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Abstract.

The production and characterisation of an antibody recognising a-tocopherol.
by

Christopher Dark.

The visualisation and localisation of a-tocopherol within membranes would provide useful 
information regarding its role in biological membranes in general, and why in man neural 
membranes are particularly susceptible to a deficiency of this fat soluble vitamin. This 
study has investigated the possibility of using antibodies as a tool to localise the vitamin. 
Two approaches have been used for their production. Firstly using liposomes containing 
a-tocopherol as an immunogen and secondly using proteins as carriers of a-tocopherol.

A sensitive enzyme linked immunosorbent assay (ELISA) was initially developed and 
validated to monitor antibody production. Liposomes containing lipid A (a polyclonal B 
cell activator) and a-tocopherol were prepared and characterised. Conditions and lipid 
concentrations were optimised to produce reproducible liposome preparations and a good 
immune response. An immunisation protocol was optimised and a weak IgM response 
(1:32 serum endpoint dilution titre) obtained. No IgG antibody could be detected even 
after boosting. Attempts were made to enhance the titre by producing a monoclonal 
antibody, and although a response was detected, antibody production could not be 
stabilised.

For the second approach using proteins as carriers, ovalbumin was covalently bound to 
trolox c, where the phytyl side chain of tocopherol is replaced by a carboxyl group. The 
carboxyl group of trolox c was linked to free amino groups of the protein using N- 
hydroxysuccinimide and carbodiimide as coupling agents. Confirmation that trolox c had 
bound to the protein was provided by UV spectroscopy. Unbound trolox c and protein 
gave characteristic absorbance peaks at 288 nm and 278 nm respectively, whereas the 
conjugate had a maximum absorbance at 284 nm. Approximately 20-30 molecules of 
trolox c were shown to be bound to each protein molecule.

An immunisation programme was established in rabbits using Freund’s complete adjuvant 
to enhance the response. Antibody production was detected using a well validated ELISA 
system with trolox c bound to bovine serum albumin as the detecting antigen. An IgG 
antibody with a maximum 50% dilution titre of 1:50,000 was obtained. The antibody was 
then purified using ammonium sulphate precipitation followed by protein A isolation of 
IgG and affinity chromatography to isolate the antibodies recognising trolox c. The 
specificity of the antibody has been investigated using the ELISA assay and a range of 
molecules related to trolox c and a-tocopherol bound to bovine serum albumin. Studies 
were also carried out using a) tocopherol containing liposomes as test antigens which 
provided evidence that the antibody could be used to detect tocopherol in artificial 
membranes and b) physiological cell membranes as test antigens in which, using available 
techniques, tocopherol could not be detected.
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1.1 Vitamin E - its discovery.

The existence of vitamin E was first demonstrated in 1922 by Evans and Bishop, 

when they showed that diets providing an adequacy of the then known essential 

growth factors including vitamins failed to support reproduction in the rat. 

Supplementation with lettuce was shown to provide the essential factor and in 1936 

Evans and co-workers isolated a single substance exhibiting the same properties 

from the lipid soluble fraction of certain foodstuffs e.g. vegetable oils and wheat 

germ. Recognised as a vitamin the substance was given the letter E following on 

from those already known and the generic name tocopherol was suggested. This 

was derived from the Greek "tocos" which means childbirth and "phero" to bear 

thereby signifying its then known function of supporting reproduction in the rat.

Determination of the structure of tocopherol followed shortly after its initial 

isolation. This is determined by pyrolysis and chromic acid oxidation studies 

(Femholz, 1938). The structure of a-tocopherol is shown in figure 1.

CH3

HO

CH. CH

CH.

CH,
'3

Figure 1: a-tocopherol
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1.2 Vitamin E - A heterogenous group of compounds.

Subsequent to the discovery and isolation of vitamin E it was found that a group of 

related compounds had vitamin E activity. All natural compounds with vitamin E 

activity have the 6-chromanol ring structure (figure 2).

Attached to the ring at C-2 is a 16-carbon side chain. There are two groups of 

compounds bearing vitamin E activity divided according to the degree of saturation 

of the chain. Following IUPAC recommendations (IUPAC-IUB commission, 1974) 

the term tocopherol now applies to compounds composed of the 2 methyl-2-(4’,

8’, 12’ trimethyltridecyl)-6-chromanol or tocol structure which bears a fully 

saturated isoprenoid C-16 side chain (figure 3).

5W \
Figure 2: 6-chromanol ring.

5
HO

H;
8 CH

Figure 3: The tocol structure.
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The term tocotrienol has been applied to compounds composed of the trienol 

structure which carries a C-16 side chain bearing three double bonds at C-3’, C- 

7’, and C-ll*. The structure is illustrated in figure 4.

5
HO CH CH;

CH

Figure 4: The trienol structure.

The tocopherols and tocotrienols each consist of four compounds differing in the 

number and position of methyl groups on the chromanol ring (table 1). Of these, 

a-tocopherol has the highest biological activity and accounts for approximately 

90% of all tocopherols present in human tissues (Bieri and Prival, 1965).

Table 1: The eight members of the tocopherol and tocotrienol series.

Position of 
methyl groups.

Trivial Name

Tocol structure Trienol structure

5,7,8 a-tocopherol a-tocotrienol

5,8 jS-tocopherol j3-tocotrienol

7,8 7 -tocopherol 7 -tocotrienol

8 6 -tocopherol 6 -tocotrienol

The structure of the tocopherols shows three centres of asymmetry at C-2, C-4’, 

and C-8’ leading to eight possible isomers for each tocopherol. The isomers are 

described according to the spacial orientation of groups around each chiral centre.

17



Each configuration is described according to the Cahn-Ingold-Prelog rules as 

having either R or S orientation as illustrated below (figure 5).

R-orientation
©

■4

S-orientation

< 8 T '%

R,

H

>©

9  C ©  H
'  O rie n ta te d  aw ay from  page  

O rie n ta te d  Into page  

R 1 C hrom anol ring plus p h y ty l ch a in  up to c h ira l c e n tre .

R 2  R em aining p h y ty l chain.

Figure 5: Diagram to illustrate the designation of R or S configuration 
to each chiral centre.

For each tocopherol it is therefore possible for any of the following configurations 

to exist:

RRR, RRS, RSR, SRR. RSS, SSR, SRS, or SSS.

An equimolar combination of all these isomers is commercially available and 

termed all-rac tocopherol. However, the natural form shows the RRR 

configuration. It is this stereoisomer of a-tocopherol which has the highest 

biological activity of all vitamin E compounds (Ingold et al., 1987).

Tocotrienols possess one centre of asymmetry at C-2, as well as geometrical 

isomerism at C-3’ and C-7’and therefore have eight possible stereoisomers. 

Natural tocotrienols all have (2R) V-trans, T-trans configuration.
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1.3 Vitamin E in animals.

Following its discovery it soon became apparent that a deficiency of the vitamin 

was responsible for a range of disorders in animals. Perhaps the most salient 

features are the marked degree of species specificity and the great diversity of 

tissue and organ functions affected by vitamin E deficiency in different species 

(Mason and Horwitt, 1972). There is also a great deal of variability in the time 

course of the development of the features of deficiency and histopathological 

changes between different species. For example in rats histological changes in 

muscle may be evident after 12 weeks with paresis noted after 30 weeks on a 

vitamin E deficient diet (Machlin et al., 1977; Nelson et al., 1979), whereas in 

rabbits the same histological abnormalities are evident after only 4 weeks with 

paresis occurring after the same time period (Chu et al., 1984).

Vitamin E deficiency diseases in animals seem to fall into three categories:

1. The antioxidant-responsive diseases which include encephalomalacia in chicks 

(Pappenheimer and Goettsch, 1931) and reproductive failure in rats (Mason, 

1954). These are prevented by vitamin E or synthetic antioxidants (Scott, 1970).

2. Vitamin E-responsive diseases which include a necrotising myopathy in 

monkeys (Nelson, 1980), rabbits and guinea pigs (Goettsch and Pappenheimer, 

1931). These are prevented by vitamin E only.

3. Selenium-responsive disorders which include necrotic liver degeneration in rats 

(Gyorgy and Goldlott, 1949), necrotising myopathy in lambs, calves and turkeys 

(Sweeney et al., 1972) and exudative diathesis in chicks (Dam and Glavind, 

1939). These are prevented by an administration of either vitamin E or selenium.
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1.4 Vitamin E in man.

Despite the vast amount of knowledge accumulated about vitamin E deficiency in 

animals its precise role in human nutrition has been the subject of much dispute 

over the years. This is largely because no clearly defined deficiency syndrome 

could be identified in man, due to the difficulty in making ‘normal’ man deficient 

of the vitamin. However, many investigators over the years have claimed its use in 

the treatment of a whole variety of disorders. For example following its discovery 

as an essential factor for fertility in rats, Bacharach (1940) reported the benefits of 

vitamin E supplementation for women with a history of habitual, spontaneous 

abortion and Solomon et al., (1972) claimed its successful use in the treatment of 

cystic mastitis. A deficiency of vitamin E is also seen in patients with cystic 

fibrosis and this was suggested as a cause of the infertility commonly seen in male 

patients (Denning et al., 1968). Subsequent studies (Kaplan et al., 1968) showed 

that gross structural defects, noted as early as 4 days of age, in the vas deferens 

and epididymis were responsible for the sterility. These were noted as early as 4 

days of age, thereby ruling out the possible involvement of vitamin E since any 

defect due to vitamin E deficiency would only develop with advancing age. At one 

time it appeared as though E stood for "Everything" and as a consequence the role 

of the vitamin in human nutrition fell into disrepute. The situation has, however, 

now changed and it is generally accepted that vitamin E may have physiological 

and pharmacological roles in certain disorders of the newborn and that it is 

important for the maintenance of normal neurological structure and function.
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1.4,1 The role o f vitamin E  in disorders o f the newborn.

Hassan et al., (1966) reported a clinical syndrome in premature infants comprising 

oedema, skin lesions and a haemolytic anaemia which was associated with a 

deficiency of vitamin E as a result of low vitamin E concentrations in milk 

formulae, and which disappeared following supplementation with the vitamin. Oski 

and Bamess (1967) and Ritchie et al., (1968) confirmed these findings. However, 

since then numerous studies have appeared which have investigated the effect of 

prophylactic vitamin E on the prevention of anaemia in the neonate. These studies, 

which have been reviewed by Bell and Filer (1981) gave conflicting results. This 

may be explained by other complicating variables such as variations in the dietary 

intake of polyunsaturated fatty acids and therefore the ratio of vitamin E to 

polyunsaturated fatty acids, whether or not the infants received additional iron, and 

the ability of the infant to absorb the vitamin. Following incorporation of vitamin 

E into all infant formulas, to a level similar to that found in breast milk, and the 

maintenance of an adequate vitamin E to polyunsaturated fatty acid ratio (0.6mg 

vitamin E per gram of polyunsaturated fatty acid), such problems in premature 

infants are now rare (Bell and Filer, 1981).

Supplementation with pharmacological doses of vitamin E has also been suggested 

to be of benefit in the management of certain other disorders of the newborn. One 

such disorder is bronchopulmonary dysplasia which develops as a result of 

treatment for respiratory distress syndrome with prolonged artificial ventilation and 

oxygen (Merritt et al., 1981). Although preliminary results suggested a decreased 

incidence of the disorder following intramuscular supplementation with vitamin E
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(Ehrenkranz et al., 1978), further work by the same group using a randomized, 

double-blind prospective trial failed to confirm these findings (Ehrenkranz et al.,

1979).

Another result of prolonged artificial ventilation with oxygen is retrolental 

fibroplasia (retinopathy of prematurity) resulting in severe cases in blindness.

Owens and Owens (1949) published the first report on the possible effect of 

vitamin E on retinopathy of prematurity during the epidemic of the late 1940’s and 

early 1950’s. At that time oxygen therapy at high rates was recommended for all 

premature infants. As the causal relation between overuse of oxygen and 

retinopathy of prematurity became recognized, the incidence dropped dramatically.

Interest in the disorder re-emerged in the 1970’s with the increasing survival rate

of low birth weight premature infants since this resulted in an increased incidence

of mild retinopathy of prematurity in these infants. Since then the effect of vitamin

E therapy in this disorder has been the subject of much dispute. However, vitamin

E prophylaxis has failed to live up to expections and no evidence has been

provided which shows clearly that vitamin E therapy results in either a decreased

incidence or a reduced severity of the disorder. Law and colleagues (1990)

recently analysed 7 previously published random control trials of prophylactic

vitamin E supplementation in infants less than 1500g birth weight and showed that

the reported results were consistent with no statistically significant reduction in the

incidence of retinopathy associated with vitamin E supplementation. This has been

substantiated in a review article by Ehrenkranz (1989) who examined the data of

Johnson and colleagues (1989) and concluded that no data existed which showed

vitamin E prophylaxis to reduce either the incidence or severity of retinopathy of prematurity.
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Haemorrhage into the periventricular region of the brain with subsequent rupture 

into the cerebral ventricles is the most common finding in the brains of pre-term 

infants surviving less than one week, and may be the most important lesion 

causing handicap in those that do survive. In 1980 McClung et al. reported that 

none of 14 vitamin E treated neonates developed an intraventricular haemorrhage 

as compared to 5 (36%) of 14 controls. Until recently this result could not be 

confirmed. In 1990, Fish and colleagues published a prospective, randomized, 

double-masked placebo-controlled study of the effect of vitamin E supplementation 

on the incidence and severity of intraventricular haemorrhage in very small 500- 

lOOOg at birth premature infants. The results associated vitamin E with a 

significantly reduced frequency of intracranial haemorrhage and suggested 

supplementation may have a role in the prevention of intracranial haemorrhage in 

the smallest, most susceptible premature infants.

Such possible benefits of vitamin E must be carefully weighed against the possible 

risks associated with its supplementation. There have recently been two reports 

which suggest that there is an increased incidence of necrotizing enterocolitis (a 

condition resulting in widespread intestinal necrosis) in infants given supplements 

(Finer et al., 1984; Johnson et al., 1985). The latter group also found an increased 

incidence of sepsis in the treated group. No studies have investigated the cause of 

the necrotizing enterocolitis however it seems likely that the solubilising vehicle 

used to carry the vitamin into the body may caused the disorder rather than 

vitamin E. The increased susceptibility to infection may be the result very high 

plasma levels of tocopherol, since this may lead to excessive scavenging of oxygen 

radicals important in those aspects of antimicrobial defense that are oxygen
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dependent. Thus, at this stage, the risk:benefit ratio of supplementing with high 

levels of the vitamin remains to be clarified.

1.4.2 Vitamin E and neurological function.

Evidence that vitamin E is important for the maintenance of normal neurological 

structure and function in man has built up over the last twenty years. It has 

resulted largely from studies in patients with various disorders of fat absorption 

and has been confirmed by studies in a small group of patients with a selective 

deficiency of vitamin E without evidence of generalised fat malabsorption.

(i) Disorders o f fa t malabsorption.

Alpha tocopherol is a fat soluble vitamin and is highly hydrophobic. It is therefore 

dependent on the factors necessary for efficient fat absorption for its own transport 

into the body. Pancreatic enzymes are therefore required for lipolysis of dietary 

triglyceride and bile salts are necessary to solubilise the vitamin. Any situation 

which interferes with these processes of fat absorption will consequently result in 

decreased absorption of vitamin E. Once absorption has taken place, efficient 

transport of the vitamin within the circulation requires a number of different 

lipoproteins. Any defect resulting in a decreased transport of the vitamin can also 

lead to vitamin E deficiency.

One particular disorder associated with fat malabsorption (abetalipoproteinaemia) 

provided a lot of the initial evidence for the essential role of vitamin E in human 

nutrition. This condition was initially known as the Bassen and Komzweig 

syndrome with patients having the following characteristic features: acanthocytosis
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(abnormal spiked red cells), steatorrhea, ataxic neuropathy and an atypical retinitis 

pigmentosa. It was subsequently shown that these patients lacked betalipoprotein 

(Salt et al. , 1960) or as it is now more commonly known low density lipoprotein 

(LDL), very low density lipoprotein (VLDL) and chylomicrons. This results from 

an absence of apolipoprotein B (Gotto et al., 1971) which is an essential 

component of all the absent lipoprotein families. Chylomicrons are required for the 

secretion of the vitamin from the small intestine (Bj</>meboe et al., 1986). They 

are subsequently cleared in the circulation by lipoprotein lipase forming 

chylomicron remnants (Nilsson-Ehle et al., 1980). These are taken up by the liver, 

which secretes the lipids including vitamin E in nascent VLDL (Gotto et al., 1986; 

Bj0omeboe et al., 1987; Cohn et al., 1988). Tocopherol appears to be transferred 

to LDL during catabolism of both chylomicrons and VLDL (Traber et al., 1988). 

Because of the failure to form chylomicrons, VLDL and LDL in 

abetalipoproteinaemia, vitamin E absorption and transport is impaired and this 

results in undetectable levels of the vitamin in the serum of these patients from 

birth (Kayden et al., 1965; Muller et al., 1974).

The resultant severe vitamin E deficiency leads to a characteristic and progressive 

neurological syndrome which involves both the central and peripheral nervous 

systems, the retina and the muscles. It comprises areflexia, cerebellar ataxia, distal 

loss of proprioception, loss of vibration sense, pes cavis, scoliosis, ptosis, 

ophthalmoplegia, retinal pigmentation and a general muscle weakness which 

develop in the second decade of life (Herbert et al., 1978; Muller and Lloyd,

1982; Lazaro et al., 1986). Supplementation with large oral doses of vitamin E 

(100 mg/kg/day) has led to significant clinical improvements (Muller et al., 1977;
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Azizi et al., 1978; Muller and Lloyd, 1982; Harding et al., 1982). If 

supplementation is given early the development of signs and symptoms can be 

prevented. If supplementation is commenced after the development of signs or 

symptoms its progression can be halted and in some cases objective signs of 

improvement have been documented (Muller, 1986).

