2 and 4 .9 ,.'.)  Beta-blockeri 
are also used in the prophvlaxis o f m ieratne (see 
section 4 .7 .4 .2). B eta-blockers are  useo topically 
in the m anagem ent of glaucom a  isee section 
1 1 . 6 ) .

proprano lo l  hy d ro ch lo rid e
Indications: see under Dose 
Cautions: late pregnancy and b reast-feeding  (sec 
also .Appendices 4 and 5): avoid ab rup t w ith
drawal in angina: reduce oral dose of p ro 
pranolol in liver disease; liver function 
deteriorates in portal hypertension; reduce 
initial dose in renal im pairm ent; d iabetes; 
myasthenia gravis; see also notes above; in ter
actions: .Appendix 1 (beta-b lockers). im por
tant: verapam il in teraction , see also section
2.3.2

Contra-indications: asthm a or history of ob s tru c
tive airways disease (sec CSM advice on p re 
vious page), uncontrolled heart failure, sick 
sinus syndrom e, second or third degree heart 
block, cardiogenic shock 

Side-effects: bradycardia, heart failure, b ro n 
chospasm. peripheral vasoconstriction, gas tro 
intestinal d isturbances, la tigue. sleep d is tu r
bances; rare reports of rashes and dry eyes 
(reversible on w ithdrawal)

ACEBUTOLOL
Indicanons: see under Dose 
Cautions: Contra-indicalions: Side-effects: see 

under Propranolo l H vdroenlonde 
Dose: hypertension . iiiitialK 4t)lt mg once dailv 

or 200 mg twice daiK . increased a lte r  2 weeks 
to 41X1 mg twice daih  ii ncccssarv 
A ngina, iniiiallv aoo mg once dailv or  21X1 mg 
twice daily. 3(X1 mg times daiK in severe 
angina; up to 1.2 g dailv has been used 
A rrhythm ias, i).4^1.2 g dailv in 2-.> divided 
doses

ATENOLOL
Indications: see under Dose 
Cautions; Contra-indications: Side-effects: see 

under P ropranolol H ydrochloride; reduce dose 
in renal im pairm ent (25-mg tablets available) 

Dose: by m outh .
H ypertension, 50 mg daily (h igher doses no 
longer considered necessary)
A ngina, 100 mg daily in 1 or 2 doses 
A rrhythm ias. 50-100 mg daily 

By intravenous injection, arrhythm ias. 2.5 mg at 
a rate of 1 m g /m inu te , repea ted  at 5-m inute 
intervals to a max. of 10 mg 
Note. Excessive bradycardia can be countered with 
intravenous in)eciion of atropine sulphate D.t)-2.4 mg 
in divided doses of btX) micrograms 

By intravenous in fusion , arrhy thm ias. 150 
m icrogram s/kgovcr 20 m inutes, repea ted  every 
12 hours if required
Early intervention within 12 hours of infarction. 
5-10 mg by slow  intravenous injection, then bv 
m outh  50 mg after 15 m inutes. 50 mg after 12 
hours, then 100 mg daily

TIMOLOL MALEATE
Indications: see u n d er D ose 
Cautions; Contra-indications; Side-effects; see 

under P roprano lo l H ydrochloride 
Dose: hypertension , initially 5 mg twice daily or 

10 mg once daily; max. 60 mg daily 
A ngina, initially 5 mg 2-3 tim es daily, m ain
tenance 15-45 mg daily 
Prophylaxis after in farction , initially 5 mg twice 
daily, increased after 2 days to  lOmg twice 
daily, starting  7 to  28 days after infarction 
M igraine prophylaxis, 10-20 mg daily
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A1.2.4Captopril, Lisinopril

2,5.5 Angiotensin-converting 
jnzyme inhibitors
(AC'E inhibitors)

enzyme inhibitors inhibit 
th e  conversion of angiotensin I to  angiotensin II. 
Yhey are effective and generally well to lerated , 
but experienee is lim ited as regards long-term  use.

They should therefore be considered for hyper
tension only when thiazides and beta-b lockers are 
contra-indicated, not to lerated , or fail to  control 
blood pressure. All may cause very rapid falls of 
blood pressure in some patients. T herefo re  where 
possible diuretic therapy should be stopped for a 
few days before initiating therapy and the first 
dose should preferably be given at bedtim e.

a c e  inhibitors have a valuable role in heart 
failure when used as an adjunct to  diuretics and. 
where appropriate , digoxin. They have been 
shown to im prove the prognosis substantially , and 
in this respect are superior to regim ens such as 
modified-release nitrates with hydralazine. In tro 
duction of an .ACE inhibitor should be considered 
when heart failure is not com pletely contro lled  by 
frusemide SO mg daily lo r an equivalent dose of 
another loop diuretic). To avoid dangerous 
hyperkalaemia. any potassium -sparing diuretic 
should be om itted  from the d iu re tic  regim en 
before introducing an ACE inhib itor, changing to 
the loop diuretic alone; potassium  supplem ents 
should also be discontinued. P ro lound first-dose 
hypotension is com m on land potentially  serious) 
when ACE inhibitors are in troduced to patients 
with heart failure receiving loop diuretics. T em 
porary w ithdrawal of the loop d iure tic  reduces the 
nsk. but may cause ses ere rebound pulm onary 
oedema. The ACE inhibitor should therefore be 
started at vers loss dosage (e .g . captopril 
6.25 mg), with the patient recum bent and under 
close supervision, and with facilities available to 
treat profound hypotension. T reatm en t should 
therefore generally be initiated under hospital 
supervision.

Renal im p a ir m e m . ACE inhibitors occasionally 
cause im pairm ent of renal function which may 
progress and becom e severe. A t particu lar risk 
are those with pre-existing renal disease or im pair
ment. the elderly , and those with bilateral renal 
artery stenosis (or stenosis of the artery  supplying 
a single functioning kidney). C oncom itant tre a t
ment with N SA ID s increases the risk of renal 
damage, and potassium -sparing diuretics or use 
of potassium -containing salt substitu tes increase 
■he nsk of hyperkalaem ia. R enal function and 
electrolytes should be checked befo re starting an 
ACE inhibitor, and m onitored during  treatm en t.

ACE inhibitors should be used with particu lar 
eaution in patients with peripheral vascular 
disease or generalised atherosclerosis, as such 
patients may have clinically silent renovascular 
disease.

Combination  p r o d u c t s . A num ber of products 
incorporating an A CE inhibitor with a thiazide 
diuretic are now available. U se of these com 

bination products should be reserved"t'or patients 
whose blood pressure has not responded  to a 
thiazide d iuretic or an A C E  inhib itor alone (see 
also com m ents above).

CAPTOPRIL
Indications: mild to m oderate  essential hyper

tension alone or with thiazide therapy and 
severe hypertension  resistan t to  o the r tre a t
m ent (but see cautions and notes above); con
gestive heart failure (ad junct)

Cautions; d iuretics (im portan t: see notes above); 
first doscs may cause hypotension especially in 
patien ts taking d iure tics, on a low -sodium  diet, 
on dialysis, o r d ehyd ra ted ; m onitor renal func
tion before and during  trea tm en t; reduce dose 
or avoid in renal im pairm ent (w hite cell counts 
and unnary  pro te in  estim ations needed); see 
also notes above; in dialysis patien ts avoid com 
bination of .ACE inhib itor therapy with use of 
high-fiux po lyacry lonitn ie  m em branes (ana
phylactoid reactions rep o rted ); interactions: 
.Appendix 1 (A C E  inhibitors) 

Corura-indications: hypersensitivity  to A CE 
inhibitors; know n o r  suspected  renovascular 
disease, aortic stenosis or outflow tract obstruc
tion; pregnancy (see .Appendix 4); porphyna 
(see section 9,8.2)

Side-effects: persisten t dry cough, throat dis
com fort. voice changes; loss of taste, sore 
m outh. abdom inal pain . rash . angio- 
cdem a. hypotension  (see C au tions); p ro te in 
uria . th rom bocy topen ia , neu tropen ia , agran
ulocytosis. hyperkalaem ia (all m ore com m on in 
renal im pairm ent); increases in liver enzym es, 
liver dam age, and cholestatic jaundice 
repo rted , renal im pairm ent, see notes above

LISINOPRIL
Indications: all g rades of essential hypertension 

(but sec cautions and notes above); congestive 
heart failure (ad junct)

Cautions: Contra-indications: see under Cap
topril and notes above 

Side-effects: see under Enalapril; palpitations 
also reported
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A 1.2.5 Isosorbide, N ifedipine (A dalat Retard), D iltiazem

2.6 Nitrates and other 
vasodilators, and caicium- 
channel blockers

2.6.1 N itrates
2.6.2 Calcium -channcl blockers
2.6.3 P cnpherai vasodilators
2.6.4 C erebral vasodilators

Most patients with angina pectoris arc trea ted  with 
beta-blockers (section 2.4) or calcium -ehannel 
blockers (section 2.6.2). H ow ever, short-acting 
nitrates (section 2.6.1) retain an im portant role 
both for prophylactic use before e.xertion and for 
chest pain occurring at rest. N itrates are som e
times used as sole therapy , especially in elderly 
patients with infrequent sym ptom s.

V asodilators are known to act in heart failure  
either by:

arterio lar dilatation which reduces both peri
pheral vascular resistance and left ventricular 
pressure at systole and results in im proved ca r
diac outpu t, or
v enous d i la ta t io n  w hich re su lts  in d i la ta t io n  o f 
c a p ac itan ce  v esse ls , in c re a se  o f  v e n o u s  p o o lin g , 
and d im in u tio n  o f  v en o u s  re tu rn  to  th e  h e a rt 
(d ec re a sin g  left v e n tr ic u la r  e n d -d ia s to lic  
p ressu re  I.
For a com m ent on the role of .ACE inhibitors 

in heart failure, see section 2.5.5.

2.6.1 Nitrates
Sublingual glyceryl trin itra te  is one of the most 
effective drugs for providing rapid sym ptom atic 
relief of angina, but its effect lasts only for 20 to 
30 minutes. Though a po ten t coronary  
vasodilator, its principal benelit follows from a 
reduction in venous return which reduces left 
ventricular w ork. U nw anted effects such as Hush
ing, headache, and postural hypotension mav 
limit therapy, especially when angina is severe or 
when patients arc unusually sensitive to  the effects 
of nitrates; the 3(M)-microgram tablet is often 
appropriate when glyceryl trin itra te  is hrst used. 
D uration of action may be pro longed bv m odifieil- 
release p repara tions. The aerosol sprav provides 
an alternative m ethod of rapid relief of sym ptom s 
for those who tind difficulty in dissolving sub
lingual prepara tions. The percutaneous p rep 
arations may be useful in the prophylaxis o f angina 
for patients who suffer attacks at rest, especially 
at night.

Isosorbide d in itrate  is active sublinguallv  and is 
a more stable p repara tion  for those who onlv 
require n itrates infrequently . It is also effective 
by m outh for prophylaxis: a lthough the effect is 
slower in onset, it may persist for several hours. 
D uration of action of up to 12 hours is claim ed 
for m odified-release p repara tions. The activity of 
isosorbide d in itrate may depend  on the p ro 
duction of active m etabolites, the most im portan t 
of which is isosorbide m ononitra te . Isosorbide 
m ononitrate itself is also available for angina 
prophylaxis, though the advantages over iso
sorbide d in itrate  have not yet been firmly 
established.

G lyceryl tr in itra te  or isosorb ide d in itrate  may 
be tried by intravenous injection w hen the sub
lingual form is ineffective in patien ts with chest 
pain due to  m yocardial infarction o r severe ischae- 
mia. In travenous injections are also useful in the 
trea tm ent of acute left ventricu lar failure.

T o l e r a n c e . Some patien ts on long-acting or 
transderm al n itrates rapidly develop tolerance 
(with reduced  the rapeu tic  effects). R eduction of 
b lood-nitrate concen trations to  low levels for 4 to 
8 hours each day usually m aintains effectiveness 
in such patien ts. If to lerance is suspected after 
the use of transderm al patches they should be 
rem oved for several consecutive hours in each 24 
hours; in the case of m odified-release tablets of 
isosorbide d in itra te  (and  conventional formu
lations of isosorbide m onon itra te), the second of 
the two daily doses can be given after about 8 
hours ra ther than after 12 hours. Conventional 
form ulations of isosorbide m ononitra te  should 
not usually be given m ore than twice daily unless 
small doses are used; m odified-release formu
lations of isosorbide m ononitrate  should only be 
given once daily.

GLYCERYL TRINITRATE
Indications: prophylaxis and trea tm en t of angina;

Iclt v cn tncu lar failure 
Cautions: hypotensive conditions I avoid in

travenous); to lerance (see notes above); inter
actions: A ppendix 1 (glyceryl trin itra te) 

Contra-indications: m arked  anaem ia , head
traum a, cerebral haem orrhage, closed-angle 
glaucoma

Side-effects: throbbing  headache. Hushing, diz
ziness. postural hypotension , tachycardia

ISOSORBIDE DINITRATE
Indications: p rophylaxis and trea tm en t o f angina; 

left vcn tncu lar failure 
Cautions; Contra-indications: Side-effects: see 

under Glvccrvl T rin itra te
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2.6.2 Calcium-channel blockers
Calcium -channcl blockers I less correctly called 
calcium -uniagonists ) in tertere  with the inward 

d isplacem ent ol calcium ions through the slow 
channels ol active cell m em branes. They inlluencc 
the m yocardial cells, the cells w ithin the special
ised conducting svstem ot the hea rt, and the cells 
ot \ ascular sm ooth muscle. Thus, m yocardial con- 
iractilitv mas he reduced, the I'ormation and 
propagation or electrical im pulses w ithin the heart 
mav he depressed , and coronarv or systemic vas
cular tone mav he dim inished. They should usu- 
allv he avoided in heart I'ailure because thev mas 
further depress cardiac function and cause clini
cal Is significant deterioration

C alcium -channel blockers differ in their prc- 
de I let ion for the various possible sites oi .iction 
therefore the ir therapeutic elfects are  d isparate, 
with much greater san a tio n  than those ot heta- 
hiockcrs T here arc im portan t dilferenccs 
hetsseen serapam il and tne d ihsdropvrid ine cal- 
cium -channel blockers, n iied ip ine. nicardipine 
and isradipine

V erapam il is used lor the treatm en t ot a/ienw. 
hvnfrii’iision. .mil arriwiitinias isection 2..v21. It 
reduces cardiac o u tp u t. siosss the heart rate , .ind 
mas im pair .itrioseniricu lar conduction It mas 
precipitate heart taihire. es.icerbaie conduction 
disorders, and cause hspoteiision it high doses 
.ind should not lie used ssnh iseta-blockers isee 
section 2._v2l, Constipation is the most com mon 
side cttect

Nifedipine relaxes s ascular sm ooth muscle and 
dilates coronars .ind peripheral ine rtes . It has 
more intluence on s esse Is .ind less on the nso- 
cardium than does serapam il. and unlike s e r 
apamil has no anti-.irrhvthm ie .ictisits It rare Is 
preeipitates heart failure because ans negatise 
inotropic effect is offset bv .1 reduction in left 
ventricular w ork. N icardipine has similar etfects 
to those of m tedipine and mas produce less 

reduction of m yocardial contractility . Amlodipine 
and felodipine also resem ble nifedipine and n icar
dipine in their effects and do not reduce m yo
cardial contractility. They have a longer duration  
of action and can be given once daily. N ifedipine, 
nicardipine, and am lodipine are used for the tre a t
m ent of angina or hypertension . All are valuable 
in forms of angina associated with coronarv uaso- 
spasm  ; they are useful as ad juncts to beta-blockers 
for patients with severe sym ptom s, and as a lte rn a
tive treatm en t for those who are in to lerant of 
beta-blockers. Side-effects associated with vaso
dilatation such as flushing and headache (which 
become less obtrusive after a few days), and ankle 
swelling (which does not respond to diuretics) are 
com mon.

Isradipine has sim ilar effects to those o f nifed
ipine and nicardipine; it is only indicated for 
hypertension.

Nimodipine is related  to nifedipine but the 
sm ooth muscle relaxant effect preferentia lly  acts 
on cerebral arteries. Its use if confined to  p re 
vention of vascular spasm  fo llow ing  subarachnoid  
haemorrhage.

Diltiazem is effective in most form s of angina: 
the longer-acting form ulation is also used for 
hypertension. It may be used in patien ts  for whom 
beta-blockers are contra-indicated  or ineffective. 
It has a less negative inotropic effect than ver
apamil and significant myocardial depression 
occurs rarely. N evertheless because of the risk of 
bradycardia it should be used with caution in 
association with beta-blockers.

W it h d r a w a l . T here is som e evidence that su d 
den w ithdrawal of calcium -channel blockers may 
be associated with an exacerbation  of angina.

DILTIAZEM HYDROCHLORIDE
fW icarm nr.-prophylaxis and trea tm en t ot angina; 

hypertension (longer-acting form ulation) '  
Cautions: reduce dose in hepatic and renal 

im pairm ent; heart failure or sigmficantlv im
paired left ventricu lar function', mild brads - 
cardia (avoid if severe), first degree ,\V  block, 
or prolonged PR interval; in teractions: .Appen
dix I (calcium -channel blockers) 

Contra-indications: severe bradycard ia , second
e r  third-degree heart block (unless pacem aker 
fitted), sick sinus syndrom e: pregnancv (toxicity

in anim al s tudies), left ven tncu lar failure; por
phyria (see section 9.8.2)

Side-effects: b radycardia, sino atrial block, atrio
ventricular block, hypotension , m alaise, head
ache. hot flushes, gastro-in testinal distur
bances. ankle oedem a; rarely rashes (toxic ery- 
them a repo rted ); hepatitis and depression 
reported

nifedipine
Indications: prophylaxis and trea tm en t of angina; 

hypertension; R aynaud 's phenom enon  
Cautions: w ithdraw  if ischaemic pain  occurs or 

existing pain worsens shortly after initiating 
treatm ent; heart failure or significantly im 
paired left ventricular function; severe hvpo- 
tension; reduce dose in hepatic  im pairm ent; 
diabetes mellitus; may inhibit labour; b reas t
feeding; interactions: Appendix I (calcium- 
channel blockers)

Contra-indications: card iogenic shock; preg
nancy (toxicity in anim al stud ies); porphvria 
(see section 9.8.2)

Side-effects: headache, flushing, dizziness, le th 
argy; also g ravitational o edem a, rash , nausea, 
increased frequency of m icturition , eye pain, 
gum hyperplasia; depression  repo rted ; te l
angiectasia reported
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A 1.2.6 Heparin

2.8 Anticoagulants and 
protamine

2.8.1 Parenteral an ticoagulants
2.8.2 O ral anticoagulants
2.8.3 P rotam ine su lphate

The main use of an ticoagulants is to prevent 
throm bus form ation or extension of an existing 
throm bus in the slow er-m oving venous side of the 
circulation, where the th rom bus consists of a fibrin 
web enm eshed with p la telets  and red cells. T hc \ 
arc therefore widely used in the preven tion  and 
treatm en t of deep-vem  ihrom bosi'' in the /egs.