Abetalipoproteinaemia is, however, a rare disorder and vitamin E deficiency is 

seen more commonly in those patients suffering from liver disease as well as other 

forms of fat malabsorption and in these patients very similar signs and symptoms 

are seen as with abetalipoproteinaemia (Rosenblum et al., 1981) and again 

development of the neurological disorder can be halted and in some cases reversed 

by treatment with high doses of vitamin E (Muller, 1986).

(ii) Selective vitamin E deficiency.

The final group of patients and arguably the most convincing in suggesting a direct 

causal relationship between severe vitamin E deficiency and neurological disease 

are those patients with neurological disorders associated with vitamin E deficiency 

but with no evidence of general fat malabsorption. To date nine patients have been 

described worldwide (Traber et al., 1990). The occurence of the disorder in some 

siblings suggests this is an inherited disorder. Evidence is available which suggests 

the defect may lie in a tocopherol-binding protein which is usually present in liver 

cells but absent in these patients and which appears to be required for the transfer 

of vitamin E to VLDL in the liver (Traber et al., 1990). All the patients described 

with this disorder have the classic clinical features of muscle weakness and sensory
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loss now associated with a deficiency of the vitamin and after treatment with a- 

tocopherol the progression of the neurological disorder was halted.

1.5 Neuromuscular pathology of vitamin E deficiency:

A comparison between man and animals.

1.5.1 Skeletal muscle.

The majority of animal species studied show a chronic necrotizing myopathy as a 

major feature of vitamin E deficiency (Wasserman and Taylor, 1972). The 

histological changes are characterised by individual fibre and global necrosis 

accompanied by an increase in endomysial connective tissue, with some deposits of 

lipofuscin (Machlin et al., 1977; Nelson et al., 1981). In man similar myopathic 

abnormalities are seen but the myopathy seen in man is generally less severe 

(Neville et al., 1983; Lazaro et al., 1986; Burck et al., 1981).

1.5.2 Neurological tissues.

It is notable that the characteristic neuropathological features found in vitamin E 

deficient rats, monkeys and man are similar. However, unlike the myopathic 

abnormalities, the neural tissues of man seem to be more severely affected than 

those of animals. In general, in both man and animals, the central nervous system 

is more severely affected than the peripheral, and sensory axons are more affected 

than the motor. There is a selective loss of large calibre myelinated sensory axons 

from the dorsal columns, most conspicuously in the rostral segments of the spinal 

cord (Nelson et al., 1978; Nelson et al., 1981; Towfighi, 1981). In particular, 

studies showed the gracile and cuneate nuclei to exhibit degenerate and dystrophic
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axons with disorganised neurofilaments, tubulovesicular structures, and abnormal 

vesicles. As with the central nervous system the peripheral nervous system also 

showed a selective loss of large calibre myelinated axons which were confined 

largely to the distal portions of the axons (Rosenblum et al., 1981; Wichman et 

al., 1985). Severe Wallerian-type degeneration was also reported in the axonal 

endings in muscle spindles and cutaneous sensory corpuscles of the hind paw of 

vitamin E deficient rats (Towfighi, 1981). Coupled with the observation that little 

degeneration is noted around the area of the dorsal root ganglion these findings 

suggest the axonopathy is of the distal dying back type. The central nervous 

system seems to be affected to a greater extent than the peripheral nervous system. 

Whether this is due to a greater vulnerability of the axons of the central nervous 

system or whether the enhanced regenerative capacity of the peripheral nervous 

system is able in part to overcome the degeneration caused by vitamin E is not 

known.

1.6 The function of vitamin E.

The biological activity of vitamin E is believed to result principally or possibly 

entirely from its antioxidant properties (Burton et al., 1983). An antioxidant 

protects potentially oxidizable substrates from oxidation. The role of vitamin E as 

an antioxidant arises from its ability to scavenge lipid soluble oxygen derived free 

radicals that would otherwise be toxic and cause damage to the cell. A free radical 

is any molecule capable of independent existence with an unpaired electron. Free 

radicals can react with many molecules in living cells, producing in most cases 

another free radical and thereby generating a chain reaction. Oxygen-derived free
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radicals are particularly reactive and, providing they are controlled carefully, may 

be useful to the cell, such as their involvement in the bacterial killing mechanism 

of neutrophils (Halliwell and Gutteridge, 1989). It is only when they react with 

molecules unchecked that damage occurs. Free radical antioxidants are present in 

tissues to protect against over production of free radical species and may either 

prevent their formation (primary antioxidants) or break the free radical chain once 

the radical has been generated (secondary antioxidants). Vitamin E falls into the 

latter category and is believed to be the only significant lipid-soluble chain- 

breaking antioxidant (Burton et al., 1983). Polyunsaturated fatty acids are prime 

targets for oxidation by oxygen-derived free radicals and the peroxyl radicals 

subsequently formed are highly toxic to the cell. The process, called lipid 

peroxidation, is outlined below (figure 6) and involves the attack of a 

polyunsaturated fatty acid by a highly reactive free radical with sufficient energy 

to abstract a hydrogen atom from a methylene group adjacent to a carbon-carbon 

double bond on the fatty acid side chain resulting in the formation of a carbon- 

centred fatty acid radical. After a molecular rearrangement the compound is 

susceptible to reaction with molecular oxygen forming a lipid peroxyl radical. The 

chain reaction may be continued by the peroxyl radical abstracting a hydrogen 

atom from an adjacent fatty acid side chain, thereby stabilising the lipid to form a 

hydroperoxide and consequently forming another free radical. This second radical 

is available for reaction with oxygen and therefore the process is termed a chain 

reaction leading to eventual breakdown of the cell membrane. The process is only 

terminated when either two radicals combine to form a stable end product, or 

some compound donates a hydrogen atom to the radical producing a non-radical 

product.
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Figure 6: Reaction scheme for lipid peroxidation. A fatty acid with three double bonds is shown.

Alpha tocopherol is present in membranes and is able to trap the chain-propagating 

peroxyl radicals. It is therefore likely that its principal role in membranes is to 

protect unsaturated fatty acids from peroxidation thereby maintaining membrane 

stability and integrity.

As illustrated in figure 7, a-tocopherol acts by donating a phenolic hydrogen atom 

to a lipid soluble free radical, thereby resolving the unpaired electron of the 

radical. In the process the chromanol ring of a-tocopherol® is converted to its 

quinone form(iii) via a radical intermediate®.
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Figure 7: Reaction of a-tocopherol with a free radical (R-).

Such a role for vitamin E has been largely assigned through in vitro studies and it 

is assumed to be at least one of its functions in vivo.

1.7 Aims of the study.

The aim of the present study was to produce and characterise an antibody that 

would recognise a-tocopherol. It was hoped that this could then be used as a tool 

to localise the molecule in membranes and to follow it in tissues of animals during 

depletion and subsequent repletion of vitamin E. In order to determine the viability 

of such a project an appreciation of the localisation of tocopherol within 

membranes must be known.
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1,7.1 Localisation o f tocopherol within membranes.

The distribution of tocopherol amongst the various cellular membrane fractions 

seems to be fairly well established. Vatassery et al., (1984) and Buttriss and 

Diplock, (1988a)showed that, although the vitamin could be detected in all 

membranes, its concentration was greatest in the microsomes and mitrochondria. 

Buttriss and Diplock (1988b) studied the fatty acid profiles of various membranes 

in relation to the tocopherol content and showed a high ratio of tocopherol to 

unsaturated fatty acids and a low ratio of tocopherol to saturated fatty acids. This 

was substantiated by Tyurin et al., (1989) who studied the distribution of a- 

tocopherol between the outer and inner monolayers of the plasma membrane. They 

found tocopherol to be localised chiefly within the inner layer and showed this 

layer to contain more polyunsaturated fatty acids than the phospholipids of the 

outer monolayer. From the work of Buttriss and Diplock (1988b) the maximum 

concentration of a-tocopherol in membranes appeared to be equivalent to 1 

molecule of a-tocopherol to 500 arachidonic acid residues.

The intrinsic fluorescence of a-tocopherol and resonance energy transfer studies 

have been used to show that its chromanol group is arranged in the membrane in a 

relatively polar position but not readily accessible to the water domain (Gomez- 

Femandez, et al., 1989). It was noted, however that lateral diffusion along the 

membrane (Gomez-Femandez et al. , 1989) and interm^brane transfer (Kagan et 

al., (1990) of tocopherol was high. It would seem likely, therefore, that for some 

time at least the chromanol ring would be available for interaction with an 

antibody able to recognise and bind to its structure. Figure 8 illustrates the 

possible interaction of such an antibody with tocopherol in membranes.
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Figure 8: Hypothetical localisation of tocopherol in membranes. The chromanol ring extends into 
the aqueous region of the cell. The phytyl side chain extends into the lipid core of the membrane.

An antibody recognising the entire molecule, or, just the chromanol ring would be 

useful in localising vitamin E. From the previous discussion on its likely location 

within membranes it would seem probable that an antibody recognising only the 

chromanol ring would have a higher binding affinity to the molecule when in 

membranes than one recognising the entire vitamin E molecule.

The aim of this project was therefore to produce an antibody to the chromanol ring 

of a-tocopherol and then use it as a tool to visualise a-tocopherol in membranes.

In order to appreciate more fully how such an antibody may be produced a short 

resume of the immune response will now be presented.
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1.8 The immune response.

The immune response is a vast and complicated system. What is presented here is 

a very brief summary of the pertinent features in an attempt to introduce key 

features which are important for the present study.

The immune system may be divided into two broad categories:

1. The innate immune system which acts as a first line of defence and is fairly 

generalised.

2. The adaptive immune system, which is far more specific and acts as the second 

line of defence. This is the system of interest and will be discussed further.

Adaptive immunity involves the production of a class of flexible adaptor molecules 

(antibodies) with a series of different shapes which can interact with a large 

variety of foreign substances i.e. any substance (antigen) that is not recognised by 

the immune system as belonging to the body.

Figure 9 is a schematic diagram portraying the production of antibody by the 

immune system. Two kinds of response are shown: that due to a small class of 

cells called helper T lymphocytes (illustrated in figure 9a) and that of the B 

lymphocytes (illustrated in figure 9b). Antigen that invades the body is engulfed by 

a macrophage (1), processed, or digested into shorter pieces of protein (2), and 

presented in partially digested form on the surface of the macrophage (2). There 

the antigen is believed to bind to an extremely polymorphic protein termed class II 

MHC-encoded protein. This protein is used as a marker to distinguish a cell as
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Figure 9a: Diagram to show current model for T cell response to a foreign particle.
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belonging to the body or as foreign. A helper T cell whose receptor fits the 

antigen-protein complex binds to it, thereby "selecting" the T cell for clonal 

propagation (3a, 4). The T-cell bond stimulates the release of the hormone-like 

substance termed interleukin-1 by the macrophage which stimulates the T cell to 

divide and differentiate (5). Cell division continues as long as it is stimulated by 

cells that present surface antigen (6). A mature T-cell can then fulfill its role (7). 

Although it may have several purposes the two of interest here are firstly as a 

helper T-cell to stimulate the proliferation of activated B-cells (11) and secondly to 

become a memory cell (8) ready for future encounters with the antigen. Similarly, 

free antigen selects a B cell whose receptor fits the antigen and the two become 

bound (3b). A B-cell, having engulfed its bound antigen (9) and processed it (10), 

also presents a piece of antigen on its surface bound to class II MHC-encoded 

protein (11). The mature helper T-cell can then bind to the antigen-protein 

complex (12). The bond releases interleukins, which enable the B-cell to divide 

and differentiate (13). The cell division continues as long as it is stimulated by 

helper T-cells (14). Mature plasma cells (15) then release their antigen-specific 

receptors as antibodies, which bind to free antigen and mark it for destruction 

(16). Other mature B-cells of the same clone remain in the circulation as memory 

cells ready for any future encounter with the same antigen (17).

The response presented above applies to viruses and to proteins injected 

experimentally. However, if larger entities invade the body, for example bacteria 

or as presented later liposomes, they are processed into smaller particles before 

they can be dealt with by macrophages and B-cells. The system used to prepare
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these antigens for further treatment by B-cells is Complement. Complement has 

three principal tasks;

1. Activation of the immune system e.g. stimulation of macrophages to prepare 

them for the ingestion of the antibody-antigen complex.

2. Cytolysis of target cells to break them down to smaller units to enable them to 

be digested by phagocytic cells.

3. Opsonization where specific proteins are inserted into the target cell to attract 

phagocytes, stimulate them to secrete lysosomal enzymes and subsequently engulf 

the partially digested material.

Complement may be described as a series or chain of enzymes where the previous 

one activates the next thereby creating the potential for a powerful amplification 

system. It is divided into two pathways;

1. The classical pathway which is only activated by the formation of antibody- 

antigen complexes.

2. The alternative pathway which seems to be activated by the presence of micro

organisms and does not require the antibody-antigen complex.

Both pathways culminate in activation of the same terminal enzyme, leading to the 

same end result, and eventually producing molecules small enough to be ingested 

by macrophages or B-cells resulting to the production of antibodies as presented 

above.

38



1.9 Vitamin E and the immune system.

In its physiological presentation to the immune system vitamin E on its own is not 

immunogenic. In the author’s knowledge no autoimmune disease due to antibodies 

recognising the vitamin has been described, although this possibility cannot be 

totally ruled out since for example natural antibodies against phospholipids have 

been described (Alving, 1984). Vitamin E may, therefore, be given in high doses 

both orally and intramuscularly with few side effects (Bendich and Machlin,

1988). There is therefore no evidence that the vitamin elicits an immune response 

at any dose and on the contrary high doses appear to have an immuno-stimulatory 

effect (Tengerdy, 1980) acting possibly at the level of the T cells.

It was necessary therefore to find a technique capable of producing an immune 

response against vitamin E and to make an antibody which would recognise the 

vitamin in its physiological environment.

1.10 Definitions and criteria for a good immunogen .

For the purposes of this thesis the distinction is made between antigen and 

immunogen such that an immunogen was used to generate an immune response 

and an antigen was any other molecule capable of interaction with the antibody. In 

both cases only a small part is recognised by the antibody and this will be termed 

the antigenic determinant. The term hapten will be used throughout to define a 

molecule too small to generate an immune response by itself, however, it can 

behave as an antigen and bind to an antibody.



Studies of proteins have shown that there are three major criteria necessary for a 

good immunogen. The most important factor seems to be the size of the 

compound. Although it is possible to generate an immune response against 

compounds of MW less than 4000, in general a good response is only generated if 

the molecule is large with a MW greater than 10,000. The accessibility of a 

particular region of the antigen to interact with an antibody is also important. A 

hydrophobic region buried in the interior of the protein is much less likely to 

generate an immune response than a hydrophilic region exposed to the aqueous 

environment. Finally, it is generally believed that charged groups on the surface of 

the protein play an important role in the selection of antigenic determinants 

(Goodman, 1975).

1.11 The hapten-carrier phenomenon.

Certain molecules that are non-immunogenic on their own, for example if they are 

too small to generate a response, can be made to be immunogenic if presented as 

part of a highly immunogenic moiety such as bovine serum albumin (BSA). The 

phenomenon, known as the hapten-carrier effect where usually the hapten is a 

small molecule and the carrier is a large molecule has been used successfully to 

produce antibodies against many small molecules e.g. toxins (Butler and Beiser, 

1973), steroid hormones (Erlanger et al., 1957) and some coenzymes and vitamins 

(Conrad and Wirtz, 1972). This occurs since only a small part of a large molecule 

or conjugate, the antigenic determinant, is recognised by a particular antibody.

For example Butler and Beiser produced an antibody against testosterone by
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conjugating it to bovine serum albumin. Although antibodies against a whole 

variety of antigenic determinants on the bovine serum albumin-testosterone 

conjugate were produced, one group of antibodies recognised testosterone with 

little cross-reactivity against the protein (Butler and Beiser, 1973).

The principle of the hapten-carrier phenomenon was applied to the present study. 

Two potential haptens were tried; a-tocopherol and a synthetic analogue of 

tocopherol, trolox c (6-hydroxy-2, 5 ,7 ,  8-tetramethyl-2-chroman-carboxylic acid) 

(figure 10). With a-tocopherol it was hoped to be able to pick out an antibody 

recognising solely the chromanol ring. The use of trolox c is likely to be more 

specific than a-tocopherol and should yield an antibody with greater avidity or 

binding strength than one using a-tocopherol since only antibodies to the 

chromanol ring will be formed rather than a combination of antibodies to the ring 

and phytyl tail.

In this project two approaches were made to produce an antibody against vitamin 

E.

1. Using a lipid carrier in the form of a model membrane or liposome which was 

used to mimic tocopherol in membranes.

2. Using a protein carrier with the vitamin bound covalently to the protein.

The first part of the thesis will describe studies using liposomes and attempts to 

produce a monoclonal antibody. The second part will describe work performed 

using protein carriers.
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2.1 Introduction.

Since the first realisation of the potential for liposomes (Bangham et al. , 1965a) 

these model membranes have been extensively exploited in a number of biological 

disciplines.

Here we are concerned with the ability of liposomes to act as immunologic 

carriers in the induction of an antibody response against lipid soluble haptens. This 

chapter will firstly describe the physical attributes of liposomes that enable them to 

be used as carriers, and secondly, characterisation studies of liposomes containing 

a-tocopherol and trolox c to determine whether they may be used as immunogens. 

They were compared to cholesterol containing liposomes prepared by the method 

of Swartz et al., (1988) which these workers used to produce an antibody against 

cholesterol.

2.2 Historical aspects of lipid immunology.

In retrospect the most important and certainly one of the earliest contributions to 

the field of lipid immunology was made by Thudichum (1884) who discovered, 

characterised and named many of the lipids now shown to be most important in 

lipid immunology including phosphatides (as a compound), and specifically 

phosphatidic acid, sphingomyelin, and phosphatidylethanolamine (then called 

cephalin).
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The next landmark followed shortly afterward when Wasserman et al., (1906) 

discovered the presence of antibodies against lipoidal extracts of various tissues 

during the course of syphilis. Subsequently Pangbom (1942) isolated the 

immunogenic lipid and named it cardiolipin. With this and other lipids found to be 

immunogenic the common characteristic was their association with membranes. 

Although this aided in the detection of these antibodies by haemaglutination, 

haemolysis, and flocculation, it also led to difficulties in the isolation of the 

antigen and complete characterisation of the antibody. The simplicity of the 

structures of some of these lipids seemed to allow cross-reactivity with a number 

of other substances. For example with cardiolipin antibodies, cross reactivity was 

noted with cardiolipin analogues, phosphatidylinositol, DNA and RNA (Guamieri 

and Eisner, 1974). However, the greatest barrier to advancement in this field was 

the physico-chemical properties of the lipids themselves due to the apparent lack of 

reactivity of water soluble antibodies with lipid antigens. This was partially 

overcome by inclusion of "auxiliary" lipids in the antigen suspension such as 

lecithin and cholesterol (Landsteiner, 1945). Although these additional lipids were 

not always necessary to generate an immune response against lipid antigens they 

created optimum conditions for such a response (Browning et al., 1910). As an 

example purified glycocerebroside had no immune reactivity in aqueous solution. 

However activity was achieved when the glycolipid was suspended along with 

lecithin and cholesterol (Papirmeister and Mallette, 1955). It was suggested in the 

light of such data that the role of these "auxiliary" lipids was to generate a 

membrane-like environment with the lipid antigen orientated such that its epitope 

was available for interaction with antibodies (Megli and Mallette, 1964).
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2.3 Liposome model membranes.

2,3.1 Historical developments.

When (the phosphatides) have remained in the water for a short time they begin to 

swell, to become transparent at the thin margins of the particles, and covered with 

a loose layer all over their surface. This on agitation is easily detached, and floats 

in clouds in the liquid; the clouds diffuse themselves indefinitely throughout the whole 

of the water, and if enough water is present, the mixture is frequently shaken, and 

some time is given, the particles of solid matter disappear entirely and form a turbid 

solution... I can give no better definition of this peculiar condition than by describing 

it as a state of imperfect or incomplete solution, a stage intermediate between the 

solid and fluid state of matter.... The (semi-solid hydrated) lecithin under the 

microscope consists of balls in concentric layers. (Thudichum, 1884, pp. 39,40, and 

46).

As described above it was realised as early as 1884 that phospholipids could be 

dispersed in aqueous solution to form spherical lipid particles. Electron 

microscopy revealed these spheres to consist of concentric shells of lipid bilayer 

membranes separated by aqueous interspaces (Bangham, 1963; Bangham and 

Home, 1964). However, the concept that revolutionised the field was introduced 

by Bangham et al., (1965a) when they showed that the spheres now termed 

liposomes were completely sealed and were relatively impermeable to radiolabelled 

cationic markers trapped between the concentric bilayers.

Liposomes are now usually described as model membranes since they are largely 

composed of amphipathic lipids which when presented with an aqueous 

environment generate bilayer structures. The highly ordered entities that form are
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arranged in a system of concentric closed membranes, each of which represents an 

unbroken bimolecular sheet of lipid molecules as illustrated in figure 11. The 

number of layers making up the liposome depends on the method of preparation. It 

is possible to form uni-lamellar (single layer) liposomes and multi-lamellar (many 

layer) liposomes. For the purposes of this thesis no distinction between the types 

of liposome was made as no studies were performed to define the number of 

layers in the tocopherol liposomes.

Lipid
Bilayer

Aqueous

Aqueous

O  Water soluble materials
\  Lipid soluble molecules

O  Wat.er soluble mplecules with hydrophobic 
1 /  moiety penetrating lipid phase

Figure 11: Schematic cross section of liposome showing concentric bilayers. An exploded view 
shows the bilayers in more detail bearing an aqueous phase between each layer. Both phases can 
carry molecules

During their early studies Bangham et al., (1965b) showed that trapped water 

soluble markers could be released following interaction with membrane-active
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agents. This allowed liposomes to be used in a whole variety of areas such as 

membrane permeability studies (Bangham et al., 1965a) and drug delivery in 

medicine (Gregoriadis, 1976). The crucial aspect of liposomes which has 

generated so much interest for lipid immunologists was their potential as defined 

model membranes. It is thus theoretically possible to accurately reproduce a 

particular portion of a physiological cell membrane within a liposome in sufficient 

quantities to investigate its potential as an immunogen. As with auxiliary lipids, 

liposomes act by ‘solubilising’ the antigen. The composition of liposomes can be 

carefully controlled and manipulated, allowing the antigen to be presented to the 

immune system in its most immunogenic form or optimal spatial orientation.

2,3.2 Immune response o f a liposomal model membrane.

As part of their early studies on membrane permeability, Kinsky et al., (1968) 

devised a sensitive enzymatic microassay procedure for measurement of the release 

of trapped glucose from liposomes (see later for details). Each assay required only 

nano-molar quantites of lipid, was simple to use, and could be carried out in a 

single cuvette. This enabled the technique to be utilised for immunological studies 

by assessing the release of trapped glucose following complement-mediated lysis of 

liposomes. Studies were initiated by Kinsky’s group who prepared liposomes from 

the chloroform extract of sheep erythrocytes and combined them with rabbit anti

sheep erythrocyte serum and complement. The resultant glucose release from 

these liposomes was not present when complement was omitted, or when sheep 

erythrocyte liposomes were replaced by lipids from beef erythrocytes (Haxby et
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al., 1968). The missing immunologically active molecule was later shown to be a 

ceramide glycolipid (Kinsky, 1974). The requirement for complement was 

confirmed by Haxby et al., (1969) who repeated the studies using purified 

complement components, liposomes with the purified glycolipid and the same 

antibody.

Since then many different compounds have been used as antigens in liposomes. As 

examples Inoue et al., (1971) and Alving et al., (1974a) both generated antibodies 

against galactocerebroside, Kataoka et al., (1971 a,b, 1973) and Swartz et al., 

(1988) produced an antibody recognising cholesterol, and Allison and Gregoriadis, 

(1974) showed diphtheria toxoid to be immunogenic when inserted into liposomes.

2.3,3 Influence o f liposome composition on the immune response.

i. Effect o f antigen concentration.

During the early studies of Kinsky et al., (1969) it was found that a "threshold” 

concentration of antigen was needed for complement-mediated damage to occur. 

Above this threshold, the rate and extent of damage was directly proportional to 

antigen concentration provided antibody and complement were in excess (Haxby et 

al., 1968; Kinsky et al., 1969). This was further confirmed by Swartz et al., 

(1988) when they produced an antibody against cholesterol and showed that it only 

recognised liposomes if they contained a cholesterol to phospholipid ratio of 

greater than 0.75:1. They found the optimum ratio to be 2.5:1 both for antibody 

production and subsequent detection using the glucose release assay. This ratio 

was chosen for the present study.
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ii. Effect o f the hydrophobic structure o f the antigen.

The ability of a synthetic glycolipid (galactocerebroside) to act as a liposomal 

antigen was shown to be directly related to the fatty acyl chain length of the 

glycolipid (Alving and Richards, 1977). The results suggested that a longer fatty 

acyl chain on a simple glycolipid may cause the haptenic sugar end of the 

molecule to project further into the aqueous phase, allowing bettter accessibility 

for antibody interaction. Alpha-tocopherol has a C-12 hydrocarbon tail which will 

be an important factor in determining the eventual outcome of the study.

iii. Effect o f the liposomal phospholipid on reactivity.

In most of the early experiments the phospholipid chosen for preparation of the 

liposomes was either egg lecithin or beef sphingomyelin, chosen principally 

because these two sources produced stable liposomes. However this did not allow 

any investigation of the influence of fatty acyl chain length on the immune 

reaction. Three synthetic saturated lecithins with chain lengths of 14,16, and 18 

carbons (dimyristoyl, dipalmitoyl-, and distearoylphosphatidylcholine respectively) 

were found to be equivalent to the natural phospholipids in terms of stability 

(Alving et al., 1974a,b; Inoue, 1974). Alving and co workers (1974a) then went 

on to investigate the effect of these lecithins with varying fatty acyl chain length 

(14 to 18 carbons) of the same phospholipids as the previous study would have on 

the immune response against cerebroside. They found glucose release from the 

liposomes to be inversely related to phospholipid fatty acyl chain length suggesting 

that the longer chain caused the cerebroside to become buried deeper in the bilayer 

than the shorter chain fatty acids. The majority of subsequent studies utilised the
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14 carbon chain phospholipid (dimyristoyl phosphatidylcholine) and this was 

chosen for the present study, 

zv. Effect o f charged lipids.

In most of the previous immunologic studies a negatively charged lipid for 

example dicetyl phosphate was included in the liposomes. This was used to 

increase the volume of the aqueous compartments within liposomes and decrease 

the aggregation between liposomes and was used in the present study during 

glucose release assays, 

v. Effect o f membrane fluidity.

Over the years membrane fluidity has also been shown to be an important factor in 

determining the outcome of an immunisation procedure and subsequent detection 

of the antibody (Alving and Richards, 1983). One of the most important molecules 

that can influence membrane fluidity is cholesterol and it is believed that the 

specific requirement for this compound during complement-mediated damage 

against cardiolipin liposomes results from these properties (Humphries and 

McConnell, 1975). Similarly when ceramide glycolipid was used as an antigen, 

subsequent complement-mediated liposome damage resulting in glucose release 

was shown to be markedly increased when cholesterol was present (Hesketh et 

a/., 1972; Kitagawa and Inoue, 1975). The effect of cholesterol on glucose release 

from tocopherol liposomes was investigated in this study.

2,3.4 Immunisation with liposomes.

Immune responses to various antigens can be non-specifically enhanced, stimulated 

or modified by administration of certain substances along with the antigen. These
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agents, called adjuvants, are highly heterogeneous with respect to their nature and 

origin. They include inorganic compounds such as alum (usually a sodium 

aluminium sulphate complex) or silica, organic materials from inanimate sources 

such as mineral oils or saponins, bacterial toxins and cell wall components such as 

lipopoly saccharides.

(i) Lipid A as an adjuvant.

As well as being powerful endotoxins the lipopolysaccharides are also potent 

adjuvants. They have been shown to non-specifically enhance the immune response 

in a number of species (Johnson et al.f 1956 in rabbits; Merritt and Johnson, 1963 

in mice; Luecke and Sibal, 1962 in chickens). The lipid A moiety of the 

lipopolysaccharide molecule is believed to be the active component, (Liideritz et 

al., 1973) and its structure is shown in figure 12.

(KDO)a

KDO—K etodeoxycytynoic acid  

Figure 12: Structure of lipid A.
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Its mode of action as an adjuvant is believed to lie in its mitogenic properties as a 

polyclonal B cell activator inducing B cells to produce antibodies against almost 

everything in its immediate vicinity (Roittef al., 1989).

The normal immune response as outlined in chapter 1 uses T cells as helpers in 

the production of a response. Lipid A is able to stimulate the immune system 

without the requirement for T cells (i.e. it is a T-independent antigen). In addition 

it is able to activate B cell clones other than those specific for lipid A, i.e. it is a 

polyclonal B cell activator (Roitter al., 1989). It has therefore been used by a 

number of authors as an adjuvant (Dancey et al., 1977; Tamauchi et al., 1983; 

Swartz et al., 1988). In addition to its ability to stimulate the immune system it is 

readily incorporated within the liposome bilayers, and was chosen for the present 

study. Its positioning alongside the antigenic determinant of interest (tocopherol or 

trolox) suggests an antibody to the antigen might be formed provided sufficient 

antigen is present (figure 13).

2.4 Methods.

For the purposes of this thesis a lipid dispersion will only be described as 

liposomal if it can be demonstrated that the constituent lipids are present in the 

suspension as an aggregate. Before this stage the preparation will be termed a lipid 

dispersion. In general a liposome will be defined as any aggregate composed of 

lipid bilayers that enclose a volume.
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LIPID A
INDUCES POLYCLONAL ACTIVATION 

OF B CELLS

ANTIGENS
INCLUDING LIPOSOME-VITAMIN E COMPLEX

B CELLS PRODUCING ANTIBODY 
RECOGNISING VITAMIN E

Figure 13: Schematic diagram to illustrate lipid A as a polyclonal activator. Many different 
immunoglobulins are expressed on the surface of B cells which recognise different epitopes (depicted 
as shapes).

This section will describe characterisation studies of tocopherol and trolox c 

liposomes consisting of a molar ratio of hapten to phospholipid of 2.5:1 i.e. 

containing 71 mol percent of hapten. These were compared with liposomes 

containing varying ratios of tocopherol to phospholipid and also liposomes 

containing tocopherol plus cholesterol with varying ratios of hapten to 

phospholipid. The well characterised cholesterol liposomes (Alving, et al., 1983) 

were used as controls throughout the study. Liposomes were prepared by two 

methods utilising either vortex mixing or sonication to disperse the lipids, and
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these methods were compared for their ability to incorporate hapten into the 

liposomes.

2.4.1 Preparation o f liposomes.

All the liposomes used in this study contained two basic constituents;

i. Phospholipid carrier - dimyristoyl phosphatidylcholine (Sigma Chemical Co. 

Ltd., Poole, Dorset). This was stored as a 25mM  solution in chloroform (BDH 

Ltd., Poole, Dorset - hypersolve grade) at -20°C.

ii. The hapten - vitamin E (a-tocopherol or trolox c) or cholesterol. This was 

stored as a 75mM solution in chloroform, a-tocopherol and cholesterol were 

obtained from Sigma and trolox c was kindly supplied by F. Hoffmann-La Roche 

and Co., Ltd., Basle, Switzerland.

The following compounds were constituents of the liposome used in the 

immunological studies but were not used in all the characterisation studies.

i. The adjuvant - lipid A (Sigma). Stored in chloroform:methanol (2:1) (BDH - 

hypersolve grade) as a 1 mg/ml solution.

ii. The negatively charged lipid - dicetyl phosphate (Sigma). This was stored in 

chloroform as a 3mM solution.
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For all studies except the glucose release assay the lipids were dispersed in 0.9% 

sodium chloride. For the glucose release assay 0.308M  glucose (Sigma) was used 

which was isotonic with 0.9% sodium chloride.

Two basic methods were used to prepare liposomes based on the technique used 

for the dispersal of the lipids in the aqueous medium.

For both methods, the lipids were combined together in various phospholipid to 

hapten ratios in 1 ml chloroform in a 10 ml flat bottomed glass tube and taken to 

dryness in a vacuum oven at 50 °C for 1 hour leaving a thin film of lipid on the 

surface of the tube.

i. Dispersion by vortex mixing.

After drying, a small number of 0.5-mm glass beads (Sigma) were added to the 

tube along with the swelling solution which was either saline or glucose depending 

on the final use. The mixture was then vortexed vigorously for 2 minutes at room 

temperature until all the lipid was dispersed from the sides of the tube.

ii. By sonication.

Lipids were dispersed in the appropriate aqueous solution using a bath sonicator 

(Paragon AMF) for 2 minutes until all the lipid was dispersed. Cholesterol 

liposomes were dispersed at room temperature while a-tocopherol liposomes 

required heating to 50°C for dispersal.
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2.4.2 Characterisation of liposomes.

Before the liposomes were used in immunisation studies the composition was 

analysed and compared to those prepared by Swartz et al., (1988). Two separate 

techniques (gel permeation chromatography and ultracentrifugation) were 

employed to investigate the percentage of the initial lipids which were incorporated 

into the liposome, and the resultant ratio of phospholipid to hapten in the 

liposome.

i. Gel permeation chromatography.

Sephadex G50 (Pharmacia) was swollen in 0.9% sodium chloride, before 

equilibrating in a 1 cm by 15 cm column. 1 bed volume of 0 ’^% sodium 

chloride (5 ml) was passed through the column before application of the 

liposomes. Except where stated 0.5 ml of the lipid dispersion was applied to the 

column and 0.5 ml fractions of eluate were collected.

ii. Ultracentrifugation.

Liposomes were prepared by the method above and diluted to 10ml with saline in 

an ultracentrifuge tube. Tubes were spun on a fixed angle 10x10 ml rotor at 

25,000 g for 10 minutes using a Prepspin 65 MSE Ultracentrifuge. The 

supernatant was removed by pipetting the fluid from the top of the tube in 1 ml 

fractions and analysed as necessary. This left the liposomal pellet which was 

resuspended in 0.5 ml normal saline before analysis.
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2.4.3 Assays fo r  haptens and carrier.

Three different techniques were used to assay the compounds of interest;

i. Radiolabels were used to measure a-tocopherol, cholesterol and phospholipid.

ii. The Emerie-Engel colorimetric assay was used to measure trolox c.

iii. High performance liquid chromatography/fluorimetry was used to assay unlabelled 

a-tocopherol.

i. Radiolabel analysis.