A nticoagulants are of less use in preventing  
throm bus form ation in a rteries , for in faster-flow 
ing vessels throm bi are com posed  mainly of p la te 
lets with little fibrin. Tncy arc used to prevent 
throm bi form ing on prosineiic heart uahes.

2.8.1 Parenteral anticoagulants
H eparin is given to initia te anticoagulation and is 
rapidly effective. As its effects are short-lived it 
IS fiest given by continuous in travenous infusion, it 
IS preferably not given by in term itten t intravenous 
injection O ral an ticoagulants are started  at the 
same tim e, and the heparin  infusion withdrawn 
after 3 days.

If oral anticoagulants cannot be given and hep
arin Is con tinued , its dose is ad justed  after d e te r
m ination o f the activated partia l th rom boplastin  
time

If haem orrhage occurs it is usually sufficient to 
withdraw  heparin , but if rapid reversal o f the 
effects of heparin  is requ ired , p ro tam ine sulphate 
IS a specific an tidote (section 2 .8.3).

For the prophylaxis of throm bosis in patien ts 
undergoing heart surgery or haem odialysis full 
therapeutic  doses of heparin  are given for the 
duration  of the p rocedure . Low -dose heparin  by 
subcutaneous injection is w idely advocated to  p re 
vent postopera tive deep-vein throm bosis and p u l
monary em bolism  in ‘high risk ' pa tien ts, i.e. those 
with obesity , malignant d isease , previous history 
of throm bosis, or in older patien ts. Laboratory  
m onitonng is not required  w ith this regim en.

There is evidence that low m olecular weight 
heparins are  as effective and as safe as unfrac- 
tionated heparin in the p revention  of venous 
th rom bo em bolism . They have a longer duration

of action than unfractionated  heparin ; once-daily 
dosage m eans that they are  convenient to  use

HEPARIN
Indications: trea tm en t of throm bo-em boiic dis 

orders sued as deep-vein throm bosis and pul 
m onary em bolism . prophylaxis after
m yocardial infarction , preven tion  o f posi 
operative throm bosis and throm bo-embolic 
events in susceptible patien ts 

Cautions: p regnancy; interactions: A ppendix I 
(heparin)

Contro-indications: haem ophilia and other 
haem orrhagic disorders, throm bocytopenia, 
peptic ulcer, cerebral aneurysm , severe hyper 
tension, severe liver disease, recen t surgery of 
eye or nervous system , hypersensitivity to licp 
arin

Side-effects: haem orrhage, throm fxxrytopenu 
(see CSM advice above), hypersensitivity 
reactions; osteoporosis after pro longed use, 
alopecia

CSM advict. Platelet counts should be measured in 
patients under heparin treatm ent for longer than 5 
days and the treatment should be stopped immedi
ately in those who develop thrombocytopenia.
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A 1.2.7 A spirin , D ipyram idole

2.9 Antiplatelet drugs
By decreasing p latelet aggregation , these drugs 
may inhibit throm bus fo rm ation  on the arterial 
side of the circulation, w here throm bi are  form ed 
by platelet aggregation and  anticoagulants have 
little effect. A ntip late let drugs have little effect in 
venous throm boem bolism . D ipyridam ole is used 
by m outh as an ad junct to  oral anticoagulation 
for prophylaxis of th ro m b w m b o lism  associated 
with prosthetic heart valves.

Encouraging results have been  ob ta ined  using 
aspirin 300 mg daily for the secondary  prevention  
of throm botic ce rebrovascu la r o r cardiovascular 
disease; studies are still needed  to determ ine 
w hether lower doses (such as 75 mg daily or 
.300 mg on a lternate  days) m ight not be equally 
(or m ore) effective. A spirin  has also been shown 
to reduce m ortality w hen given in a dose of 150 mg 

dailv for a m onth after m yocardial infarction. Low 
doses of aspirin (such as 75 or I'M) mg daily) a re
al so given following bypass surgery Physicians 
in the USA have d em onstra ted  that 325 mg on 
alternate days can have a prim ary  preventive 
action for m yocardial infarction but fu rther analy
sis IS aw aited before aspirin can he recom m ended 
for routine use in prim ary p revention

For use of epoprosteno l, see section 2 .8 .1.

ASPIRIN ( an t i p l a t e l e t )
Indications: prophylaxis of cerebrovascular

disease or m yocardial infarction (see notes 
above)

Cautions: asthm a; uncontro lled  hypertension; 
pregnancy (but see A ppendix  4); interactions: 
A ppendix I (aspirin)

Contra-indications: children under 12 years and 
in breast-feeding ( Reye s sy n d ro m e. see section
4.7.1); active peptic u lceration; haem ophilia 
and o ther bleeding disorders 

Side-effects: b ronchospasm ; gastro-in tcstinal
haem orrhage (occasionally m a jo r), also o ther 
haem orrhage (e.g. subconjunctival)

DIPYRIDAMOLE
Indications: see notes above 
Cautions: rapidly worsening angina, aortic s ten 

osis. recent m yocardial infarction; may exacer
bate m igraine, hypotension; interactions: 
A ppendix I (d ipyridam ole)

Side-effects: nausea, d ia rrhoea , th robbing head 
ache. hypotension
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A 1.3 D rugs used in the treatm ent o f  diseases o f  the Respiratory system

A l.3 .1  Salm eterol (Serevent inhaler), Terbutaline Sulphate (B ricanyl), 
B eclom ethasone D ipropionate (B ecloforte inhaler)

VI. 1.1 S E L E C T IV E  BETA  
A D R E N O C E P T O R  STIM U L A N TS

SALBUTAMOL
Indications: asthm a and o the r conditions associ

ated with reversible airways obstruction; 
p rem ature labour, see section 7.1.2 

Cautions: hyperthyro id ism , myixzardial insuf
ficiency. arrhy thm ias, hypertension , pregnancy 
(but appropriate  to  use. see notes above), e ld 
erly patien ts; in travenous adm inistra tion  to  dia- 
beties (m onitor blood glucose; ketoacidosis 
reported ); see also notes above; interactions; 
A ppendix 1 (sym pathom im etics. beta;) 

Side-effects: tine trem or (usually hands), nervous 
tension, headache, peripheral vasodilata tion , 
tachycardia (seldom  troublesom e w hen given 
by aerosol inhalation); hypokalaem ia after high 
doses (CSM  recom m ends m onitor plasm a-pot- 
assium in severe asthm a, see opposite ); hyp
ersensitivity reactions including paradoxical 
bronchospasm . urticaria , and angioedem a 
reported; slight pair, on intram uscular injection

SALMETEROL
Indications: long-term  regular trea tm en t of 

reversible airways obstruction  in asthm a 
(including nocturnal and exercisc-induced) and 
chronic bronchitis
Note. CSM  has em p h a sise d  th a t salm etero l is n o t for 
im m ediate re lief of ac u te  a ttack s  and  th a t ex isting  c o r
ticostero id  therapy  sho u ld  not tse re d u ced  o r  w ithdraw n 

Cautions; Side-effects: see under S albutam ol and 
notes above; significant incidence of p a ra 
doxical bronchospasm  

Dose: by inhala tion , .SO m icrogram s (2 puffs or 1 
blister) twice daily; up to 100 m icrogram s (4 
puffs or 2 blisters) twice daily in m ore severe 
airways obstruction

TERBUTALINE SULPHATE
Indications; Cautions; Side-effects: see under 

Salbutam ol; p rem atu re  labour, see section 
7 1.2
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3.2 Corticosteroids
C orticosteroids have been used in asthm a for 
many years, and the use of inhaled corticosteroids 
has increased so that they are now recom m ended 
for prophylactic treatm en t when patien ts arc using 
a be ta -s tim u lan t m ore than once or twice daily 
1 hey have many fewer side-effects than those 
associated with systemic adm inistra tion  (sec sec
tion 6.3.3).

C orticosteroids arc usually of no benefit in 
patients with chronic bronchitis and em physem a; 
some patien ts with asthm a, how ever, may be clini
cally indistinguishable trom  those with chronic 
bronchitis except that they will respond to a trial 
course of corticosteroids.

The action of corticostero ids is not fully under- 
strsod but they probably  reduce bronchial mucosal 
inflam m ation, and hence reduce oedem a and 
secretion of m ucus into the airway.

Im ia i .a iio n . C orticostero id  aerosol inhalations 
must be used regularly to  ob ta in  maximum 
benehl; alleviation of sym ptom s usually occurs 3 
to 7 days after initia tion. Beclomethasone d ip ro 
pionate and budesonide appear to  be equally effec
tive. If a b e ta -ad ren o c ep to r  stim ulant is to  be 
taken at the sam e time as an inhaled corticosteroid 
I t should be taken first to  help increase the pen
etration of the inhaled corticostero id .

Patients w ho have been tak ing  long-term  oral 
corticosteroids can often be transferred  to inha
lation but the transfer must be done slowly, with 
gradual reduction  in dose of oral corticosteroid, 
and at a tim e w hen the asthm a is well controlled.

Hi^h-dose aerosol inhalers are  available for 
patients who only have a partial response to  stand 
ard inhalers. The m axim um  doses for high-dose 
corticosteroid inhalers are associated with som e 
.idrenal suppression (see section 6 .3 .3 ), therefore 
patients on high doses should be given a steroid 
card' and may need corticostero id  cover during 
an episode of stress (e g. an o pera tion ). Systemic 
therapy may also be necessary during  episodes of 
infection or increased b ronchoconstriction  w here 
higher doses are needed and access of inhaled 
drug to  small airways may be reduced ; patien ts 
mav need a reserve supply of tablets.

A lthough inhaled cortieostero ids have con
siderably few er systemic effects than oral co r
ticosteroids, recent evidence has shown that 
effects on bone m etabolism  can be detec ted  fol
lowing inhalation of the higher doses of beclo- 
methasonc and budesonide. A lthough there is no 
tirm evidenec tha t this may lead to  increased 
osteoporosis in the fu tu re , it is sensible to  ensure 
that the dose of inhaled corticostero id  is no higher 
than necessary to  keep a patien t s asthm a under 
g'lod control. T he dose can the refo re be reduced 
cautiously when the asthm a has been well con 
trolled for a few w eeks as long as the patien t 
knows tha t it is necessary to  re insta te  it should 
their asthm a de te rio ra te  or the peak  flow rate fall.

C orticosteroids are b e tter inhaled from  aerosol 
inhalers using spacer devices' (e g, N ebuhalcr® 
or V olum atic*). T hese increase airway deposition 
and reduce o ropharyngeal deposition , resulting in 
a marked reduction in the incidence of candidiasis 
and reducing system ic absorption  (so tha t there is 
less adrenal suppression), these devices are bulky, 
hut most patien ts only need to  use them  m orning 
and night.

Dry p o n d er  inhalers (B ecotide R otacaps*) 
which are ac tuated  by the p atien t's  inhalation  may 
be tried in patien ts  who are unable to use the 
aerosol inhalers.

Suspensions fo r  nébulisation  are now also avail
able. B eclom ethasone d ip rop ionate  suspension 
for nébulisation (B eco tide*) is relatively inef
ficient because of its poor solubility; only a small 
amount is nebulised in 15 m inutes. A spacing 
device will allow a larger am ount to  be adm in
istered m ore effectively and can be used by some 
children as young as 2 years. B udesonide sus
pension for nébulisation  (Pulm icort Respules®) is 
also now available.

O r a l , A cute attacks o f asthm a should be treated  
with short courses of oral corticostero ids starting  
with a high dose, e g, predniso lone 30 to  4 0 mg 
daily for a few days, gradually reduced once the 
attack has been contro lled . Patien ts w hose asthm a 
has deterio ra ted  rapidly usually respond quickly 
to corticosteroids, which can then  be tailed down 
over a few days; m ore gradual reduction  is nec
essary in those whose asthm a has d e terio ra ted  
gradually.

For use of corticostero ids in the em ergency 
treatm ent of severe acute asthm a  see section 3,1,1, 

In chronic continuing asthm a, w hen the 
response to o the r an ti-asthm a drugs has been 
relatively small, con tinued  adm inistra tion  of oral 
corticosteroids may be necessary; in such cases 
high doses of inhaled  corticostero ids should be 
continued so tha t oral requ irem ents are  reduced 
to  a minimum . O ral corticostero ids should nor
mally be taken as a single dose in the m orning 
to reduce the d istu rbance to  circadian cortisol 
secretion. D osage should always be titra ted  to the 
lowest dose which contro ls  sym ptom s. Regular 
m onitored peak flow m easurem ents often  help 
both patient and docto r to adjust the dose opti
mally. Prednisolone is available as tab lets  of 1 mg 
as well as 5 mg, and the sm aller tab lets  may con
veniently be used to  adjust the m ain tenance  dos
age to  the m inim um  necessary,

Alternate-day adm inistra tion  has not been  very 
successful in the m anagem ent of asthm a and 
patients tend to  d e te rio ra te  during  the second 24 
hours. If an a ttem p t is m ade to  in troduce this 
pulm onary function should be m onito red  ca re
fully over the 48 hours,

BECLOMETHASONE DIPROPIONATE
Indications: p rophylaxis of asthm a especially if 

not fully contro lled  by b ronchod ilato rs  o r cro- 
m oglycate

Cautions: see notes above; also active o r  quiesc
ent tuberculosis; may need to  re insta te  systemic 
therapy during p eriods of stress or w hen airways 
obstruction or m ucus p revent drug  access to 
sm aller airways 

Side-effects: see notes above; also hoarseness and 
candidiasis of m outh  or th roa t (usually only 
with large doses— reduced by using spacer, see 
notes above, and responds to  antifungal 
lozenges, see section 12,3,2, w ithout dis
continuation  of therapy— rinsing the m outh 
with w ater after inhalation  of a dose may also 
be helpful)
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A l.3 .2  T rim eprazine T artrate (T rim eprazine)

3.4 Antihistamines, 
hyposensitisation, and allergic 
emergencies

3.4.1 A ntihiütam incs
3.4.2 H vposcnsiiisation
3.4.3 Allergic em ergencies

For the trea tm ent of asthm a see sections 3.1.1 
and 3.2. For the trea tm en t of hav fever hv nasal 
application of corticostero ids and prophylaxis 
with sodium crom oglycatc see section 12.2. For 
eye prepara tions see section 11.4. For the tre a t
ment of allergic skin conditions with topical co r
ticosteroid p repara tions see section 13.4.

3.4.1 Antihistamines
All antihistam ines are of potential value In 
treatm ent of nasal allergies, particularly  scasonjj 
(hay fever), and may he of som e value in 
m otor rhinitis. They reduce rhinorrhoca aim 
sneezing but are usually less effective for nasal 
congestion.

O ral antihistam ines arc also of some value ^  
preventing urticaria and are used to treat af/ergm 
rashes, pruritus, and insect bites and stings \ they 
are also used in drug allergies. Injections of chlor. 
phcniram ine or prom ethazine are used as an 
adjunct to  adrenaline in the em ergency treatment
of angioedema and anaphvlaxis (section 3.4.3)

There is no evidence that any one of the older, 
sedative antihistam ines is superior to  any other 
and patients vary widely in the ir responses. They 
differ som ew hat in duration  of action and ina- 
dcncc of side-effects (drow siness and antimu- 
scarinic effects). M ost are relatively short-acting 
but som e. (e.g . p rom ethazine) act for up to 12 
hours. They all cause sedation  but promethazine, 
trim eprazine. and d im enhydrinate may be more 
sedating w hereas ch lorpheniram ine, cyclizine. 
and m equitazine may be less so.

A crivastine. astemizole. cetirizine. loratadine. 
and terfenadine arc new er antihistam ines; they 
arc a very m ajor advance over the older anti
histamines. They cause less sedation and psy
chom otor im pairm ent because they only 
penetrate the blood brain barrier to a slight extent 
(and for this reason do not alleviate pruritus of 
non-allergic origin). A stcm izole has a relatively 
slow onset of action and is m ore appropriate  for 
use on a regular basis than w hen sym ptom s occur. 
The drug interactions described  in .Appendix 1 
apply to a lesser extent to  the non-sedative anti
histam ines. and they do not appear to  potentiate 
the effects of alcohol.

D i s A O V A N r A O E S O F  vN i i i i i s r . A M iN E S .  With most of 
the older antihistam ines drow siness is a serious 
disadvantage: patients should be w arned that their 
ability to drive or opera te  m achinery may be 
im paired, and that the effects of alcohol mav be 
increased. O ther side-effects include heada he. 
psychom otor im pairm ent, an tim uscarin ic effects 
such as urinary reten tion , dry m outh , blurred 
vision. and gastro-intcstinal disturbances: 
occasional rashes and photosensitivity  reactions 
have been reported ; paradoxical stim ulation mav 
rarely occur, especially in high dosage or in 
children. A ntihistam ines should be used with cau
tion in epilepsy, prostatic hypertrophy , glaucoma, 
and hepatic disease. Most an tih istam ines should 
be avoided in porphyria , but ch lorpheniram ine 
and cyclizine have been used (see section 9..S.2). 
Interactions: .Appcndi? I (an tih istam ines). Preg
nancy and breast-feeding: A ppendixes 4 and 5 
(antihistam ines).

TRIMEPRAZINE TARTRATE
Indications: u r t i c a r i a  a n d

p r e m e d i c a t i o n ,  s e e  s e c t io n  1 5 .1 .4  1 
Cautions; Side-effects: s e e  n o t e s  a b o v e

p r u r i t u s ;
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A 1.4 D rugs acting on the Central N ervous System  

A 1.4.1 Tem azepam , D iazepam

4.1.1 Hypnotics
Bclorc a hypnotic is prescribed the cause of the 
tPMimnia should be established and . w here 
possible, underlying factors should be trea ted . 
However, it should be noted that som e patien ts 
hj\e unrealistic sleep c.xpcctations. and o thers 
understate the ir alcohol consum ption which is 
oitcn the cause of the insom nia.

rrutviiem insom nia  may occur in those who 
normally sleep well and may be due to  extraneous 
lactors sueh as noise, shift w ork, and jet lag. If a 
hspnotic is indicated one that is rapidly elim inated 
should be chosen , and only one or two doses 
should be given.

Short-term insom nia  is usually related  to an 
emotional problem  or serious medical illness. It 
may last for a few w eeks, and  may recur; a hyp
notic can be useful but should not be given for 
more than three w eeks (preferably  only one 
week). In te rm itten t use is desirable w ith omission 
.s'f some doses. A rapidly elim inated d rug  is gen
erally appropriate .
. Chronic insom nia  is rarely benefited by hyp
notics and is m ore often due to mild dependence 
caused by injudicious prescribing. Psychiatric dis
orders such as anxiety, depression , and abuse 
of drugs and alcohol arc com m on causes. Sleep 
disturbance is very com m on in depressive illness 
ind early w akening is often a useful poin ter. The 
underlying psychiatric com plaint should be 
treated, adapting  the drug regim en to  alleviate 
insomnia. For exam ple, am itrip ty line, prescribed 
lor depression, will also help to prom ote sleep if 
It IS taken at night. O th er causes of insom nia 
include daytim e cat napping and physical causes 
such as pain , pru ritus, and dyspnoea.