Liposomes were spiked with the following radiolabels as necessary;

L-3 Phosphatidylcholine 1,2-Di [1-14C] Palmitoyl (10 mCi/mmol) in toluene 

(Amersham International Ltd). The stock was diluted 1/1000 with chloroform and 

0.5 ml (approximately 5000 dpm) used per assay. Both stock and diluent were 

stored at -20°C.

3,4 3H all-rac-a-tocopherol (312 ^Ci/mg) in toluene (kindly donated by F. 

Hoffmann-La Roche and Co., Ltd., Basle, Switzerland). The stock was diluted 

1/5000 with chloroform and 0.5 ml (approximately 10,000 dpm) used per assay. 

Solutions were stored at -20°C.

[7(n)-3H]Cholesterol (10 Ci/mmol) in toluene. The stock was diluted 1/5000 with 

chloroform and 0.2 ml (approximately 10,000 dpm) used per assay. Both stock 

and diluent were stored at -20°C.

The radiolabelled compounds were added to the rest of the unlabelled lipids before 

evaporating to dryness and subsequent dispersion of the lipids with saline. Aliquots

58



to be tested for radioactivity were mixed with 10ml scintillant (Optiphase 

scintillation fluid, LKB) and counted on an LKB Wallac 1215 Rackbeta II liquid 

scintillation counter using double isotope counting and external standardisation for 

quench correction.

ii. Colorimetric determination o f trolox c.

Concentrations of trolox c were estimated by a modification of the Emmerie- 

Engel, colorimetric reaction (1938), using ferric chloride and a ferrous ion 

complexing agent, bathophenanthrolein (Tsen, 1961). In the assay ferric ions are 

reduced stoichimetrically by trolox to ferrous ions which are complexed with the 

indicator bathophenanthrolein. Residual ferric ions were complexed with 

orthophosphoric acid.

100 p\ of aqueous test sample was mixed with 0.9 ml absolute ethanol. To this 

was added lOOjul 6mM  bathophenanthrolein (Sigma) in ^-propanol. 100 pi ImAf 

ferric chloride (BDH - analar grade) in w-propanol was then added and the 

contents mixed and left for exactly 15 seconds before the addition of 100 pi 40mM 

orthophosphoric acid (BDH - analar grade) in w-propanol. Absorbance was 

recorded at 534 nm and results compared to a standard curve of trolox c (dissolved 

in ethanol). A representative standard curve is shown in figure 14.
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Figure 14: Standard curve for trolox c using Emmerie-Engel reaction for reducing groups. 

iii. Determination o f a-tocopherol

a-tocopherol was estimated by high performance liquid chromatography/ 

fluorimetry (HPLC) using a modification (Metcalfe et al. , 1984) of the method of 

Buttriss and Diplock (1983) and has been well validated in the Department of 

Child Health, Institute of Child Health. In summary 0.2 ml of liposome suspension 

was vortexed with 1ml HPLC grade hexane (BDH) for 1 minute. The tubes were 

then centrifuged at lOOOg for 10 minutes to separate the aqueous from organic 

phase. 10 pi aliquots of the hexane phase were injected onto a 25 cm, 5 mm silica 

direct phase column with an internal diameter of 4.9 mm (Jones Chromatography 

Ltd.,) and eluted at 1 ml/minute with hexane containing 1 % HPLC grade methanol 

both dried with 4A molecular sieves. Fluorescence was detected with a Perkin
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Elmer LSI fluorimeter using an excitation cut off filter at 280 nm and a 310 nm 

emission filter. Concentrations of tocopherol were determined by a direct 

comparison with external standards (DL-a-tocopherol from Sigma).

2,4,4 The glucose release assay.

Liposomes incorporating a-tocopherol were investigated for the ability to trap 

glucose within their aqueous compartments. They were compared with the well 

characterised cholesterol liposomes (Alving, et al., 1983).

To measure glucose within liposomes, an enzymatic assay modified from that of 

Kinsky, 1974 was used. The assay was based on the enzymatic phosphorylation of 

glucose to glucose-6-phosphate by hexokinase and its subsequent oxidation to form 

glucono-5-lactone by the action of glucose-6-phosphate dehydrogenase as 

illustrated in figure 15).

H*0'P0CH« HaOaPOCHa

o + NADPH + H+ NADP

OH H OH
H

B-D-Glucose-6-phosphate 6-Phosphoglucono-e-lactone

Figure 15: Conversion of Glucose-6 -phosphate to 6 -Phosphoglucono-6 -lactone.
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NADP+ is required for the final step and NADPH formation could be followed 

spectrophotometrically. All analyses were performed on a dual beam Perkin Elmer 

X5 UV/vis spectrophotometer.

For the purposes of this assay dicetyl phosphate (a negatively charged amphiphile) 

was incorporated into the liposomes. This compound greatly increases the amount 

of marker trapped within liposomes (Bangham et al., 1965a), presumably due to 

electrostatic repulsion between adjacent bilayers which results in larger aqueous 

compartments.

i. Materials.

The assay required the following reagents;

ATP - 200mM, pH 7.4 (Sigma).

NADP+ - lOOmAf, pH 7.0 (Sigma).

Hexokinase - a suspension of crystalline yeast enzyme (140 IU/mg protein) 

(Boehringer Mannheim Ltd., Lewes). This was dialysed against H20  at +4°C to 

remove ammonium sulphate.

Glucose-6-phosphate dehydrogenase - a suspension of crystalline yeast enzyme 

(350 IU/mg protein) (Boehringer). This was dialysed as for hexokinase.

Tris buffered saline (TBS) - pH 7.5 containing lOOmAf tris (hydroxy-methyl) 

aminomethane, 3.5mAf MgCl2, 0.15mAf CaCl2, and 64mMNaCl.

NaCl - 150mAf.

Triton solution - pH 7.5-8.0 containing 10% Triton X-100 (Sigma) in lOOmAf tris. 

Phospholipid - dimyristoyl phosphatidylcholine (Sigma).
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a-tocopherol - Sigma.

Cholesterol - Sigma.

Glucose solution - 0.3M  (Sigma).

ii. Liposome preparation.
r~

I^posomes were prepared as described in section 2.4.1 by both vortex mixing and 

sonication, using 0.3M glucose as the swelling solution. Glucose which was not 

incorporated into liposomes was removed by dialysis against 250 volumes of 

normal saline for 2 hours at room temperature.

iii Assay for glucose determination.

10/xl each of ATP, NADP+, hexokinase, and glucose-6-phosphate dehydrogenase 

were added to every 1.0ml of TBS. The mixture, which was the assay reagent, 

was stable if kept on ice for up to 5 hours.

For each assay two cuvettes were set up both containing 495p\ 150mM NaCl and 

500^1 of the assay reagent. The cuvettes were balanced in the dual beam 

spectrophotometer. 5pi H20  was added to one cuvette (control), and to the other 

5/xl of test reagent. The cuvettes were incubated at room temperature for 3-5 

minutes and the absorbance measured at 340nm. Results were compared to a 

standard curve of glucose.
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iv. Measurement o f unincorporated, total and trapped liposomal glucose.

a. Unincorporated glucose.

To measure any residual glucose not removed by dialysis and not trapped within 

the liposomes 5 /d of the liposome suspension was added to the assay reagent. Any 

increase in absorbance at 340 nm after 5 minutes was taken as a measure of the 

glucose not incorporated into liposomes.

b. Total and trapped glucose.

5 ix 1 aliquots of the liposomes were added to 0.5 ml chloroform, the mixture 

vortexed and taken to dryness using a vacuum oven. The lipid was then solubilised 

in 100/d triton followed by 400/d distilled water, which prevented reformation of 

the liposomes. The total glucose was then measured by adding 0.5 ml assay 

reagent, incubating for 5 minutes at room temperature and then recording the 

absorbance at 340 nm. The difference between this value and the unincorporated 

glucose was taken to represent glucose trapped within the liposome.

2.5 Results.

2.5.1 Cholesterol liposomes.

Before their use in immunisation studies, the liposomes prepared by both vortexing 

and sonication (see methods) were characterised. The final percentage recovery 

and molar ratios of the lipids incorporated within the liposomes were compared 

following their separation from unincorporated lipid by both gel permeation 

chromatography and ultracentrifugation.
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Swartz et al., (1988) found that a molar ratio of phospholipid to cholesterol of 

1:2.5 was necessary to induce a maximum immune response in mice. This ratio of 

lipids was used to prepare cholesterol liposomes which were later compared to 

vitamin E liposomes with the same ratio of vitamin E to phospholipid.

The first study set out to determine whether there were any differences between 

the two methods of liposome preparation in terms of phospholipid dispersion. No 

attempt, at this stage, was made to determine whether liposomes were actually 

present. Two sets of tubes contained 2.5pmoles of cholesterol and lpmole 

phospholipid dispersed in 0.2ml physiological saline. For one set of tubes the vortex 

method of dispersal was used, and for the other, the sonication method was used. The 

resultant emulsion was assayed for phospholipid by measurement of radiolabel. This 

was compared to the total phospholipid originally added to the tube.

The results, expressed as the percentage of phosphatidylcholine actually 

incorporated into the lipid dispersion compared to that originally in the glass tube 

showed that all (95-100%) the lipid was dispersed and that there were no 

differences between either method of preparation.

Both methods were therefore suitable. However, later work showed that vitamin E 

liposomes required sonication for their preparation and therefore unless otherwise 

stated this method was used throughout the rest of the studies.

To determine whether the lipid dispersion contained liposomes two separation 

techniques were employed: Gel permeation and ultracentrifugation.
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(i) Gel permeation.

Gel permeation chromatography was carried out using Sephadex G50 as described 

previously. 0.2ml lipid dispersion in saline with the same composition as described 

above unless otherwise stated were applied to all columns. The individual fractions 

from the Sephadex column were analysed for radioactivity of phospholipid and 

cholesterol. Results of three separate experiments are shown in table II and are 

expressed as a percentage of the total phospholipid and cholesterol present in the 

test tube at the start of the experiment. They show that fractions 3 and 4 contained 

most of the phospholipid and cholesterol (with a combined mean total of 72 and 

69% respectively) and that cholesterol and phospholipid eluted together in these 

two fractions with a mean molar ratio of approximately 2.4:1 cholesterol to

phospholipid. A representative result is illustrated graphically (figure 16).

v
(Table II: Percentage recoveries and molar incorporation ratios of phosphatidylcholine and cholesterol 
|in fractions eluted from a Sephadex G50 column. 0.2ml liposome suspension was applied to a 15cm 
column andj).5ml fractions collected*.________________ —__________

Fraction
number

<*■' Percentage recovery* Mean molar

Phospholipid (n=3) Cholesterol (n=3)
ratio

1 0.2-0.4 0.005-0.015 1:0.08

2 3.3-6.3 1.8-5. 8 1:1.98

3 33.2-40.2 31.5-39.1 1:2.40

4 31.6-38.8 31.3-36.3 1:2.36

5 4.9-1.3 3.3-5.9 1 :1 . 8 8

6 1 .4-2.0 1.5-1.7 1:2.35

Totals 73-89 72-85 1:2.42

* range
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Figure 16: Cholesterol liposomes eluted in 0.9% sodium chloride from a 15cm Sephadex G50 column 
(flow rate lml/minute) and analysed by radiolabel. 0.2ml was applied to column and 0.5ml fractions 

I collected.

ii. Ultracentrifugation.

Following ultracentrifugation of the liposomes, prepared as described previously, 1 

ml fractions were analysed. Fraction 1 was taken to be the first ml removed from 

the top of the tube, fraction 10 the last. The pellet (fraction 11) was resuspended 

in 1ml of buffer. Results are again expressed as a percentage of the original lipid 

added to the test tube (table III) and show that the major portion (60-70%) of both 

phospholipid and cholesterol resided in the pellet with a mean molar ratio of 

2.3:1. The range of results for 3 runs is given (table III). A representative spin is 

illustrated graphically in figure 17.
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Table HI: Separation of liposomes by density using ultracentrifugation.

Fraction
number

Percentage recovery* Mean molar 
ratio

Phospholipid (n=3) Cholesterol (n=3)

1 1.6-3. 6 0 .8 -2 . 6 1 :1 . 6

2 1.6-3. 6 0.9-2.5 1 :1 . 6

3 2.5-3.9 1.4-3.4 1:1.9

4 1.7-6.9 1 .0 -6 . 6 1 :2 . 2

5 3.1-5.1 2.6-4.8 1:2.3

6 3.7-5.7 2.9-6.1 1:2.4

7 3.6-44 3.1-4.3 1:2.3

8 3.2-4.6 2.9-3.7 1 :2 . 2

9 2.3-5.7 2.8-4.7 1 :2 . 2

1 0 1.3-11.9 2.9-8.9 1:2.3

1 1 64.1-71.5 58.2-62.2 1:2.3

Totals 80-110 90-127 1 :2 . 2

* range.

% recovery
80

00

20

10 ta0 2 4 0
Fraction num ber

■  P h o sp h o lip id  #  C h o le s te ro l

Figure 17: Ultracentrifugation of cholesterol liposomes. Fraction 1 represents the first ml 
removed from the top of the tube and fraction 10 the last. Fraction 11 is the pellet resuspended 
in buffer.
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Hi. Effect o f incorporating lipid A and dicetyl phosphate into the liposomes.

In the above studies only cholesterol and phosphatidylcholine were present in the 

liposomes. However, to produce immunogenic liposomes, lipid A is added and in 

the glucose release assay to detect antibodies against liposomes, dicetyl phosphate 

is also present. The following study was undertaken to see whether either of these 

compounds, at the concentrations used, had any effect on the incorporation of 

cholesterol into the liposomes.

Liposomes were prepared as per method above incorporating:

(a) lipid A at a molar ratio of 0.01:2.5:1.0 lipid A to cholesterol to phospholipid.

(b) dicetyl phosphate at a molar ratio of 0.11:2.5:1.0. dicetyl phosphate to 

cholesterol to phospholipid.

(c) both lipid A and dicetyl phosphate at the above ratios.

Results following gel permeation and combining peak fractions 3 and 4 are shown 

in table IV. The addition of lipid A and/or dicetyl phosphate did not appear to 

have any significant effect on the molar incorporation ratios of cholesterol to 

phosphatidylcholine. The mean molar incorporation ratios of cholesterol to 

phosphatidylcholine varied from 2.36-2.45 : 1 using the different mixtures.
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Table IV: Molar ratios for cholesterol and phosphatidylcholine (peak fractions).

Liposome Start molar ratio Molar incorporation ratio (mean) 
(PL:C)

1 SD 
n=6

PL+C 1:2.5 1:2.37 0 . 2 0

PL+C+DP 1:2.5:0.11 1:2.36 0.16
PL+C+LA 1:2.5:0.01 1:2.39 0 . 1 0

PL+ C+ LA+ DP 1:2.5:0.01:0.11 1:2.45 0.05

C= Cholesterol 
PL= Phosphatidylcholine 
DP= Dicetyl phosphate 
LA= Lipid A

iv. Glucose release assay.

Liposomes containing varying amounts of cholesterol were prepared both by 

vortex mixing and sonication using 0.3M glucose as the swelling solution. The two 

methods gave very similar results for glucose incorporation and table V shows the 

results following vortex mixing. It shows the amount of glucose present in the 

solution following dialysis (i.e. unincorporated glucose), compared to that trapped 

within the liposomes. Figure 18 shows the amount of glucose trapped by 

liposomes with varying amounts of cholesterol (mean of 3 assays) and shows that 

an increasing amount of glucose is trapped by the liposomes as the ratio of 

cholesterol to phospholipid increases up to ratio of 2:1.

Table V: Glucose analysis using cholesterol liposomes with varying cholesterol to phospholipid 
ratios. Results are presented as a range (n=3).

Phospholipid: cholesterol.
Molar ratio.

1.0:0.25 
1.0:0.5 

1.0:0.75 
1.0:1.0 
1.0:1.5 
1.0:2.0 
1.0:2.5
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Untrapped
glucose
(nmoles)

34-35
28-31
29-33 
29-32 
39-45 
42-45 
44-51

Total Glucose 
(nmoles)

63-70
142-151
156-181
181-202
198-272
250-279
228-289

Trapped
glucose
(nmoles)

29-35
114-120
124-145
151-173
159-226
205-237
177-238
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Figure 18: The influence of the amount of cholesterol on the ability of these liposomes to trap 
glucose. (Mean result of 3 assays shown).

2.5,2 a-tocopherol liposomes.

Liposomes containing a-tocopherol were prepared in a similar way to cholesterol 

liposomes using both vortex mixing and sonication.

i. Preparation o f liposomes.

For all preparations when the solvent was evaporated from the tube a thin film of 

lipid was left. There appeared, however, to be 2 rings, the lower consisting of 

phospholipid as seen with the cholesterol liposome preparation and the upper 

tocopherol. Using a starting molar ratio of 2.5:1 of a-tocopherol to 

phosphatidylcholine, liposomes could not be prepared by the vortexing method of 

lipid dispersal. Sonication did, however, produce fairly reproducible liposomes
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(see later). Liposomes were only formed when the lipids were warmed to 50°C 

before dispersal by sonication, warming making no difference when vortex mixing 

was used for this ratio.

ii. Percentage recoveries o f lipids in the lipid dispersions.

A study was carried out to investigate the effect of varying the starting ratio of 

tocopherol to phosphatidylcholine on their percentage recoveries in the lipid 

dispersion following their preparation by both vortexing and sonication.

The starting molar ratios were varied between 0.5:1 and 2.5:1 a-tocopherol to 

phospholipid. For each ratio triplicate tubes were set up and 0.5ml aliquots were 

assayed immediately following dispersal for both phospholipid and tocopherol, 

using radiolabels. The results for vortexing are shown in figure 19 and those for 

sonication in table VI and figure 20.

Percentage recovery
120

100
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1 * 15 2 _
IMoIar ratio (tocopherol to phospholipid)

2.50 0.5 3

•  Tocopherol ■  Phospholipid

Figure 19: Mean percentage recovery (n=3) of tocopherol and phosphatidylcholine in liposomes using 
vortex mixing to disperse the lipids.
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Table VI: Total percentage recovery related to vitamin £  content of liposomes using sonication 
to disperse the liposomes.

phospholipid: 
a-tocopherol _

percentage recovery (range) Mean molar 
incorporation 

ratio(start molar 
ratio)

n Phospholipid a-tocopherol

1.0:0.5 3 95-100 92-100 1:0.5
1 .0 :1 . 0 3 49-59 48-52 1:0.9
1 .0 :1 .5 3 18-33 15-27 1 :1 . 2

1 .0 :2 . 0 6 0-50 0-50 1:1.9
1.0:2.5 6 0-52 0-48 1:2.5

Percentage recovery
1 2 0

1 0 0

80

60

40

20

0
2 2.5 30 0.5 1.51

jMolar ratio (tocopherol to phospholipid) 
0  Individual assay.

Figure 20: Effect of variation of vitamin E content of liposomes on percentage recovery of a- 
tocopherol using sonication to disperse the lipids.

The results for both methods show a decrease in percentage recoveries of both 

tocopherol and phosphatidylcholine as the tocopherol content of the system is 

increased. With vortexing no lipid dispersion was formed at a molar ratio of 1.5:1 

or greater and although the recoveries varied the molar ratios of dispersion were
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similar to the starting ratio. Following sonication there is an increase in variation 

of recoveries as the tocopherol content was increased. The following studies were 

all performed on lipid dispersions prepared by sonication at a molar ratio of 2.5:1 

since this was the ratio required for immunological studies.

iii. Gel permeation chromatography.

Gel permeation chromatography was carried out using Sephadex G50 as described 

previously. 0.5 ml of the lipid dispersion in saline was applied to all columns. The 

individual fractions were analysed for radioactivity and the recoveries of both 

phospholipid and a-tocopherol determined. Mean results from 4 runs are shown in 

table VII and expressed as a percentage of the total phospholipid and cholesterol 

present in the test tube at the start of the experiment. Fractions 3 and 4 contained 

the most lipids but compared to the cholesterol liposomes the total percentage 

recovery was generally low and rather variable. A representative run is illustrated 

in figure 21.

Table VII: Analysis of fractions from a Sephadex G50 column for a-tocopherol and 
phospholipid following application of liposomes containing tocopherol and phospholipid in the 
ratio of 2.5:1. Results are expressed both as a range of values obtained from 4 runs and as 
mean molar incorporation ratios. jp.5ml applied to a 15cm column and 0.5ml fractions collected.

Fraction
number

Range of percentage recoveries. Mean
molar
ratiosPhospholipid n=4 Tocopherol n=4

1 0.1-0.4 0-0.3 1:1.3
2 0.6-4.7 0.3-3.5 1 :1 . 8

3 6.9-28.8 5.8-21.0 1:1.9
4 8.2-30.3 5.1-23.1 1 :1 . 8

5 2.1-1.% 2.0-5.1 1:1.7
6 0.7-2.6 0 .6 -2 . 0 1:1.9

Total 20.3-73.7 14.6-54.1 1 :1 . 8
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Percentage recovery
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Figure 21: A representative result for analysis of fractions eluted from a Sephadex G50 column 
following application of liposomes containing a-tocopherol and phospholipid at a ratio of 2.5:1.
0 .5 ml applied to a 15cm column and 0 .5 ml fractions collected.

These results showed that there was a decrease in percentage recovery compared 

to cholesterol liposomes of the same composition suggesting there were problems 

with dispersion of the lipids into liposomes. However, the molar ratios of 

phospholipid to tocopherol were high suggesting liposomes were being formed 

which were suitable for immunological studies.

iv. Separation by density.

To confirm the above studies a-tocopherol liposomes were prepared by sonication 

as previously described using the same volumes and centrifuged at 25,000 g. The 

contents were then analysed by removing 1 ml fractions sequentially from the top 

of the tube and testing for radioactivity (fractions 1-9). The remaining pellet
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(fraction 10) was resuspended in 1ml of buffer before analysis. Results are shown

in table VIII with the greater portion of the lipid in the liposome pellet. In general 

the results are similar to those obtained following gel permeation with reduced 

recovery and a wide variation, although the final molar ratios were nearer to the 

start molar ratios.

Table VIII: Results for ultracentrifugation of tocopherol containing liposomes.
Fraction Range of percentage recoveries (n=5) Mean
number -------------- ■—  ---------------------   ■— molar

phospholipid a-tocopherol ratine

1 0.3-2.3 0.3-1.9 1 2 . 1

2 0.3-2.3 0 .6 -2 . 0 1 2.5
3 0.7-2.5 0.7-2.1 1 2.3
4 0.5-2.3 0.5-1.7 1 2 . 0

5 0.4-2.4 1 .0 -2 . 0 1 2 . 6

6 0.5-2.3 0.9-1.9 1 2.5
7 0.5-2.3 0.3-1.7 1 1 . 8

8 0.1-2.5 0.4-2.0 1 2.3
9 0.1-3.9 1.5-2.9 1 2.7
1 0 0.0-26.6 3.5-23.3 1 2.7

Total 1.1-48.9 10.4-40.4 1 2.5

v. Analysis o f tocopherol content o f liposomes using high performance liquid 

chromatography /fluorimetry.

To confirm the above studies the absolute concentration of a-tocopherol in the 

lipid dispersions was determined by HPLC. Four separate preparations using 

sonication to disperse the lipids were analysed for a-tocopherol by HPLC and for 

phospholipid by radiolabel.

Results illustrated in table IX show a similar variation in recovery of phospholipid 

and tocopherol. Calculation of the molar incorporation ratio of tocopherol to 

phospholipid using the absolute concentrations of tocopherol instead of percentage 

recoveries reveal results similar to those obtained with radiolabel analysis of 

tocopherol (table VI).
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Table IX: Analysis of tocopherol content in liposomes by HPLC. Phospholipid was determined 
by radiolabel. Start molar ratio was 2.5:1 tocopherol:phospholipid.

Prep.n Tocopherol 
(pmoles) 

(Maximum 12.5)

Percentage
recovery

tocopherol.

Percentage recovery 
phospholipid

Molar incorporation 
ratio

1 2.6 2 1 24 2.2:1
2 5.1 41 44 2.3:1
3 2.3 2 0 18 2.5:1
4 2 . 0 18 19 2 .2 : 1

Mean 3.0±1.4 20.4±12.3 26.3 ±12.1 2.3:1±0.2

vi. Effect o f incorporation o f lipid A and dicetyl phosphate into tocopherol 

liposomes.

As for cholesterol liposomes, both lipid A and dicetyl phosphate were incorporated 

separately and together into a-tocopherol liposomes and their effect on the molar 

incorporation of tocopherol into the liposome ascertained.

Lipid A was incorporated at a ratio of 0.01:2.5:1.0 lipid A to tocopherol to 

phosphatidylcholine. Dicetyl phosphate was incorporated at a ratio of 0.11:2.5:1 

dicetyl phosphate to tocopherol to phospholipid. Results following gel permeation 

and combining peak fractions 3 and 4 show no significant differences between any 

of the different liposome preparations (table X).

Table X: Molar ratios for vitamin E liposomes (peak fractions).
Liposome Start molar ratio Molar incorporation ratio (PL:E) 

(mean) n=6
1 SD

PL+E 1:2.5 1:2.03 0.36
PL+E+DP 1:2.5:0.11 1:2.48 0 . 6 8

PL+E+LA 1:2.5:0.01 1:2.58 0.31
PL+E+LA+DP 1:2.5:0.01:0.11 1:2.56 0.32

E= vitamin E
PL= dimyristoyl phosphatidyl choline. 
DP= dicetyl phosphate.
LA= lipid A.
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vii. Glucose release assay for tocopherol liposomes.

Liposomes were prepared by sonication with varying amounts of tocopherol 

(ranging from a ratio of 0.25:1 to 2.5:1 tocopherol to phospholipid). They were 

dispersed in 0.3M  glucose solution and dialysed against physiological saline. The 

enzyme assay was unable to detect any glucose trapped within the liposome 

(results not shown).

Previous studies had shown that cholesterol liposomes were able to trap large 

amounts of glucose (figure 18 and table V). Therefore liposomes were prepared as 

above, using vortex mixing to disperse the lipids, but also containing cholesterol at 

a constant ratio of 1:1 cholesterol to phospholipid. Analysis of trapped glucose 

showed that the incorporation of increasing amounts of tocopherol resulted in 

decreasing amounts of glucose trapped in the liposomes (figure 22).

Glucose (nmoles)
200

150

100

50

0 1.5 2 2.50.5 1
Tocopherol:Cholesterol molar ratio.

Figure 22: Effect of increasing tocopherol incorporation into cholesterol liposomes on amount 
of glucose trapped. Mean result of three assays is shown.

78



This result confirms the finding that tocopherol seems to inhibit the ability of 

liposomes to trap glucose.

2.5.3 Liposomes containing trolox c.

Liposomes containing trolox c at a ratio of 2.5:1 trolox to phospholipid were 

prepared and characterised as for tocopherol and cholesterol liposomes.

Phospholipid was detected by radiolabel and trolox determined by the Emmerie- 

Engel colorimetric assay.

Liposomes were prepared using the sonication method of liposome dispersal. Analysis 

of phospholipid and trolox c content showed all (95-100%) to be present in the 

resultant emulsion. Three of the liposome preparations were then separated by gel 

filtration using Sephadex G50. Analysis of fractions showed that although 60-70% of 

the total phospholipid applied to the column was recovered, 40% eluting in the void 

fractions (4 and 5), trolox c did not elute until much later (the majority between 

fractions 9 and 14). A representative run is illustrated in figure 23.

The results following gel filtration were confirmed by ultracentrifugation where 

only 5% of the total trolox was present in the liposome pellet compared to 100% 

of the phospholipid.
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Figure 23: Separation of trolox c and liposomes using Sephadex G50.

10.5ml was applied to a 15cm column and 0.5ml fractions collected.

2.6 Discussion.

The data presented in this chapter demonstrate that it is possible to produce a- 

tocopherol liposomes at a ratio of 2.5 moles tocopherol to 1 mole phospholipid 

which is thought to be the ratio necessary to generate an immune response against 

tocopherol. The results show, however, a number of interesting differences 

between the tocopherol and the cholesterol liposomes at this ratio.

The two methods used to prepare cholesterol and tocopherol liposomes, vortex 

mixing and sonication, seemed to result in no difference in the amount of lipid 

dispersed at room temperature with cholesterol liposomes (100% for both methods 

at a ratio of 2.5:1), but with tocopherol liposomes no lipid dispersed at a ratio of 

2.5:1 when vortex mixing at room temperature was used whereas when the lipid
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was warmed to 50 °C and dispersed by sonication a mean of 25% of the lipid was 

dispersed (figs. 19 and 20). A possible explanation as to why an increase in 

temperature was necessary is that this appeared to increase the fluidity of the 

tocopherol possibly allowing it to be incorporated into the phospholipid bilayer 

more easily. The reason for the differences in ability to form liposomes between 

tocopherol and cholesterol is not known but may lie in the initial drying of the * 

lipid to a thin film. Tocopherol left a ring of oil above the crystalline solid film of 

phospholipid whereas the cholesterol appeared to be integrated into the 

phospholipid film. This would suggest that liposomes might form but with reduced 

amount of tocopherol incorporated, which was the case. What was perhaps more 

surprising was that the liposomes formed at this ratio seemed to contain only 25 % 

of the starting amount of phospholipid and therefore the ratio of tocopherol to 

phospholipid was close to that of the starting ratio. This suggested that tocopherol 

in some way interacted with the phospholipid and the resultant combination was 

unstable. Gomez-Femandez and co-workers (1988) investigated the influence of 

tocopherol on phospholipid using liposomes up to 40 molpercent tocopherol (a 

ratio of 0.75:1). They investigated the localisation of tocopherol within the 

phospholipid membrane-bilayer and showed it to prefer the more fluid domains of 

the bilayer i.e. the fatty acyl chains. At higher concentrations this seemed to lead 

to a perturbation in membrane stability. Although they did not use the high 

concentrations of this study their work seemed to substantiate the conclusions 

drawn from the present study that the lack of formation of liposomes at 71 

molpercent (2.5:1) tocopherol may be due to the inherent instability of any bilayer 

that did form. The reason why tocopherol liposomes could only be formed at
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higher ratios by sonication is likely to result from the fact that sonication is more 

vigorous than vortexing, and that the tocopherol was removed easier from the 

walls of the test tube.

The literature does not address the issue of whether the particles formed at high 

hapten to phospholipid ratios are liposomes i.e. contain bilayers. This was partially 

investigated using gel filtration and ultracentrifugation to determine whether the 

hapten and phospholipid were present in the same particle and at what ratio. 

Evidence has been provided that when 2.5:1 hapten to phospholipid was used both 

cholesterol and tocopherol combine with phospholipid at ratios similar to the 

starting ratio. Gel permeation showed the hapten and phospholipid to elute together 

for both cholesterol and tocopherol with the molar ratio of hapten to phospholipid 

being close to 2.5:1. In general ultracentrifugation confirmed these findings with 

pellets having a ratio of hapten to phospholipid similar to starting ratios although 

only approximately 60% of the cholesterol and a maximum of 25% of the 

tocopherol was recovered. The reduced recoveries particularly of the tocopherol 

liposomes could be explained if the liposomes were unstable, and smaller vesicles, 

too small to sediment, were also formed. Saunders et al. , (1962) showed that 

vortexing followed by sonication yielded small unilamellar vesicles, and these 

liposomes were shown not to form a pellet during ultracentrifugation (Alving et 

al., 1983). Deamer and Uster, 1983 have shown that vortexing alone yields multi- 

lamellar liposomes with a large range of sizes. In the present study it seems likely 

that a large range in vesicle size has been generated by sonication of tocopherol
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liposomes some of which will be unable to sediment although absolute 

confirmation of this would require electron microscopy.

When cholesterol was combined with phospholipid in the form of liposomes results 

following gel permeation and ultracentrifugation were reproducible with standard 

deviation being no greater than 10%. However, when tocopherol was combined 

with phospholipid in the form of liposomes large variations in recoveries were 

obtained. This provides further evidence that tocopherol liposomes were unstable.

It was considered that this instability did not present a practical problem for future 

immunological studies since the liposomes that were formed did contain a high 

ratio of tocopherol to phospholipid.

For the majority of immunological studies in the literature the glucose release 

assay was used to ascertain the presence or otherwise of an antibody against the 

liposome preparation. The present characterisation studies found that cholesterol 

liposomes with 43 molpercent cholesterol trapped approximately 135 /xmoles 

glucose, which was close to the results of Kinsky (1974) who showed it trapped 

150 /xmoles. The tocopherol particles prepared by sonication at any molpercent did 

not trap glucose. When increasing amounts of tocopherol were incorporated into 

50 molpercent cholesterol liposomes an inhibitory effect was seen on the ability of 

these liposomes to trap glucose. It is not known why tocopherol has such an effect 

on the membranes although the possibility that it may decrease the stability of the 

liposome could have some influence on the phenomenon. This did however mean
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that this assay could not be used to determine the presence of antibodies to 

tocopherol.

Attempts to incorporate trolox c at high concentrations into liposomes failed. 

Studies showed that sonication of the lipid yielded a creamy suspension with ease 

at room temperature, and characterisation studies by both gel permeation and 

ultracentrifugation showed liposomes were formed (figure 23). Trolox c, unlike 

tocopherol at this concentration, did not therefore inhibit dispersion. However, 

analysis of the fractions showed little trolox c to be present in the phospholipid 

liposome. This may not be surprising since trolox c does not contain the 

isoprenoid chain of tocopherol and is thus unlikely to be localised within 

hydrophobic domains of membranes. Later studies (chapter 7) showed it to be 

sparingly soluble in water but as it was not detected with the liposome it did not 

appear to be trapped in the aqueous spaces. The trolox may have been loosley 

bound to the phospholipids and it is therefore possible characterisation techniques 

may have been too harsh, causing the molecule to separate from the liposome. In 

order to confirm such an hypothesis tocopherol with an isoprenoid chain of 

varying length could be investigated for its ability to be incorporated within the 

liposome. A shorter chain length would be expected to cause the molecule to be 

located closer to the aqueous phase than tocopherol making it more likely that an 

antibody would be able to bind to the chromanol ring portion of the molecule. 

However, if the chain was too short or as in the case of trolox c absent, then it 

would be unlikely to have much affinity for the hydrophobic domains of the fatty 

acyl chains buried within the bilayer. Hence although it may have some affinity
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for the polar head groups it is unlikely to be firmly anchored within the 

membrane.

To summarise, these studies have shown that particles containing both cholesterol 

and tocopherol at ratios close to the starting amounts have been formed. It was felt 

they may be termed liposomes although it was realised that electron microscopy 

would be needed for final confirmation. It was felt these "liposomes" were suitable 

for use as an immunogen although it is recognised that the quality of the 

tocopherol liposome preparation was not as good as that for the cholesterol 

preparation of similar composition. These studies suggested that high 

concentrations of trolox c could not be incorporated into liposomes, and it 

therefore seemed unlikely that this system would be a good immunogen. The next 

chapters will compare liposomes containing cholesterol, tocopherol and trolox c as 

immunogens.
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Chapter 3:

Development of an ELISA for the detection of 

antibodies to a-tocopherol and cholesterol.