Hypnotics should not be prescribed indis
criminately and routine prescribing is undesirab le. 
Ideally, they should be reserved for short courses 
in the acutely d istressed . T olerance to  the ir effects 
develops within 3 to  14 days of continuous use 
and long-term  efficacy cannot be assured. A m ajor 
drawback of long-term  use is tha t w ithdraw al 
causes rebound insom nia and precip itates a w ith
drawal syndrom e (section 4.1).

Where prolonged adm inistra tion  is unavoidable 
hypnotics should be d iscontinued as soon as feas
ible and the patien t w arned tha t sleep may be 
disturbed for a few days before norm al rhythm  is 
re-established: broken  sleep with vivid dream s 
and increased REM  (rapid eye m ovem ent) may 
persist for several w eeks. This rep resen ts a mild

form of dependence even if clinical doses arc 
used.

C h il d r e n . The prescribing of hypnotics to  chil
dren. except for occasional use such as for night 
terrors and som nam bulism  (sleep-w alking), is not 
justified.

ELDER1 V. H ypnotics should be avoided in the 
elderly, who are at risk of becom ing ataxic and 
confused and so liable to  fall and in jure them 
selves.

B E N Z O D IA Z E P IN E S

B enzodiazepines used as hypnotics include n itra 
zepam. H unitrazepam . and flurazepam  which have 
a prolonged action and  may give rise to  residual 
effects on the following day; repea ted  doses tend  
to be cum ulative.

Loprazolam . lorm etazepam . and tem azepam  
act for a shorter tim e and they have little o r no 
hangover effect. W ithdraw al phenom ena how 
ever arc m ore com m on with the short-acting  
benzodiazepines.

B enzodiazepine anxiolytics such as diazepam  
given as a single dose at night may also be used 
as hypnotics.

For general guidelines on benzodiazepine p re 
scribing see section 4.1 .2  and for benzodiazepine 
withdrawal see section 4.1.

NITRAZEPAM
Indications: insom nia (short-term  use)
Cautions: resp iratory  disease, m uscle w eakness, 

history of drug abuse, m arked personality  dis
order. pregnancy, breast-feeding; reduce dose 
in elderly and d eb ilita ted , and in hepatic and 
renal im pairm ent; avoid prolonged use (and 
abrupt w ithdraw al th e reafte r); in teractions: 
A ppendix I (benzodiazepines)
DRIVING. Drowsiness may persist the next day and affect 
performance of skilled tasks (e.g. driving), effects of 
alcohol enhanced

Contra-indications: resp iratory  depression ; acute 
pulm onary insufficiency; phobic o r obsessional 
states, chronic psychosis; porphyria (see section
9.8.2)

Side-effects: drow siness and  lightheadedness the 
next day; confusion and ataxia (especially in the 
elderly); dependence; see also u nder D iazepam  
(section 4 .1 .2); overdosage; see Em ergency 
T reatm ent of Poisoning , p. 19.

TEMAZEPAM
Indications: insom nia (short-term  use); see also 

section 15.1 4.1 for peri-operative use 
Cautions; Contra-indications; Side-effects: see 

under N itrazepam ; sho rte r acting
DIAZEPAM
Indications: short-term  use in anxiety o r insom

nia. adjunct in acute alcohol w ithdraw al; statu> 
epilepticus see section 4.8.2; muscle spasm  sec 
section 10.2.2; peri-operative use see section
15.1.4.1

Cautions: respiratory d isease, muscle weakness 
history of drug  abuse, m arked personality  di\ 
o rder, pregnancy, breast-feeding; reduce dose 
in elderly  and deb ilita ted , and in hepatic  and 
renal im pairm ent; avoid prolonged use (and 
abrupt w ithdrawal th e reafte r); special pre
cautions for in travenous injection (section
4.8 .2); interactions: A ppendix I (benzodi 
azepines)
DRIVING.  Drowsiness may affect performance of skilled 
tasks le g. driving); effects of alcohol enhanced 

Contra-indications: resp iratory  depression ; acute 
pulm onary insufficiency; phobic or obsessional 
states, chronic psychosis; porphyria  (but see 
section 9.8.2)

Side-effects: drow siness and lightheadedness the 
next day; confusion and ataxia (especially m 
the elderly); am nesia may oecur; dependence 
occasionallv: h eadache, vertigo, hypotension 
salivation changes, gastro-in tcstinal disturb 
ances. rashes, visual d isturbances, change^ 
in libido, urinary re ten tion ; bkxid d isorder'

and jaundice repo rted ; on in travenous in jec
tion, pain, throm bophleb itis , and rarely  apnoea  
or hypotension; overdosage: sec E m ergency 
Treatm ent of Poisoning, p. 19.
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A 1.4.2 A spirin , Paracetam ol (C o-dydram ol, C o-proxam ol)

4.7.1 Non-opioid analgesics
The non-opioid drugs, aspirin and paracetam ol, 
are particularly  suitable for pain in m uscu
loskeletal conditions, w hereas the opioid anal
gesics are m ore suitable for severe visceral pain.

Aspirin is the analgesic of choice for headache, 
transient m usculoskeletal pain, and dysm enor- 
rhoea. It also has anti-inflam m atory properties 
ivhich may be useful, and is an antipyretic. A spirin 
tablets or dispersible aspirin tab lets are adequate 
tor most purposes as they act rap idh

G astrtc irritation may be a problem : it is m ini
mised bv taking the dose after food. N um erous 
formulations are  available which im prove gastric 
tolerance, e .g . the buffered aspirin prepara tions 
such as aloxiprin (Palaprin  Forte®) and enteric- 
coated aspirin. Some of these p repara tions have 
a slow onset of action and are the refo re unsuitable 
tor sm gle-dose analgesic use though the ir p ro 
longed action may be useful for night pain.

Paracetam ol is sim ilar in efficacy to aspirin, but 
has no dem onstrable anti-inflam m atory activity: 
It IS less irritan t to  the stom ach. O verdosage with 
paracetam ol is particularly  dangerous as it may 
cause hepatic dam age which is som etim es not 
apparent for 4 to  6 days. Benorylate is an asp irin - 
paracetam ol ester.

Nefopam may have a place in the relief of 
persistent pain unresponsive to o ther non- 
opioid analgesics. It causes little or no respiratory 
depression . but sym pathom im etic and an ti
muscarinic side-effects may be troublesom e.

Anti-inflam m atory analgesics (see section
10.1.1) are particularly  useful for the treatm ent 
of patients with ehronic disease accom panied by 
pain and inflam m ation. Some of them  arc also 
used in the short-term  trea tm en t of mild to m od
erate pain including transient m usculoskeletal 
pain They are also suitable for the relief of pain 
m dysm enorrhoea  and to trea t pain causccl by 
secondary hone tum ours, many of which produce 
lysis of bone and release prostaglandins (see P re
scribing in T erm inal C are . p. 12).

Com pound analgesie p repara tions of. for 
example, aspirin , paracetam ol, and codeine are 
not recom m ended. Single-ingredient prepara tions 
should be prescribed  in preference because com 
pound p repara tions rarely have any advantage 
and com plicate the trea tm en t of overdosage. The 
dangers of co-proxam ol (dextropropoxyphene- 
paracetam ol) overdosage call for rapid treatm ent 
as described in Poisoning, p. 18.

It is even m ore desirable to avoid m ixtures of 
analgesics with antih istam ines or muscle relax
ants: the individual com ponents should be p re 
scribed separately so that the dose of each can be 
adjusted as appropria te .

Caffeine is a w eak stim ulant that is often 
included, in small doses, in analgesic p rep ara 
tions. It does not con tribu te to the analgesic or 
anti-inflam m atory effect of the p repara tion  and 
may possibly aggravate the gastric irritation 
caused by aspirin. M oreover, in excessive dosage 
or on w ithdraw al caffeine may itself induce head 
ache

ASPIRIN
Indications: mild to m oderate  pain, pyrexia (see 

notes above): see also section 10.1.1: an ti
p la telet. see section 2.9 

Cautions: asthm a, allergic disease, im paired 
renal or hepatic function (avoid if severe), 
dehydration , pregnancy: G bPD -deficiency (see 
section 9 .1.5); interactions: A ppendix I aspirin) 

Contra-indications: children under 12 years and 
in breast-feeding  (possible link with Reye s syn
drom e); gastro-intestinal u lceration , haem o
philia; not for trea tm ent of gout 

Side-effects: generally mild and in frequen t but 
high incidence of gastro intestinal irritation 
with slight asym ptom atic blood loss, increased 
bleeding tim e, bronchospasm  and  skin reac
tions in hypersensitive patien ts. P rolonged 
adm inistra tion , see section 10.1.1. O verdosage: 
see Em ergency T reatm ent of Poisoning, p. 17

PARACETAMOL
Indications: mild to m oderate pain, pvrcxia 
Cautions: hepatic and renal im pairm ent, alcohol 

dependence; intcractinns: A ppendix  1 (p ar
acetam ol)

Side-effects: sidc-effects rare, hut rashes, blood 
disorders, and acute pancreatitis reported; 
im portan t: liver dam age (and less frequcntiv 
renal dam age) following overdosage, see 
Emergency T reatm cni ot Poisoning, p. 18

With dihydrocodcine ta rtra te  10 mg 
PoMCo-dydramol (Non-proprietary)

Other eom pound prepara tions 
Co-proxamol (N o n -p ro p rie ta ry ;

Nhleis. co -proxam ol 32.5/325 (d ex iro p ro p o x y p h en e  
hydriK hloridc 32.5 m g, p arace tam o l 325 m g). N et price 
2(1 = 28p L abel. 2. 10 p atien t in fo rm ation  leaflet (if 
n a i l a b l e ) .  29. 30
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A 1.4.3 D iam orphine
4.7.2 Opioid analgesics
()pioid analgesics arc used to relieve m oderate to 
xcverc pain particularly  of visceral origin 
Repeated adm inistration  may cause dependence 
ind tolerance, hut this is no de te rren t in the 
anitrol of pain in term inal illness, for guidelines 
\ee Prescribing in Term inal C are , p. 12.

sinb E iFEcrs. O pioid analgesics share many side- 
ellccts though qualitative and quantita tive dif- 
icrcnces e.\ist. T he most com m on include nausea, 
vomiting, constipation , and drow siness. Larger 
Joses produce respiratory depression and hypo
tension. O verdosage, see Poisoning, p. 18.