3.1. Introduction.

3.2 Basic ELISA protocol

3.3 Materials.

3.4 Vitamin E ELISA - general protocol

3.5 Development of assay.
3.5.1 Initial protocol - Haemoglobin as blocker

(i) Addition of tween.
3.5.2 Gelatin as blocker.
3.5.3 No blocker.
3.5.4 Increased use of tween in the system.
3.5.5 Foetal calf serum as blocker
3.5.6 Variation of tween concentration.
3.5.7 Reproducibility of final protocol.

3.6 Cholesterol ELISA.
3.6.1 Basic protocol.
3.6.2 Initial results.

3.7 Discussion.



3.1 Introduction.

A method was required to assay both for the presence and the amount of 

antibodies generated against the lipid soluble antigens used in the present study. 

Although several types of immunoassay are available the choice was limited to 

those techniques that can handle lipid soluble antigens. A simple assay would be 

based on the detection of glucose released from complement-mediated lysis of 

liposomes. As shown in the last chapter, this assay is quick and simple to perform 

and has been used for many of the studies in the literature investigating the 

immune response against liposomes. However, as described in chapter 2, this 

assay could not be used in the present study since vitamin E seemed to impair the 

ability of liposomes to trap glucose. Another approach that has been used with 

some success is the enzyme linked immunosorbent assay (ELISA) technique. 

Although first developed in 1971 by Engvall and Perlmann for the detection of 

water soluble reactants it has since been used for lipid soluble antigens e.g. for the 

measurement of anti-cardiolipin antibodies (Loizou et al. , 1985) and anti

cholesterol antibodies (Swartz et al., 1988).

3.2 Basic ELISA protocol.

In this chapter an indirect antibody capture ELISA, using the antigen bound to a 

solid matrix support and chromogenic substrates to visualise the enzyme label 

which is bound to the antibody, will be described. Later work (chapter 9) will 

investigate the use of other types of immunoassay e.g. the inhibition assay.
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The present system requires the following entities in order to function as a 

detection system for antibodies;

colour reagent visualising conjugated enzyme
i

Enzyme conjugated to antibody recognising species specific immunoglobulins
i

Antiserum containing desired antibodies
i

Antigen bound to solid support matrix.

Each of the above stages represents potential for variability. The type of matrix 

chosen to bind antigen depends on the purpose of the assay. Although several are 

available e.g. nitrocellulose, diazotised paper, and polyvinyl chloride the one used 

in this study was polystyrene moulded into microtitre plates for ease of 

measurement of resultant optical density. Significant variation exists between these 

plates, for example the antigen may only stick to a certain type of microtitre plate 

or may even require help in binding to the plate. Poly-L-lysine is, for example, 

frequently used as an avid binder of both proteins and plastic to allow some 

protein antigens to stick to plastic. The choice of enzyme label is also important. 

This will depend on several criteria including turnover number which should be as 

high as possible, and ease and speed of detection. Ideally the substrate should 

produce stable and easily measured products. The most commonly used enzyme is 

horseradish peroxidase (HRP) and this was chosen for the present study. 

Visualisation of the bound antibody required reaction of hydrogen peroxide with 

specific colourless compounds using HRP to catalyse the reaction and forming 

their oxidised derivatives which are chromogenic (illustrated in figure 24).
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Anti-tocopherol antibody Anti-rat/mouse IgM antibody

Horse Radish Peroxidase

substrate

hromogenic product

Figure 24: Diagram to show reaction scheme for secondary antibody using Horse Radish 
Peroxidase to catalyse the reaction of H20 2 and the substrate to give a coloured compound.

In addition to the above, a blocking agent had to be found which could fill all the 

spaces in the well not occupied by the antigen. At the same time the blocker had 

to prevent non-specific binding of any moiety not specifically recognising the 

antigen. A washing agent capable of removing loosely bound and unbound 

material was also required.

3.3 Materials

E.I.A. II Plus Microtitration plates, 96 well, 0.35 ml flat bottomed, non sterile 

(Flow labs.).

a-tocopherol -Sigma Chemical Co. Ltd.

Methanol - HPLC grade BDH Ltd.
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Gelatin -Sigma.

Haemoglobin- Sigma.

Foetal calf serum - Sigma.

Tween 20 - Sigma.

Phosphate buffered saline (PBS) - 0.1M phosphate pH 7.2 containing 137mM  

NaCl, 2.7mAf KC1.

Peroxidase-labelled rabbit anti-rat IgM and IgG conjugates - Jackson Laboratories, 

USA.

o-phenylene diamine -Sigma.

o-phenylene-diamine (34mg) was dissolved in 100 ml 0. IM  citrate-phosphate 

buffer, pH 5.0 just before use, 50fd H20 2 added and the solution kept in the dark. 

Titertek multiscan.

Anti-serum from rats immunised with a-tocopherol liposomes.

3.4 Vitamin E ELISA - general protocol.

A protocol for an ELISA to detect antibodies against vitamin E was based on the 

following which was chosen for its simplicity and ease of use:

H20 2 & o-phenylene diamine
i

Conjugated HRP-Rabbit anti-rat IgM or IgG
i

Rat anti-a-tocopherol antiserum
i

a-tocopherol bound to plate
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A similar technique was used by both Loizou et al., 1985 and Swartz et al., 1988 

who used the ELISA system to detect antibodies against cardiolipin and cholesterol 

respectively. In general terms the following procedure was used. Microtitre plates 

from Flow laboratories were the first plates tried and as the assay appeared to 

work no other plates were used. The plates were first treated with a-tocopherol. 

They were then blocked with sufficient material to cover those spaces in the well 

not taken by the antigen, without masking the antigen itself. Excess blocker was 

washed off and antiserum containing the anti-vitamin E antibody applied. After 

incubation the plate was washed to remove unbound or lightly bound protein. 

Peroxidase-labelled rabbit anti-rat IgM or IgG conjugate (abbreviated throughout to 

peroxidase conjugate) was applied to the plate and any excess, unbound, or lightly 

bound peroxidase conjugate washed away. Any binding of the peroxidase 

conjugate to the antibodies already bound to the plate i.e. anti-a-tocopherol was 

visualised by incubating the wells with o-phenylene diamine solution in 

citrate-phosphate buffer and H20 2 as the substrate. The reaction was stopped with 

12.5% H2S04 and the absorbance was measured on a Titertek Multiscan at 492 

nm.

3.5 Development of assay.

3.5.1 Initial protocol. - Haemoglobin as blocker.

Initially the following method was used:

50 pi of 25 mM  a-tocopherol in methanol was evaporated onto the surface of each 

well of a microtitre plate by drying in a vacuum oven at 50°C. The outside wells
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were not used due to possible edge effects from a variation in plastic towards the 

edges. 150 /xl haemoglobin (5% in distilled water) was then added to each well as 

blocker and the plate incubated for 90 minutes at 37°C. The wells were then 

washed with 3 x 0.3ml phosphate buffered saline (PBS) before application of 100 

/c 1 anti-serum serially diluted in PBS. The plate was incubated for 90 minutes at 

37°C. 3x0.3 ml PBS was used to wash the plate before application of 100/d of the 

IgM peroxidase conjugate serially diluted in PBS. The plate was incubated for 90 

minutes at 37°C before washing with 3x0.3 ml PBS and application of 100 /d o- 

phenylene diamine (OPD). The plate was incubated in the dark at room 

temperature for 30 minutes before application of 100/d 12.5% H2S04. Absorbance 

was read on a Titertek multiscan at 492nm.

Results (not presented) showed all wells to be positive, with the absorbance 

decreasing with a decrease in peroxidase conjugate concentration, but no 

difference was noted with changing antiserum concentrations (1:5 to 1:320 diluted 

with PBS). These results suggest that there was a great deal of non-specific 

binding of the peroxidase conjugate.

(i) Addition o f ween.

To decrease non-specific binding the detergent tween 20 (0.05% in PBS) was 

added to the washing buffer. No other changes were made to the protocol.

Anti-serum was diluted from 1:5 to 1:320 in PBS and the IgM peroxidase 

conjugate was diluted from 1:1000 to 1:32000 in PBS. Typical results are shown
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in table XI and figure 25 . Absorbance was shown to be proportional to both

conjugate and antiserum dilution.

Table XI: ELISA using haemoglobin as blocker and tween in wash buffer. AH results are 
measured as absorbance at 492 nm.

Conjugate
dilution.

Antiserum dilution.

1:5 1:10 1:20 1:40 1:80 1:160 1:320

1:1000 2.41 2.26 1.77 1.34 0.96 0.59 0.48

1:2000 2.20 1.73 1.21 0.83 0.60 0.41 0.29

1:4000 1.68 1.21 0.91 0.66 0.40 0.28 0.23

1:8000 1.09 0.70 0.48 0.34 0.29 0.20 0.16

1:16000 0.56 0.36 0.28 0.20 0.16 0.13 0.09

1:32000 0.38 0.31 0.25 0.18 0.14 0.12 0.11

Absorbance (492nm)
2.5

0.5

1000100 10000 100000
Conjugate dilution

I Figure 25: Conjugate dilution curve for a serum dilution of 1:5.joo.
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Figure 25 shows the dilution curve for the peroxidase-labelled anti-rat IgM using a 

1:5 dilution of antiserum. Since absorbance fell only slightly when the conjugate 

was diluted from 1:1000 to 1:2000 and then fell sharply at greater dilutions a 

1:2000 was chosen for all subsequent assays.

It therefore appeared that the ELISA technique was working, but it was necessary 

to include a negative control.

Anti-serum was diluted from 1:5 to 1:2560 and added to two rows of wells. Row 

1 contained a-tocopherol as the antigen and row 2 had no antigen. Results are 

shown in figure 26.

Absorbance(492nm)

2.5

1.5

0.5

1 10 100 lOOO 10000

Antiserum dilution (log)
■  Plus antigen ^  Minus anligen

Figure 26: Haemoglobin as blocker. Immunised serum tested with and without antigen.
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No difference was seen between the rows with and without a-tocopherol, which 

may be explained if haemoglobin was ineffective as a blocker.

It was therefore decided to try gelatin (1% in PBS) as an alternative blocker.

3.5.2 Gelatin as blocker.

Tween was used in the wash buffer as before but haemoglobin was replaced with 

1% gelatin in PBS.

Serial dilutions of antisera were used with and without antigen (figure 27). When 

antigen was present, a high absorbance was seen but no change was noted on 

serial dilution of the antiserum. When antigen was removed an increase in 

absorbance with dilution was demonstrated. These results seemed to suggest that 

non-specific binding of the conjugate was high. This was confirmed by removing 

the blocker from the assay (see below).

Absorbance(492nm)
3.5

3

2.5

2

1.5

1

0.5

0
1000 100001 10 100

Antiserum dilution(log)
■  Plus antigen % Minus antigen

Figure 27: Gelatin (1 %) as blocker.
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3.5.3 No blocker.

The experiment was repeated exactly as above but with no blocker in the system.

Results are shown in figure 28 and are very similar to that obtained with gelatin.

Absorbance(492nm)
3.5

2.5

0.5

1 10 100 1000 10000
Antiserum dilt ion (log)

|  Plus antigen £  Minus antigen

Figure 28: Effect of no blocker on the system.

3.5.4 Increased use o f tween in the system.

At this stage tween (0.05%) was only present in the washing buffer and it was 

decided to include it at this dilution in the diluent for blocker, conjugate and 

antiserum. The experiments were then repeated with and without antigen using 

haemoglobin and gelatin as blockers and also without a blocker.
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Absorbance (492 nm)

1.0

0.0

a) Haemoglobin as blocker

1.4

0.4

b) Gelatin as blocker

10 100 1000 10000i
A n tise ru m  d ilu tio n  (log)

c) No blocker

g  + antigen #  -  antigen

Figure 29: Effect of the addition of tween to all diluents when two different blockers and no blocker 
were present in the assay.
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No difference was found with and without antigen, whether haemoglobin (figure 

29a), gelatin (figure 29b), and no blocker (figure 29c) were used. These results 

were similar to that previously obtained with haemoglobin and no tween in the 

reagents (figure 26) and thus the addition of tween made no difference. However, 

the presence of tween did results in a decrease in non-specific binding of the 

conjugate since absorbance decreased with antiserum dilution unlike the previous 

results (figures 27 and 28) and therefore all future assays included tween in all 

diluents.

3.5.5 Foetal calf serum as blocker.

The experiment was repeated using foetal calf serum (10% in PBS-tween) as 

blocker. In this study an additional two negative controls were used i.e. 

unimmunised sera plus and minus antigen. Results are presented in figure 30 and 

show a difference at 1/10 dilution of antiserum with antigen compared to the three 

controls.

However this result could only be obtained with an IgM conjugate dilution of 

1:2000. At greater IgM conjugate concentrations the absorbance did not vary, 

presumably due to non-specific binding of the conjugate. Below this dilution the 

system was not sensitive enough to pick up any specific binding due to antiserum 

(results not shown). All future assays therefore used foetal calf serum at 10% as 

the blocker and a conjugate dilution of 1:2000.
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Absorbance(492nm )
0.5

g  Plus antigen im m unised

□  Plus antigen unim m unised 
0  Minus antigen im nunised 
O Minus antigen unim m unise

0.4

0.3

0.2

1 10 100 1000 
Antiserum dilution (log)

Figure 30: Effect of foetal calf serum as blocking agent.

3.5.6 Variation o f  tween concentration.

To optimise the concentration of tween in the buffers and diluents it was varied 

from 0.05 (as used before) to 0.2%. Mean results for three assays using an 

antiserum dilution of 1:2 and a conjugate dilution of 1:2000 are presented in figure 

31. A tween concentration of 0.05% was found to be optimal. At greater 

concentrations of tween, the difference between antiserum plus antigen and the 

negative controls was no longer significant.
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0.7
Absorbance(492nm)

0.6

0.5

0.4

0.3

0.2

0.1

0
0.05 0.10 0.20

TWEEN CONCENTRATION^)

Im m .+A gl I I Im m .-A g Unimm.+Ag U nim m . - k g

Figure 31: Effect of a variation of tween concentration in diluents on the absorbance difference 
between immunised serum ( + /- antigen) and unimmunised serum (+/- antigen). n=3.

3.5.7 Reproducibility o f final protocol.

The final protocol which was used is outlined below in figure 32.
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50ul 25  mM alpha tocopherol per well

t
Evaporate to dryness at 50 C in vacuum oven

*
Block spaces w ith  PBS-FCS tween 90 mins 37 C

♦
test

Wash 3x200ul w ith  PBS-tween 

Incubate w ith 50 ul test serum 90 mins 37 C

Wash 3x200ul PBS-tween 

Incubate w ith 100 pi peroxidase conj. rab. anti-ra t IgM 9 0  mins 37 C

♦
Wash 3x200pl PBS-tween 

Incubate w ith 100 ul OPD in^he dark at room temp for 30 min

Stop reaction w ith 100ul 12.5% H2SO4

Record absorbances at 492nm 

Figure 32: ELISA protocol for the detection of antibodies to vitamin E.

To determine the reproducibility of the method an immunised and unimmunised 

serum were compared using assays performed on three different microtitre plates. 

Results are illustrated in figure 33 with the raw data recorded in appendix 1. They 

show a good reproducibility in the difference between immunised and 

unimmunised serum. However, the variation between assays was high with the 

coefficient of variation between three readings from the same serum dilution 

ranging between 8% and 89% (see appendix 1).
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Absorbance (492 nm)
0.7

0.6

0.6

0.4

0.3

0.2

10000.1 10 1001
Antiserum dilution (log)

■  Immunised serum #  Unlmmunised serum

Figure 33: Results of serum dilution of three assays performed on three separate plates to determine 
antibodies against tocopherol in serum immunised with tocopherol liposomes. The bars represent the 
range.

3.6 Cholesterol ELISA.

In addition to an ELISA to detect antibodies against a-tocopherol a system to 

detect antibodies against cholesterol was also developed.

3,6.1 Basic protocol.

The protocol for an ELISA against cholesterol was based on that developed by 

Alving et al., (1977) and is outlined below (figure 34).
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50ul ethanolic cholesterol evaporated onto ELISA plate

t
Spaces blocked w ith PBS-FCS 3x10 mins, 150ul each, room tern.

♦
50ul serum diluted in PBS-FCS Incubated room temp. 60 mins

^  Wash 3x5 mins PBS 
50ul peroxidase rabbit anti-rat conjugate dll. in PBS-FCS 60 mins room temp.

Wash 3x5 mins PBS 
50ul O.P.D. + H202 30 mins room temp, in dark.

Stop reaction with 50ul 12.5% H2S 04

I
Record absorbances at 492nm

Figure 34: ELISA protocol for cholesterol antibodies.

3.6.2 Initial results.

Initial results using serum from rats immunised with cholesterol liposomes show a 

good dilution curve with anti-serum, with the unimmunised serum giving 

consistently low absorption. These results suggested that no further development of 

the assay was necessary. Figure 34 is a representative result, the raw data for 

three separate curves performed on the same plate being recorded in appendix 2.

As with the tocopherol assay variation was high with coefficient of variation 

between three readings from the same serum dilution ranging between 7 and 47 %.
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Absorbance (492 nm)
0.5

0.4

0.3

0.2

o . i

1 10 100 1000 10000 
Serum  dilution (log)

^  Immunised serum  g  Unimmunised serum

Figure 35: Serum dilution curve to determine antibodies against cholesterol (mean of three assays).

3.7 Discussion.

After initial problems in finding a suitable blocker and after incorporating a 

detergent into the system, reliable ELIS As to detect antibodies recognising both a- 

tocopherol and cholesterol appear to have been developed.

One of the major problems with ELISA techniques is the binding of antigen to the 

plates. In this case the physical properties of tocopherol allowed it to stick avidly. 