IsiER.vriioss. See A ppendix 1 (opioid analgesics) 
(important: special hazard with pethidine and  
possihiv other opioids  and M A O ls).

Dr im n g . D row siness may affect perform ance of 
skilled tasks (e.g . driving); effects of alcohol 
enhanced

(.'iioiCE. M orphine rem ains the most valuable 
opioid analgesic for severe pain although it fre
quently causes nausea and vom iting. It is the 

andard against which o ther opioid analgesics arc 
compared. In addition  to relief o f pain, m orphine 
■liso confers a state  of euphoria  and m ental de- 
t.iehment.

M orphine is the opioid of choice for the oral 
treatment of seoere pain in term inal care. It is 
(tiven regularly every 4 hours (or every 12 hours 
.IS m odilied-release tab lets) For guidelines on 
dosage adjustm ent in term inal care , see p. 12.

Buprenorphine has both opioid agonist and 
antagonist properties and may precip itate  w ith 
drawal sym ptom s, including pain, in patients 
dependent on o th e r opioids. It has abuse potential 
and may itself cause dependence. It has a much 
longer duration  of action than m orphine and sub
lingually is an effective analgesic for 6 to 8 hours. 
Vomiting may be a problem . U nlike most opioid 
analgesics its effects are only partially  reversed by 
naloxone

Codeine is effective for the relief of mild to 
moderate pain but is too  constipating  for long
term use.

[iextrom oram ide is less sedating than m orphine 
and has a short duration  of action.

Diplpanone used alone is less sedating than 
morphine but the only p repara tion  available con
tains an anti-em ctic and is the refo re  not suitable 
lor regular regim ens in te rm tnal care (see p. 12).

Dextropropoxyphene given alone is a very mild 
analgesic som ew hat less po ten t than  codeine. 
Combinations of dex tropropoxyphene with pa r
acetamol (co-proxam ol) or aspirin have little 
more analgesic effect than  paracetam ol or aspirin 
alone. An im portan t d isadvantage of co-proxam ol 
IS that overdosage (which may be com bined with

alcohol) is com plicated by respiratory  depression 
and acute heart failure due to the dextro- 
propoxyphenc and  by hepato toxicity  due to  the 
paracetam ol. R apid trea tm en t is essential (see 
Emergency T reatm en t of Poisoning, p. 18).

D iam orphine (hero in) is a pow erful opioid ana l
gesic. It may cause less nausea and hypotension 
than m orphine. In term inal care the g reater solu
bility of d iam orphine allows effective doses to  be 
injected in sm aller volum es and this is im portan t 
in the em acia ted  patien t.

Dihydrocodeine has an analgesic efficacy similar 
to that of codeine. The dose of dihydrocodeine 
by m outh is usually 30 mg every 4 hours, doubling 
the dose to 60 mg may provide som e additional 
pain relief but this may be at the cost of m ore 
nausea and vom iting.

.Meptazinol is claim ed to  have a low incidence 
of respiratory depression . It has a reported  length 
of action of 2 to  7 hours with onset w ithin 15 
m inutes, but the re  is an incidence of nausea and 
vomiting.

M ethadone is less sedating  than  m orphine and 
acts for longer periods. In pro longed use. m etha
done should not be adm in istered  m ore often than 
twice daily to  avoid the risk of accum ulation and 
opioid overdosagc.

.Nalbuphine has a similar efficacy to  tha t of 
morphine for pain relief, but may have fewer 
side-effects and less abuse po tentia l. N ausea and 
vomiting occur less than with o th e r opioids but 
respiratory depression  is sim ilar to  tha t w ith m or
phine.

Oxycodone is used as the pectinate  in sup
positories (special o rder. Boots) for the control 
of pain in term inal care.

Pentazocine has both agonist and antagonist 
properties and precip itates w ithdraw al sym ptom s, 
including pain in patien ts dependen t on o ther 
opioids. By injection it is m ore po ten t than  d i
hydrocodcine or codeine, but hallucinations and 
thought disturbances may occur. It is not rec
om m ended and. in particu lar, should be avoided 
after myocardial infarction as it may increase pul
m onary and aortic bitxrd pressure as well as car
diac work.

Pethidine produces a prom pt but short-lasting  
analgesia and even in high doses it is a less potent 
analgesic than m orphine. It is not suitable for 
the relief of pain in term inal care . It is used 
for analgesia in labour, and  in the neonate is 
associated with less respiratory depression  than 
o ther opioid analgesics (probably  because its 
action is w eaker).

Phenazocine is effective in severe pain and has 
less tendency to  increase biliary pressure than 
o ther opioid analgesics. It can be adm inistered  
sublingually if nausea and vom iting arc a p ro b lem .

A d d ic is . A lthough caution is necessary addicts 
(and ex-addicts) may be trea ted  with analgesics 
in the same way as o ther people w hen there  is a 
real clinical need. D octors are  rem inded tha t they 
do not require a special licence to prescribe opioid 
analgesics for addicts for relief of pain due to  
organic disease or injury

MORPHINE SALTS
Indications: see notes above: acute pulmonavv 

oedem a: peri operative analgesia see section
15.1.4.3

Cautions: h y p o te n s io n , h y p o th y ro id ism , a s th m a , 
and  d e c re a se d  re sp ira to ry  re se rv e ;  p reg n a n c y  
and  b rea s t-fe e d in g : m ay p re c ip ita te  c o m a  in 
h ep a tic  im p a irm e n t (b u t m an y  such  p a tie n ts  
to le ra te  m o rp h in e  w ell): red u c e  d o se  in ren a l 
im p a irm e n t, e ld e r ly  a n d  d e b il i ta te d :  d e p e n 
d en ce  (se v e re  w ith d ra w a l sy m p to m s  if w ith 
d raw n  a b ru p tly  I. use o f co u g h  s u p p re s s a n ts  
c o n ta in in g  o p io id  an a lg esic s  n o t g e n e ra llv  rec 
o m m e n d e d  in c n iid ren  a n d  sh o u ld  be a v o id e d  
a lto g e th e r  in th o se  u n d e r  1 y e a r,  in te rac tio n s ; 
.-\ppend ix  1 (o p io id  an a lg esic s)
:er\ iis \L( vri . In the control of pain in icrminal illness 
these cautions should not neccssanls he a deterrent to 
:he use of opioid analgesics 

Contra-indications: avoid in raised intracranial 
pressure or head injurv (in addition to  intcr- 
fciing with resp iration , affect pupiilarv 
responses sital for neurological assessm ent) 

Side-effects: nausea and vom iting (particularly  
III initial stages I. constipation , and drow siness: 
larger dose- produce respirators depression and 
hcpotension: o the r side-cffect-. include dil- 
licultc With m icturition, u reteric  or biliary 
spasm. d r\ m outh , sweating, facial flushing, 
certigo. bradycardia, pa lp ita tions, postural 
h 'p o ten s io n . hvpotherm ia . hallucinations, 
r.iood changes, dependence, m iosis, urticaria 
and pruritus, overdosagc: sec Em ergency
Treatm ent of Poisoning, p. 18

DIAMORPHINE HYDROCHLORIDE
Indications: see  n o te s  a b o v e , a c u te  p u lm o n ary  

o e d e m a
Cautions; Contra-indications; Side-effects: see 

under M orphine Salts: in t e r a c t i im s :  .Appendix 
1 (opioid analgesics)
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Appendix 1 Drug profiles

A 1.5. Drugs used in the treatm ent o f  infections : Flucloxacillin, D iloxanide Furoate 
(Furam ide)

VI 12 PE N IC IL L IN A SE  RESISTA N T 
PEN ICILLIN S

Mosi staphylococci are now resistant to benzyl- 
ponicillin because they produce penicillinases 
Cloxacillin and flucloxacUlin. how ever, are not 
inactivated by these enzym es and are thus effec
tive in infections caused by penicillin-resistant 
staphylococci, which is the sole indication for their 
use They are acid-stable and can. the refo re, be 
given by m outh as well as by injection

auCLOXACILLIN
Indications: infections due to  penicillinase-pro

ducing staphylococci 
Cautions; Contra-indications; Side-effects: see 

under Benzylpcnicillin (section  5 1 1 ,1 ); h epa
titis and cholestatic jaundice reported  (may be 
delayed for up to  2 m onths after trea tm en t); 
avoid in porphyria (see section 8,2)

5.4.2 Amoebicidcs
Metronidazole is the d rug  of choice for acute tnuas- 
,e amoebic dysentery for it is very effective 
jgainst vegetative am oebae in ulcers at a dosage 
,il SOÜ mg three times daily for 5 days; it is also 
elective against am oebae which may have 
migrated to  the liver. It is given e ither for 10 days, 
or for 5 days followed by a lO-day course of 
Jiloxanide furoate, Tinidazole is also effective, 

Diloxanide furoate is the drug  of choice in 
chronic intestinal am oebiasis in which only cysts 
jnd not vegetative forms of E ntam oeba histolytica 
are present in the faeces; m etronidazole and tin- 
idazole are relatively ineffective Diloxanide 
furoate is relatively free from  toxic effects in 
therapeutic doses and the usual course is of 10 
days, given alone for chronic infections or fol
lowing 5 days of m etronidazole in acute dysenteric 
infections.