Evaporation of the solvent left a visible film at the bottom of the well. However, 

the major problem with this approach is the uncertainty of how the tocopherol is 

orientated on the plate and how it will be seen by the antibody. It is not known 

how much of the vitamin was orientated with its chromanol ring extending 

upwards into the air/aqueous environment. In addition, the use of a lipid film as
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the detecting antigen may cause problems due to non-specific binding o f  proteins.

The results seem to reflect such concerns when compared to the ELISA developed 

in chapter 7 which used protein bound antigens. The maximum absorbance 

differences obtained between positive and negative controls with the present 

system were only 0.2-0.5 absorbance units whereas with the protein bound ELISA, 

differences were much greater (up to 2 absorbance units). In addition the variation 

between assays was high, as seen in figure 32 (maximum coefficient of variation 

of 89% between readings). However, the dilution curves for the individual assays 

consistently showed a difference between immunised sera and unimmunised sera 

when tocopherol was bound to the solid phase. This difference was not observed 

when tocopherol was removed from the plate. This suggests an IgM antibody was 

required for detection and taken together these results suggest an antibody in the 

immunised sera was recognising some antigenic determinant associated with 

tocopherol.

An ELISA to detect antibodies against cholesterol which was first developed by 

Alving and co-workers (1987) was investigated for its use in the present study.

The same protocol was followed and gave reproducible differences between sera 

from immunised and unimmunised animals. The assay, however, gave poor 

reproducibility when the same assay was run three times on the same plate (see 

appendix 2). The physical properties of cholesterol meant that it dried down as a 

crystalline solid onto the surface of the well. Several washes were therefore 

required before carrying out the assay in order to ensure removal of any loosely 

bound cholesterol, and some cholesterol may have been lost during the course of
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the assay. This may account for the variability in results obtained.

It is recognised in retrospect that for both assays (against tocopherol and 

cholesterol) complete optimisation of the system was not carried out. In particular 

optimisation of both colour development and conjugate concentration for the final 

protocols may have led to increased absorbances being recorded. Although, 

therefore, the methodology can be criticised and it was indeed improved (see 

chapter 7) the results discussed in chapters 4 and 5 do give an indication of the 

suitability of the tocopherol liposome as an immunogen.

The next chapter will follow the immune response against various liposomal 

antigens and will investigate the specificity of the antibodies produced using this 

ELISA.
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Chapter 4:

Immunisation protocol and antibody response to 
liposomal antigens.

4.1 Introduction

4.2 Methodology.
4.2.1 Liposome preparation.
4.2.2 Immunisation protocol.
4.2.3 Assay for antibodies.

4.3 Results.
4.3.1 Tocopherol ELISA.
4.3.2 Cholesterol ELISA.

4.4 Discussion.



4.1 Introduction

An immunisation protocol was set up in the male Wistar rat to determine the 

immune response against tocopherol, trolox c and cholesterol containing 

liposomes.

This chapter will describe the protocol and immune response against these 

immunogens.

4.2. Methodology.

4.2.1 Liposome preparation.

Liposomes were prepared just before immunisation, as described in chapter 2. 5 

/xmoles phospholipid were combined with 12.5 /xmoles tocopherol, trolox c or 

cholesterol and 0.05 /xmoles lipid A. The solvent was evaporated to dryness in a 

vacuum oven before addition of 1 ml 0.9% sodium chloride as swelling solution 

and dispersion by sonication.

4.2.2 Immunisation protocol.

For an immune response to develop, the immunogen must be in contact with 

lymphoid tissue for a certain period of time. When Freund’s adjuvant is used an 

oil in water emulsion is formed which is used to create depots at the site of 

injection (e.g. muscle tissue) and provided this has lymphoid cells an immune 

response is seen. With the liposomes used in this study the adjuvant (lipid A) was
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encorporated within the bilayer so negating the necessity for Freund’s adjuvant.

The liposome suspension was not viscous and therefore it was likely that it 

diffused rapidly from the site of injection. It was therefore decided to inject the 

liposome suspension intravenously, which allowed the liposomes to pass through 

the circulation and be trapped by lymphatic tissue. Such a technique was 

previously used with cholesterol liposomes (Alving, et al., 1983).

lml of each of the liposome suspensions was injected intravenously into the tail 

vein while the rat was kept under light anaesthesia (nitrous oxide/oxygen 1:2). The 

animals were bled at suitable time intervals while under nitrous oxide/oxygen 

anaesthesia from the tail vein by making a small incision at the tip of the tail and 

collecting approximately lml of blood. The blood was allowed to clot at room 

temperature for half an hour before releasing the clot from the sides of the tube. It 

was then allowed to contract overnight at 4°C in order to release the serum. The 

clot was then removed and the serum centrifuged at 1500g to remove any 

remaining cell debris. For short storage periods (up to 2 months) the serum was 

filtered through a sterile millipore 0.2/im filter to remove any bacteria and then 

stored at 4°C. For storage over longer periods (up to a year), the serum was 

aliquotted in 50/d portions and frozen at -70°C. A control rat (not injected) was 

bled at the same time and the unimmunised serum used as control material.

Blood was taken at days 0, 3, 7, 11, 14, and 50. (At 50 days the response was 

expected to be zero).
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4.2.3 Assay fo r  antibodies.

The antibody titre against both a-tocopherol and trolox c was determined using the 

tocopherol ELISA developed as described in the last chapter. The antibody titre 

against cholesterol liposomes was determined by an ELISA system described in 

chapter 3 which was similar to that developed by Alving et ah, (1977). In all 

cases an end-point titre was used. This was determined by taking the dilution at 

which immunised serum gave a result double that of unimmunised serum.

4.3 Results.

Three different liposomal immunogens (a-tocopherol, trolox c and cholesterol) 

were injected intravenously into male Wistar rats (two rats per immunogen). Sera 

were first tested using the vitamin E ELISA system to determine any response 

against a-tocopherol and when appropriate, using the cholesterol ELISA.

Only results for the IgM response are presented. No IgG response could be 

detected. This is in line with several reports (Yasuda et ah, 1977; Yasuda et al., 

1979; Baneiji et ah, 1982) which showed use of the liposome system as 

immunogen to lead to an IgM only response.

4.3.1 Tocopherol ELISA.

(i) Antibody titres.

Results using the tocopherol and trolox c liposomes and the vitamin E ELISA are 

shown for all the rats used in table XII and illustrated in figure 35 for rats 1 and
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3. They show the immune response against a-tocopherol liposom es to have a

maximum IgM antibody titre of 1:32. This was reached on day 3 for rat 1 and day

7 for rat 2 following injection of the liposomes. The response following injection

of trolox c liposomes assayed using the same ELISA showed a maximum IgM

antibody titre of 1:256 which reached a peak on day 3 for rat 3.

Table XII: Antibody titres for 4 rats, 2 of which were injected with tocopherol and 2 with
trolox c containing liposomes over a period of 14 days. No boost injections were carried out.

R at Day fo llow ing  injection

0 3 7 11 14 50

1 Tocopherol 0 16 32 8 0 0

2 Tocopherol 0 32 16 8 0 0

3 Trolox c 0 256 128 32 32 0

4 Trolox c 0 32 32 32 0 0

Antibody titre
300

250

200

150

100

50

20 500 10 30 40 60
Day following im m u n isation  

^  Trolox c hposomes Tocopherol liposom es

Figure 36: Maximum antibody titres obtained following immunisation with trolox c and tocopherol 
liposomes.
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(ii) Cross reactivity.

Having shown an immune response against tocopherol and trolox c, cross 

reactivity was investigated.

Unimmunised sera and sera following injection of cholesterol liposomes were 

tested along with anti-trolox c serum using the a-tocopherol ELISA. All three sera 

were obtained 11 days after immunisation and were tested on the same ELISA 

plate to eliminate variation between assays. Results (figure 37) show that anti- 

cholesterol sera and unimmunised sera gave similar activities which were greatly 

reduced compared to anti-trolox c sera up to a dilution of 1:64.

Absorbance (492nm)
0.8

■  Trolox c liposomes 
0  Unimmunlsed 
O Cholesterol liposomes

0.6

0.4

0.2

ij  i i i i 111

1 10 100 1000 10000 
Antiserum dilution (log)

Figure 37: Specificity of the antibody response against vitamin E. The graph shows antibody produced 
against vitamin E on day 11 following immunisation.
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4,3,2 Cholesterol ELISA,

Antibodies obtained following the injection of cholesterol liposomes and assayed 

using a cholesterol ELISA yielded a similar immune response to trolox c 

liposomes (table XIII, figure 3£). Peak antibody titres were obtained on day 7 for 

both rats although rat 2 did seem to have a slightly higher antibody titre. Results 

for rat 2 are illustrated in figure 38.

Table XIII: Antibody titres for 2 rats both of which were injected with cholesterol containing 
liposomes. Results were recorded over a period of 2 weeks.

Day following injection

0 3 7 11 14 50

Rat 1 0 64 128 64 64 0

Rat 2 0 64 256 128 64 0

Antibody titre
300

250

200

150

100

50

0
0 40 50 6010 20 30

Day following im m unisation

Figure 38: Maximum dilution titres for rat 2 immunised with cholesterol liposomes.
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4.4 Discussion.

Evidence has been provided to show an immune response has been produced 

against vitamin E using the liposome as carrier. Two different secondary 

antibodies were used both labelled with peroxidase. The first was an antibody 

recognising solely rat IgG and the second was an antibody recognising solely rat 

IgM. Only the anti-rat IgM antibody was able to detect any antibody. This 

provided evidence for an IgM only response. The antibody titres for a-tocopherol 

liposomes were low (maximum 1:32), even for an IgM only response. A usual 

IgM response is typically in the order of 1:300 (Professor M. Turner, Department 

of Immunology, Institute of Child Health, personal communication). Several 

possibilities may explain such a low response. Firstly, the hapten (a-tocopherol) 

may not be available in the carrier (the liposome) in a manner readily accessible to 

the immune system. For example the vitamin may be in the hydrophobic region of 

the liposome and hence not available as a hapten. Secondly, as discussed in 

chapter 3, the ELISA system used to measure the immune response may be 

relatively insensitive for the detection of antibodies recognising a-tocopherol. 

Analysis of figure 36 shows that the difference between a positive and a negative 

response was not great ranging from 0.25 absorbance units at a serum dilution of 

1:2 to 0.5 at a dilution of 1:8. Another possible reason for the low response is the 

quality of the liposome preparation which may not be high enough to generate a 

strong response. Evidence for this was provided in chapter 2 which showed 

tocopherol liposomes to contain tocopherol and phospholipid in a ratio of 

approximately 2.5:1, however percentage recovery of the lipid in the form of a 

liposome was usually about 25% when tocopherol liposomes were used. Therefore
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much less lipid A (the adjuvant) was injected into the host compared to when 

cholesterol liposomes were used.

The antibody titres against trolox c liposomes were greater than for a-tocopherol 

and typical of an IgM response (1:256). It was, however, rather surprising that 

such a good titre was obtained, as from the characterisation studies of the trolox c 

liposomes little or no trolox c appeared to reside in the liposome. One possible 

explanation may be that the trolox c and lipid A were sufficiently close to each 

other when presented to the immune system to produce a response. This may 

mean the trolox c was bound lightly to the surface of the liposome. Alternatively, 

the two entities, trolox c and liposome may have been picked up by the presenting 

cells (e.g. macrophages) together and hence presented to the immune system 

together.

Using the a-tocopherol ELISA only the antisera obtained form the a-tocopherol 

and trolox c liposomes produced a significant response. Unimmunised sera and 

antisera from cholesterol liposomes did not react. This suggested that the antibody 

was specific against tocopherol.

Using a cholesterol ELISA, evidence was provided for a good IgM response 

against cholesterol liposomes (maximum titre of 1:256). It was not possible to 

compare these results with those of Alving’s group (Swartz et al., 1988) who used 

a similar assay as they did not present their titres. Problems with the cholesterol 

ELISA, explained in chapter 3, prevented reliable results being obtained for cross

reactivity studies.
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An IgM response with a titre of only 1:32 using the a-tocopherol liposomes was 

too low for immunocytochemical studies. It was therefore necessary to produce a 

monoclonal antibody. Production of a monoclonal antibody usually requires a 

polyclonal antibody titre of 1: IxlO5 and therefore an immunisation protocol had to 

be chosen which was better than the in vivo intravenous technique. It was also 

hoped that the production of a monoclonal antibody recognising a-tocopherol 

would yield greater absorbances in the ELISA system dispelling doubts about the 

accuracy and sensitivity of the vitamin E ELISA. The next chapter deals with the 

immunisation protocol and the development of a fusion protocol for the production 

of a monoclonal antibody against vitamin E.

116



Chapter 5:

Development of a protocol for the production of a 
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5.1 Introduction.

5.1.1 Introduction.

The previous chapters have shown that it may be possible to produce an immune 

response and polyclonal antibodies against a-tocopherol when it is presented as 

part of a liposome with lipid A as adjuvant. However, the response appeared to be 

IgM only, restricting its maximum titre to approximately 1:300, which was too 

weak for use in immunocytochemistry since this requires endpoint titres in excess 

of 1:50,000. In order to increase the titre it was decided to try and prepare a 

monoclonal antibody to vitamin E. Such an antibody would also have the advan

tage of a theoretically endless supply, since the antibody is produced by a cell line 

which is grown in vitro. Secondly the antibody produced recognises only one 

portion of the antigen and is therefore highly specific.

The next chapter describes the development of protocols and results obtained in 

the production of such an antibody.

5.1.2 Outline o f monoclonal antibody production.

Lymphoid cells, the cells which produce antibodies, can be grown in culture but 

are shortlived and die after two to three days. The problem of developing an 

immortal lymphoid cell was solved by Kohler and Milstein (1975) who were the 

first to fuse together a plasmacytoma cell (immortal cell line) with an 

antibody-producing lymphoid cell, from the same animal strain. This imparted
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immortality to the lymphoid cell and allowed continuous production of the specific 

antibody produced by that cell. The basic strategy for the entire process leading to 

antibody production is outlined below (figure 39).

FUSION OF PLASMACYTOMA CELL
AND

NON-CANCEROUS LYMPHOID CELL

I
IMMORTAL LYMPHOID CELL

SELECTION OF FUSED CELLS

I
LYMPHOID CELLS IMMORTAL FUSED IMMORTAL 

UNFUSED CELLS PLASMACYTOMA
CELLSX X

TEST FOR ANTIBODY PRODUCTION (ELISA)

Figure 39: Strategy for the production of a monoclonal antibody.
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Kohler and Milstein utilised Sendai virus as the fusogen and a selection procedure 

for the resultant hybrids based on the technique of Littlefield (1964). This makes 

use of a metabolic defect in the salvage pathway for GTP production by blocking 

the main biosynthetic pathway with aminopterin. Any cells without the salvage 

pathway will die. The plasmacytoma cells lack the salvage enzyme hypoxanthine 

phosphoribosyl transferase (HGPRT) and hence die in the presence of aminopterin. 

The spleen cells do possess the enzyme but are only short-lived cells in vitro. 

Hence only those combinations of spleen cells (with the HGPRT enzyme) and 

plasmacytoma cells (with ability to grow in culture) will survive (figure 38).

Having grown the cells, those producing the required antibody can then be 

selected (using one of many assay procedures e.g. ELISA) and the rest discarded.

5.1.3 Outline o f study.

This general approach was utilised in the present study in the development of a 

protocol to fuse immunised mouse spleen cells with plasmacytoma cells and then 

select a cell line producing a monoclonal antibody to vitamin E. Liposomes 

containing a-tocopherol/trolox c as the hapten were used as the immunogen.

BALB/c mice were chosen as donors of spleen cells because of the ready 

availability of plasmacytoma cell lines derived from a BALB/c mouse. The 

plasmacytoma cells require spleen cells from the same strain for successful fusion.
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For monoclonal antibody production a polyclonal serum endpoint dilution titre of 

1:100,000 or greater is usually required. This allows a greater chance of selecting 

the required cell line, compared with an immune response with a lower titre, since 

titre is an indirect measure of the amount of lymphoid cells producing specific 

antibodies. High titres are obtained by switching from an IgM to an IgG response 

following boosting. Using lipid A (within liposomes) as the mitogen only an IgM 

response is obtained (see chapter 4) and a sensitive technique was therefore 

required to pick up those lymphocytes producing vitamin E antibodies. Both the 

immunisation protocol and the fusion protocol were investigated for ways to 

improve sensitivity.

In order to detect any antibodies recognising a-tocopherol the same ELISA assay 

developed for polyclonal antibody production was used.

Having shown a monoclonal antibody is present and is being produced by a cell 

line constantly and with high stability, yields of antibody are usually increased by 

growing the selected cells in the peritoneal cavity of mice. After ten days the 

fluid (ascites) from the tumour is drained from the mouse and collected. A high 

concentration of antibody is usually obtained by this procedure.
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5.2 Materials.

Liposomes for the immunisation of rats were prepared as discussed earlier 

(chapter 2). BALB/c mice (female, 6 weeks of age) were supplied by Charles 

River (Margate). The plasmacytoma cell line (P3-NSl-Ag 4.1, (NS1)), was a 

generous gift of the Department of Immunology, Institute of Child Health. Cells 

were maintained in stationary suspension cultures in Dulbecco’s Modified Eagle’s 

medium (DMEM) with high glucose (4.5g/l). The plasmacytoma cells grew lightly 

attached to the plastic surface and trypsin was not required to remove them. Hence 

these cells grew best when flasks were horizontal, presenting a high surface area 

for attachment. The growth medium was supplemented with 20% foetal calf serum 

from Gibco (Myoclone plus) as this particular cell line had been found to grow 

optimally in Myoclone plus (K. Denis, Department of Immunology, Institute of 

Child Health, personal communication). Penicillin and streptomycin as 

antibacterial agents (both 1%) and fungizone as a fungicide (1 /xg/ml) were used to 

maintain sterility. Glutamine (2mAf) and sodium pyruvate (1 mM) were added as 

labile growth supplements. Throughout the rest of this chapter DMEM plus all 

additives will be termed DMEM-S20. DMEM alone will be termed DMEM-SO. 