For am oebic abscesses of the liver m etron
idazole is effective in doses of 400 mg 3 tim es daily 
for 5-10 days; the course may be repea ted  after 2 
weeks if necessary. A spiration o f the abscess is 
indicated w here it is suspected tha t it may rupture 
or where there is no im provem ent after 72 hours 
of m etronidazole; the aspira tion  m ay need to  be 
repeated. A spiration aids pene tra tio n  of m etron
idazole and. for abscesses w ith m ore than 100 mL 
of pus. if carried out in conjunction  with drug 
therapy, may reduce the pcn tx i o f disability.

If m etronidazole o r tinidazole are  not available 
em etine may be used but its sidc-effects are much 
more m arked, D iloxanide is not effective against 
hepatic am oebiasis, but a 10-day course should 
be given at the com pletion of m etronidazole or 
tinidazole treatm en t to  destroy any am oebae in 
the gut.

DILOXANIDE FUROATE
Indications: chronic am oebiasis— see notes 
Side-effects: flatulence, vom iting, urticaria , pru- 

n tus
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Appendix 1 Drug profiles

A 1.6 D rugs used in diabetes : G libenclam ide, M etform in H ydrochloride (M etform in)

6.1.2 O ral antidiabetic drugs
6.1.2.1 Sulphonylurcas
6.1.2.2 Biguanides
6.1.2.3 G uar gum

Oral antidiabctic drugs are used for non-insulin-
pendent (type 2) d iabetes; they should not be 

prescribed until patien ts have been show n not 
In respond adequately  to  at least one m onth 's  
restriction of energy and ca rbohydra te  intake, 
fhey should be used to  augm ent the effect o f d ie t, 
arid not to replace it.

M 2 .1  S U L P H O N Y L U R E A S

Uie sulphonylurcas act mainly by augm enting 
insulin secretion and consequently  are effective

only when some residual pancreatic  beta-cell 
activity is presen t; during long-term  adm inis
tration they also have an ex trapancreatic  action. 
All may lead to hypoglycaem ia 4 hours or m ore 
after food but this is usually an indication of 
overdose, and is relatively uncom m on.

T here are several su lphonylurcas but there is no 
evidence for any difference in the ir effectiveness 
Only chlorpropam ide has appreciably m ore side- 
effects. mainly because of its very prolonged du r
ation of action and the consequent hazard of 
hypoglycaem ia, but also as a result of the com m on 
and unpleasant ch lorpropam ide-alcohol flush 
phenom enon. Selection of an individual sul- 
phonylurea depends o therw ise on the age of the 
patient and renal function (see below ), or m ore 
generally just on personal preference.

E lderly patien ts are particu larly  p rone to  the 
dangers of hypoglycaem ia w hen long-acting sul- 
phonylureas are used; ch lo rp ropam ide , and also 
preferably glibenclam ide, should be avoided in 
these patien ts  and replaced by o thers, such as 
gliclazide or tolbutam ide

C a u t io n s  a nd  c o n t ra  in d ic a t io n s . T hese drugs 
tend to  encourage w eight gain and should only be 
prescribed if poor contro l and sym ptom s persist 
despite adequate attem pts at dieting. They should 
not be used during breast-feeding , and caution is 
needed in the elderly and those with hepatic and 
renal insufficiency because of the hazard  of hypo
glycaemia. The short-acting to lbutam ide may be 
used in renal im pairm ent, as may g liquidone and 
gliclazide which are principally m etabolised  and 
inactivated in the liver. Sulphonylurcas should be 
avoided in porphyria (see section 9 .8.2).

Insulin therapy should be institu ted  tempiorarily 
during in tercurren t illness (such as m yocardial 
infarction, com a, infection, and traum a) and d u r
ing surgery since contro l of d iabetes with the 
sulphonylurcas is often  inadequate in such c ir
cum stances. Insulin therapy  is also usually sub
stituted during pregnancy. Sulphonylurcas are 
contra-indicated in the presence of ketoacidosis.

SiDE EFFECTS Thcsc are generally mild and 
infrequent and include gastro-intestinal d is tu r
bances and headache.

C hlorpropam ide may cause facial flushing after 
drinking alcohol; this effect is not norm ally w it
nessed with o th e r sulphonylurcas. C h lo rp ro 
pam ide may also enhance the effect of an tid iure tic  
horm one and very rarely may cause hypo- 
natraem ia.

Sensitivity reactions (usually in first 6-8  w eeks 
of therapy) include transien t rashes which rarely 
progress to  ery them a m ultiform e and exfoliative 
derm atitis, fever, and jaundice; photosensitivity  
has also rarely been reported  w ith ch lo rp ro 
pam ide. Blood d iso rders are rare  too  but include 
throm bocytopenia, agranulocytosis, and aplastic 
anaem ia. All these phenom ena are very rare.

GLIBENCLAMIDE
Indications: d iabetes mellitus 
Cautions; Contra-indications; Side-effects: see 

notes above; interactions: A ppendix  I (an ti
diabetics)

.1 .2 ,2  B IG U A N ID E S

Metformin, the only available b iguanide, has a 
lifferent m ode of action from the su lphonylurcas, 
jnd is not in terchangeable with them . It exerts its 
effect mainly by decreasing  gluconeogenesis and 
hv increasing peripheral utilisation o f glucose; 
since It only acts in the presence of endogenous 
msulin it is only effective in diabetics with som e 
residual functioning pancreatic  islet cells. M et- 
lormin is used in the trea tm en t of non-insulin- 
Jcpendent diabetics when strict dieting and sul- 
'honylurea trea tm en t have failed to  con tro l d ia 
betes. especially in overw eight p a tien ts, in w hom  
!i may, if necessary, be used first. It can be used 
alone or with a su lphonylurea. It does not exert 
j hypoglycaemic action in non-diabetic subjec ts  
unless given in overdose. G astro -in testinal side- 
effects are initially com m on, and may persist in 
vome patien ts, particularly  when very high doses 
\uch as 3 g daily are  given.

Metformin is not free from  the hazard  o f lactic 
acidosis bu t this occurs alm ost exclusively in renal 
failure patien ts, in w hom  it should not be used.

METFORMIN HYDROCHLORIDE
Indications; d iabetes m ellitus (see notes above) 
Cautions; see notes above, in teractions: A p p en 
dix 1 (antid iabetics)

Contra-indications: hepatic or renal im pairm ent 
(withdraw if renal im pairm ent suspected), p re 
disposition to  lactic acidosis, hea rt failure, 
severe infection o r traum a, dehyd ra tion , alco
hol dependence; pregnancy, breast-feeding  

Side-effects: anorex ia, nausea, vom iting,
diarrhoea (usually tran sien t), lactic acidosis 
(w ithdraw trea tm en t) , decreased  v itam in -B i; 
absorption
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Appendix 2___________________ Synthesis of the conformationallv-restricted PUFA analogues

APPENDIX 2 :

SYNTHESIS OF THE CONFORMATIONALLY-RESTRICTED 

POLYUNSATURATED FATTY ACID ANALOGUES

The entire series of analogues (described in 4.2.3.3 and in Figure 4.22) except 

Ala3, Ala4 and Ala5 was synthesized using solid phase manual Boc chemistry [219], 

purified by HPLC and the molecular weight confirmed by electrospray mass 

spectrometry. The syntheses were performed in the Department of Medical Chemistry, 

University of Szeged, Hungary, in the group of Doctor Gabor Toth, during a one month 

Tempus exchange.

A2.1 Materials

All amino acids, anhydrides, solvents and reagents were obtained from Aldrich, 

Steinheim, Germany. For analytical purposes a Hewlett-Packard (Hewlett-Packard, 

berlin, Germany)HP 1050 machine was used with a Lichrosorb column RP 18, 10 p, 4.6 

X 250 mm. For semi-preparative purposes, a Knauer HPLC 64 apparatus was used 

(Knauer, Berlin, Germany) with a Lichrosorb column RP 18, 10 p, 16 x 250 mm.

A2.2 General synthesis procedures 

A2.2.1 Coupling

The resin-bound entity to be coupled to an amino acid or acylated was 

deprotected using a 50 % TFA in DCM solution. Practically, the resin was shaken twice
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with the TFA solution, first for 5 mins, and second for 25 mins. The resin was then 

washed three times (shaken 2 mins each time) with DCM, and neutralised twice (shaken 

2 mins each time) with a 10 % TEA in DCM solution. Three washes (2 mins each) with 

DCM terminated the deprotection steps. The resin-bound entity was coupled in DCM 

or DMF (depending on the solubility of the particular amino acid) to the protected amino 

acid or acylated, using DCC (in a 3 fold excess) as a coupling agent, for 60 to 90 mins. 

Finally, the resin was washed successively with MeOH (2 mins), DCM (2 mins), MeOH 

(2 mins) and 3 times with DCM (2 mins each time).

À2.2.2 Cleavage

HF cleavages were performed by a third party at the University of Szeged. 

Amine cleavages consisted of stirring for two to three days (depending on the reactivity 

of the amine) the amine-resin solution. The remaining amine was then evaporated and 

the product washed with ether. It was finally dissolved in a 10 to 50 % acetic acid water 

solution and lyophilised.

A2.3 Experimental 

A2.3.1 Synthesis of Gly3 and RetroGly3 

A2.3.1.1 Synthesis of Gly3

1 mmol (1.82 g ) of Boc-GABA-Merrifield polymer was deprotected and 

coupled with 3 mmol (0.696 g) of Boc-(Gly)2-OH to form Boc-(Gly)2-GAB A-Merrifield 

polymer with a yield of 92%. 0.5 mmol of that compound was in turn deprotected and 

coupled with Boc-Gly-OH to obtain Boc-(Gly)^-GABA-Merrifield polymer with a 94% 

yield. The acylation of the latter with hexaenoic anhydride (in a 10 times excess) yielded
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at 83% CH3-(CH2)4-CO-(Gly)3-GABA-Merrifield polymer. This compound was finally 

cleaved with HF and 5 mg of relatively pure Gly3 was obtained (yield = 30 %). Figure 

A2.1 shows the mass spectrum of this compound that confirmed its expected molecular 

weight of 372 Daltons.

A2.3.1.2 Attempted synthesis of RetroGly3

1 mmol (2.08 g) of Boc-Gly-Merrifield polymer was deprotected using a 50% 

TFA in DCM solution and coupled with 3 mmol (2.2 g) of Boc-(Gly)2-OH using DCC 

(3 mmol, 0.618 g). 2.1 g of Boc-(Gly)3-Merrifield polymer was obtained corresponding 

to a 96% yield. 0.5 mmol of Boc-(Gly)3-Merrifield polymer was then acylated with a 10 

times excess (5 mmol; 0.571 g) of glutaric anhydride to give HOOC-CH2-CH2-CH2-CO- 

(Gly)3-Merrifield polymer (0.908 g) with a yield of 92 %. The latter was cleaved using 

5 ml of pentylamine for three days. RetroGly3 was obtained as a complex with 

pentylamine, and numerous other salts were present that did not permit the calculation 

of a yield at this stage. Purification was performed by semi-preparative HPLC on a C-18 

column, using a 0-15 % gradient of solution B (80% acetonitrile in water) over 45 mins 

in solution A (0.1 % TFA in water). Figure A2.2 examines the mass spectrum obtained 

after purification. The main peaks at 418, 475 and 419 Daltons did not correspond to 

anything expected for RetroGly3 and therefore the synthesis was concluded to be 

unsuccessful.

A2.3.2 Synthesis of Gly4 and RetroGly4 

A2.3.2.1 Synthesis of Gly4

The 0.5 mmol of Boc-(Gly)2-GABA-Merrifield polymer left from the synthesis
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described in A2.3.1.1 was deprotected and coupled with Boc-(Gly)2-OH to obtain Boc- 

(Gly)4-GABA-Merrifield polymer with a yield of 89%. Acylation with propionic 

anhydride (5 mmol, 0.651 g) yielded at 70 % CH^-CH2-CO-(Gly)4-GABA-polymer 

which was cleaved using HF to give 39 mg of Gly4, with a yield of 66%. A 5-25 % 

gradient (HPLC solvents mixture as above) over 40 mins was used to separate by semi

preparative HPLC the pure compound. Figure A2.3 shows the mass spectrum of this 

compound that confirmed its expected molecular weight of 387 Daltons and its purity.

13 mg of pure Gly4 was finally obtained with an overall yield of 10%.

A2.3.2.2 Attempted synthesis of RetroGly4

0.5 mmol of Boc-(Gly)2-Merrifield polymer were deprotected and coupled with 

Boc-(Gly)2“OH to obtain Boc-(Gly)4-Merrifield polymer with a yield of 89 %. Acylation 

with glutaric anhydride (5 mmol, 0.651 g) yielded HOOC-(CH2)3-CO-(Gly)4-Merrifield 

polymer at 93 %. The latter was cleaved using 5 ml of ethylamine for two days. The 

resulting RetroGly4 was purified by semi-preparative HPLC on a C-18 column, using 

a 0-15 % over 45 mins gradient of the same solvent mixtures as described above. Figure 

A2.4 shows the mass spectrum of this compound. This included peaks at 388, 410 and 

426 Daltons characteristic of RetroGly4, but the major fragment was at (M+88) Daltons, 

which did not correspond to anything easily identifiable from the reaction mixtures.

A2.3.3 Synthesis of GlyS and RetroGlyS 

A2.3.3.1 Synthesis of GlyS

0.5 mmol of Boc-beta alanine-Merrifield polymer were deprotected and coupled 

with Boc-Gly-OH followed by two couplings with Boc-Gly-Gly-OH to form Boc-(Gly)5-
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beta alanine-Merrifield polymer with a 66 % yield. The compound was acylated with 

propionic anhydride to obtain CH^-CH2-C0-(Gly)^-beta alanine-Merrifield polymer with 

a 93 % yield. After HF cleavage of the polymer and purification using a 5-25 % (same 

solvent mixtures as above) gradient over 40 mins, 70 mg of pure compound was 

obtained with a yield of 14%. The mass spectrum of Gly5, after lyophilisation (Figure 

A2.5) , presented characteristic peaks at 431 (M+H)^, 453 (M+Na)'^ and 469 (M+K)"  ̂

Daltons, but also a fragment at 448 Daltons which most probably corresponded to 

(M+NH^)'^. The origin of the ammonium ion was unknown. The results of the mass 

spectrometry showed that the purification had not been entirely successfully, in 

contradiction with HPLC results.

A2.3.3.2 Synthesis of RetroGlyS

The 0.5 mmol of Boc-(Gly)^-Merrifield polymer left from the synthesis described 

in A2.3.1.2 were deprotected and coupled to Boc-(Gly)2-OH to obtain Boc-(Gly)^- 

Merrifield polymer with a yield of 91 %. Acylation with succinic anhydride (5 mmol) 

yielded HOOC-(CH2)2-CO-(Gly)^-Merrifield polymer at 86 %. The latter was cleaved 

using 5 ml of ethylamine for two days. The resulting RetroGly5 was purified by semi

preparative HPLC on a C-18 column, using a 0-15 % over 45 mins gradient of the same 

solvent mixtures as described above. 9.3 mg of pure compound was separated giving 

a yield of 13 %. The mass spectrum of RetroGly5, after lyophilisation (Figure A2.6), 

presented characteristic peaks at 431 (M+H)" ,̂ 453 (M+Na)^ and 469 (M-hK)"̂  Daltons, 

but also a peak at M+88 Daltons as in RetroGly4, the origin of which was unknown. The 

results of mass spectrometry showed that the purification had not been entirely 

successfully, in contradiction with HPLC results.
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A2.3.4 Synthesis of the retro alanine analogues

RetroAlaS, RetroAla4 and RetroAla5 were synthesized by Dr. Gabor Toth’s 

group at the University of Szeged, Department of Medical Chemistry. The peptides were 

synthesized using the same steps as the retro glycine analogues, but on a Boc-Ala- 

Merri field resin (0.96 mmol, 1.77 mmol per synthesis). After completion of the coupling 

step, the Boc group was removed and the peptide resins were acylated with glutaric acid 

anhydride (RetroAla3 and RetroAla4 analogue) or succinic acid anhydride (RetroAla5) 

in the presence of dimethylaminopyridine. The peptides were cleaved from the resins 

using 10 ml of pentylamine (RetroAla3) or ethylamine (RetroAla4 and RetroAla5). 

Aftêr two days the residual amine was evaporated. The peptides were solubilised, 

filtered, lyophilised and in the case of the RetroAla4 and RetroALa5 were purified by 

preparative reverse phase HPLC (column Lichrosorb 5RP 1; flow 1.2 ml; gradient : 13- 

28 % gradient of solution B (80% acetonitrile in water) in solution A (0.1 % TFA in 

water), over 15 min). The Laser TOP LDI mass spectrometry results presented Figure 

A2.7, were consistent with the expected molecular weights of 414 Daltons for 

RetroAla3, 443 for RetroAla4 and 500 Daltons for RetroAla5. The main peaks found 

corresponded to and (M+H)'^ and (M+Na)^. The mass spectra showed the compounds 

had been purified satisfactorily.

A2.4 Comments on the syntheses

It would appear that the cleavages as well as the purifications were responsible 

for the loss of product. This could be explained by the fact that the compounds are 

relatively insoluble in water and the washing and solubilisation steps after each 

cleavages could have been extremely inefficient in getting the products into the solution
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phase.To wash with a more concentrated acetic acid solution would ensure that more of 

the compound was solubilised and filtered instead of remaining with the resin solid 

phase.

The synthesis of RetroGlyS was unsuccessful, and RetroGly4, Gly5 and 

RetroGlyS were not purified satisfactorily as demonstrated by the mass spectroscopy 

results. Unfortunately, because of the limited length of the TEMPUS exchange it was 

not possible to resynthesise or further purify these compounds. The impure compounds 

were used for CD and NMR analysis as such; since the presence of impurities in the 

synthesised peptides did not impede structural determination in this initial investigation.
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