Cells were grown at 37 °C in an LEEC C02 incubator (7-10% CO2) at 90-95% 

humidity. After fusion the hybrids were grown in DMEM-S20, hypoxanthine 

(lxlO^M), aminopterin (4xlO'7A/)> and thymidine (l.bxlO^Af); the last three 

solutions comprised the inhibitor (HAT) which prevented the growth of the 

unfused plasmacytoma cells. All washes were done using DMEM-SO except 

where indicated. Plates and flasks (Linbro tissue culture 96 and 24 well plates, 25
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and 75 cm3 flasks) were supplied by Flow laboratories. Cells were frozen in liquid 

nitrogen at a cell density of lxlOMOVml in DMEM-S20/ dimethyl sulphoxide 

(DMSO) 90%/10% v/v.

5.3 Development of methodology.

5.3.1 Immunisation protocol.

Since monoclonal antibody production requires a high polyclonal antibody titre 

(approximately 1:100,000 endpoint titre) to be successful, several immunisation 

protocols were tried in an attempt to maximise the polyclonal immune response 

against a-tocopherol. Two in vivo methods were tried: polyclonal immunisation 

using intravenous injection of liposomes and polyclonal immunisation using 

intrasplenic injection. The latter was investigated as a more direct method of 

stimulating B cells, thereby producing a greater response against the required 

antigen (Spitz, 1986). An in vitro method was also tried, whereby spleen cells 

were immunised in culture. This was investigated both for its simplicity and the 

specificity of the immune response obtained (Reading, 1982).

In all cases liposomes were prepared for the immunisation of rats using the same 

protocol as described in chapter 2. The lipsosomes (12.5 ^moles of hapten and 5 

^moles of phospholipid) were swollen in lml sterile 0.9% sodium chloride.
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(i) In vivo methods.

Two in vivo immunisation protocols were investigated. In the first, 0.2ml of 

liposome preparation was injected intravenously via the tail vein into a BALB/c 

mouse. After five days the spleen was removed for use in monoclonal antibody 

production. Evidence has already been given for an immune response against 

vitamin E using intravenous injection into the tail vein but the technique was not 

reproducible (producing maximum titres ranging from 0 to 1:32 for tocopherol 

liposomes). It was decided that a more direct approach should be investigated. In 

the second protocol 0.05-0.1 ml of the liposome preparation was injected directly 

into the spleen, which was then removed after four days. However, no mouse 

survived this procedure, probably as a result of the toxic nature of the liposomes.

(ii) In vitro methods.

Since in vivo immunisation did not prove satisfactory it was decided to try in vitro 

immunisation of spleen cells. This has been used successfully by Yasuda et al., 

(1979) who investigated the immune response against fluorescein-thiocarbamyl- 

phosphatidylethanolamine inserted into liposomes. The technique involved 

incubating spleen cells with liposomes for a short period of time. The optimum 

incubation period for a primary IgM response was 4 days and this time was used 

in the present study.

The technique used was a modification of Yasuda et al., (1979) which involved 

preparing spleen cells and a feeder layer, of thymocytes. Mice were killed by 

cervical dislocation and] wiped with alcohol to sterilise the body before being
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transferred to the sterile hood. The spleens were removed and the cells perfused 

from the spleen with DMEM-SO at room temperature using 21G needles and 5-10 

ml sterile syringes. Several holes were made in the spleen and DMEM-SO medium 

forced gently through them. The spleen cells were removed to a 50 ml conical 

plastic sterile centrifuge tube using a sterile 1 ml pasteur pipette and spun at 500 g 

for 10 minutes. The supernatant was removed and the pellet resuspended in 

DMEM-SO. This was repeated and the pellet resuspended in 5ml DMEM-S20 and 

cell viability tested by trypan blue exclusion. For this procedure, 10 /xl cell 

suspension was mixed with 90 /xl distilled water (to rupture red blood cells) and 

100 fA trypan blue was added. 10 /xl was placed on a haemocytometer and the 

number of cells on the central squares counted and multiplied by 1 x 106 for the 

total number per ml.

A further 20 ml DMEM-S20 was added to the cell suspension before mixing with 

1 ml of the liposome preparation containing 12.5 /x moles hapten (tocopherol or 

trolox c) and incubating at 37 °C and 5% C02. The cells were left undisturbed for 

4 days, for immunisation to take place, before they were fused with the myeloma 

cells. The presence of large blast cells were used as a marker of a successful 

immunisation, since these cells are formed upon recognition of an immunogen by 

cell surface receptors. They were easily spotted as large cells growing in clusters 

attached to adherent small lymphocytes.

0.5-lxl08 cells were normally obtained from one mouse spleen as determined by 

trypan blue exclusion. After in vitro immunisation, approximately 4% of the cells
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survived (again determined by trypan blue exclusion). In most of the fusions tried 

106 plasmacytoma cells were used in a ratio of 10 spleen cells to 1 plasmacytoma 

cell. Hence for the majority of in vitro immunisations 3-5 mice were required.

This technique gave reproducible results (see below) and was used as the 

immunisation protocol for all the following fusions.

5.3,2 Preparation o f plasmacytoma cell line

(i) Revival o f frozen cells.

In general the following protocol was used:

One vial containing plasmacytoma cells suspended in 1 ml of DMEM-S20(90%) 

and DMSO(10%) was recovered from liquid nitrogen and thawed at 37 °C until 

liquid. 9 ml DMEM-S20 was then added to the cells, the suspension spun at 500g 

for 10 minutes and the supernatant removed. The pellet was then resuspended in 

lml of DMEM-S20, a further 14 ml of medium was added and the suspension 

divided equally between two small flasks. After twenty four hours the cells were 

spun at 500g and the supernatant replaced with fresh medium. Three days later the 

contents of each flask was split into 4 and each made up to 20 ml with the 

nutrient medium. Two days later each volume was made up to 100 ml with the 

medium and 5 ml removed for storage at -70°C. The rest was split into two flasks 

ready for use in fusion experiments.
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(ii) Protocol for freezing cells.

Only a certain number of cells were required for fusion experiments. Excess cells 

were frozen in order to maintain cell stocks. In general the following protocol was 

used;

105-106 cells were spun down and resuspended in 1ml DMEM-S20 containing 10% 

DMSO in 2ml plastic vials (Flow laboratories). The temperature of the cells was 

lowered at a rate of 1° C/minute for one hour by holding the cells at the top of the 

vapour phase of a liquid nitrogen tank. The cells were then transferred to the 

liquid phase of the tank for storage.

5.3.3 Development o f a protocol fo r  fusion o f immunised spleen cells to the 

plasmacytoma cell line and subsequent maintenance o f the cell line.

As outlined above the immunisation procedure was unlikely to yield a high titre of 

IgM antibody i.e. only a few B lymphocyte cells were produced which were 

secreting the required antibody. It was therefore necessary to optimise the fusion 

protocol to maximise the fusion of these cells to myeloma cells. The protocol 

followed in these studies was similar to that originally described by Galfrfc and 

Milstein and was based on that of Lane et al., (1986).

(i) Preparation o f polyethylene glycol.

In the original experiments of Galfre and Milstein (Galfre et al., 1977), Sendai 

virus was used to fuse the two cells together. Since then several more potent 

fusogens have been reported, the one used in these studies being polyethylene
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glycol (PEG).

It is well known that PEG fusion techniques are inefficient since highly immunised 

donor spleens contain many thousands of stimulated B lymphoblasts and less than 

1 % of these fuse with myeloma cells to become antibody-secreting hybridomas 

(Lane et al., 1986). In these studies several different PEGS and concentrations of 

PEG were used in an attempt to optimise fusion procedures. PEG 1000 and 3000- 

4000 from Sigma were tried, along with PEG 4000 from BDH, all at 

concentrations of 30% and 50%.

Of the above only the BDH PEG 4000 at a 50% concentration produced a 

consistently high number of hybrids per fusion. The PEG from Sigma did not 

seem to produce any hybrids and the 30% concentration of PEG from BDH gave 

less hybrids than 50% (10% of wells containing growing hybrids 6 days after 

fusion compared with 55-75% with 50% PEG). In addition it was noted that 

autoclaving the PEG before use significantly reduced the number of hybrids 

produced per fusion (55 % when PEG was autoclaved compared to 75 % when PEG 

was filtered).

For all the following fusions filtered PEG 4000 (BDH) at 50% concentration was 

used.

The PEG was heated to 50°C to melt it and then diluted 1:1 v/v with PBS. The 

pH was adjusted to 7.0 and the solution filtered through a 0.2jum millipore filter
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and then equilibrated at 37°C before use in fusion studies.

(ii) Preparation o f plasmacytoma cells.

The plasmacytoma cells were selected in the log phase of growth, spun down and 

resuspended in 10 ml DMEM-SO. The cells were washed twice in the same 

volume of medium before a final wash in 5 ml and removal of 10 p\ for counting 

for trypan blue exclusion.

For all the following fusions lxlO6 cells were used, any excess being frozen for 

future use.

(Hi) Preparation o f spleen cells.

The spleen cells from in vitro immunisation were pelleted at 500 g and the 

supernatant removed. Two washes in DMEM-SO were carried out before counting. 

As mentioned in the immunisation protocol, typically 4% of the spleen cells 

survived 5 days which was the time necessary for an immune response to develop 

(Yasuda et al., 1979). For all the following fusions lxlO7 spleen cells were needed 

for the optimal ratio of 10:1 spleen to plasmacytoma cells (Lane et al., 1986).

(iv) Fusion.

Following preparation of the spleen and plasmacytoma cells, the two cell 

suspensions were combined and the volume made up to 10 ml with DMEM-SO. 

The suspension was spun at 500 g for 10 minutes before removal of all 

supernatant. The last ml was removed carefully, with a sterile pasteur pipette,
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making sure the pellet was not disturbed and that as much fluid as possible was 

removed so as not to dilute the PEG. 1 ml of 50 % PEG was then added to the 

combined cell pellet drop by drop down the side of the tube, over the period of 

exactly a minute. The contents were mixed slowly, using a pasteur pipette, at 

37 °C for a further minute, and then diluted with 1 ml of DMEM-SO over a third 

minute at room temperature. A further 1 ml DMEM-SO was added in the fourth 

minute and 3 ml added in the fifth. The volume was made up to 20 ml with 

DMEM-SO over the next five minutes, before the final addition of 30 ml DMEM- 

SO over a period of 3-4 minutes. The cells were then centrifuged at lg (100 rpm) 

for 3 minutes (just sufficient to pellet the fused cells at the bottom of the tube but 

not fast enough to break the fusion). As much as possible of the supernatant was 

removed and replaced, initially drop by drop down the sides of the tube, to a 

volume of 60 ml with DMEM-S20 containing the selection medium HAT and 

thymocytes as feeder cells (see next section). The cell clumps were gently broken 

apart using a pasteur pipette and the cells incubated at 37°C for 15 minutes before 

plating out into 6x60 0.3 ml well microtitre plates. 50-100 p\ of medium was 

added to each well using a pasteur pipette making sure all fluid was drawn up and 

expelled gently to protect the delicate hybrids.

(v) Preparation o f feeder cells.

If conditions are optimal the cells may be plated out directly. However, it is usual 

to add slow growing feeder cells in order to supply unknown but essential factors 

for the growing hybrids (Westerwoudt, 1986). Such cells may be unimmunized 

spleen cells, thymocytes, or peritoneal macrophages.
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For all the successful fusions of the present study, thymocytes obtained from the 

thymus of a mouse were used as feeder cells. To obtain thymocytes the thymus 

was placed in a 6cm petri dish containing DMEM-SO. Thymocytes were perfused 

from the thymus by gently passing through 12 mis DMEM-SO with a 21G needle. 

The cells were pelleted at 500g before being combined with the fusion mixture. In 

all cases two thymuses (approximately 107 cells) were used per fusion.

(vi) Plating out and feeding o f cells.

The combined cell mixture was either plated out in 6x60 (0.3ml) wells at 50 /nl per 

well or in 2x24 (2 ml) wells at 1 ml per well and placed in a 5 % C02 incubator at 

37°C and 100% humidity. All successful fusions were achieved using 6x60 well 

plates. Subsequent feeding of cells with the HAT selection media was carried out 

at two time points either immediately before plating out or the following day. The 

timing of addition of the HAT medium appeared to make little difference and for 

simplicity the HAT was added prior to plating out. Additional feeding with the 

HAT medium was performed as necessary when nutrients were used up, which 

was usually once a week, when the medium turned from red to orange due to a 

decrease in pH.

(vii) Maintenance o f cells.

The plates were left undisturbed for at least 5 days without opening the door of the 

incubator which was found necessary to optimise growth of the delicate hybrids 

(Westerwoudt, 1986). After this they were observed daily for the presence of 

growing hybrids. After 1 week all the unfused plasmacytoma cells had died. After
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2 weeks the wells contained sufficient cells (approximately lxlO5 cells/ml) to be 

screened for the presence of the required antibodies. This was done using the a- 

tocopherol ELISA developed previously (chapter 3).

(viii) Cloning by limiting dilution.

Having screened for positive wells the cells needed to be subcloned and the 

non-producers diluted out. However, at the initial screening (2 weeks after fusion) 

the cells were unstable and did not grow well when diluted out to 1 cell per well 

which was necessary to ensure that the clone was producing a pure monoclonal 

antibody. Two dilutions were therefore necessary, the first being less severe than 

the second. In the first, the cells were diluted to give approximately 6 cells per 

well. The cells were then further diluted after a further 2 weeks to give 0.3-1 cell 

per well. For both dilutions thymocytes were included in the plating medium. 

Thymocytes from one thymus were diluted with the hybrids in 50 ml medium. 

HAT selection medium was included in the first dilution and HT medium 

(aminopterin removed) in the second.

(ix) Production o f ascites fluid.

The standard way of producing large quantities of mouse monoclonal antibodies is 

by propagating hybridomas as ascites tumours in histocompatible mice (in this case 

BALB/c mice) after pre-treating them with pristane (2,6,10,14- 

tetramethylpentadecane). This preconditioning of the peritoneal cavity with 

pristane is used to enhance the formation of plasmacytomas thereby increasing the 

chances of hybridoma cell lines growing in the mice (Hoogenraad and Wraight,
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1986). By this procedure it is possible to obtain 5-15 ml of fluid containing 5-15 

mg of antibody per ml (Hoogenraad et al., 1983).

The procedure used in this study was as follows. 0.2 ml pristane was injected 

intraperitoneally into a mouse followed ten days later by 0.5 ml DMEM-S20 

containing 5x10s of the selected hybrid cells which were believed to be secreting 

the monoclonal antibody. Ten days later the tumour was drained, the fluid 

analysed for antibody activity, and the cells transfered to pre-treated pristane 

primed mice for expansion.

5.4 Results.

5.4,1 Fusions and initial activity against u-tocopherol.

Four successful fusions were performed. Table XIV shows the number of wells 

containing growing hybrids, and the proportion of those wells that showed activity 

with the vitamin E ELISA. Initial activity was defined as an O.D of >0.1 and 

was measured 10 days to 2 weeks following fusion. The assay was only carried 

out when the colonies in the wells were just beginning to become confluent.

Table XIV: Results of fusions and initial activities against vitamin E.

Fusion No. of wells with 
hybrids (max. 360)

No. of wells with 
activity (max. 360)

% of active wells relative to 
no. of hybrids.

1 60 3 5

2 270 153 57

3 203 63 30

4 230 36 16
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For all fusions the assay for activity against vitamin E was carried out using the 

same ELISA as developed for the polyclonal antibody response (chapter 3) but 

replacing serum with 50 fxl undiluted medium taken asceptically from the wells.

Fusions 1,2,  and 3 were all carried out using a-tocopherol liposomes as the 

immunogen whereas trolox c liposomes were used for fusion 4.

5.4.2 Maintenance o f fusions 1,2 and 3.

(i) Fusion 1.

Activity against vitamin E disappeared 1 week after initial measurements. No 

dilutions were made at this stage, the ELISA being performed on supernatants 

from the 96 well microtitre plates. These cells were subsequently discarded.

(ii) Fusion 2.

Following the initial assay for activity, the cells were grown up in 2ml volumes in 

24 wells and all activity was subsequently lost or possibly diluted out when 

assayed 2 weeks after the dilution.

(iii) Fusion 3.

All cells died after failure of the C 02 incubator.

5.4.3 Maintenance o f fusion 4.

The handling and maintenance of the hybrids obtained following fusion 4 are 

shown in figure 40 a and b.
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dilated to: 
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(O.D. >0.3)
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Figure 40: Flow diagram to illustrate the dilution of colonies following fusion 4 (see text for details). 
The dilutions for one colony are shown in part b.
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Figure 40b: Flow diagram to illustrate the dilution of colonies from a single well following 
fusion 4 (see figure 40 a for intial details).
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36x0.3ml wells were positive against a-tocopherol in the initial ELISA test made 1 

week after fusion (table XIV). Of these the cells from 6 wells were each diluted 

and plated into 240 0.3ml wells. The remainder (from 24 wells) were each 

expanded into 2ml wells. A week later all these wells were tested for antibody 

activity and 8 wells (all having an O.D. > 0.3) were chosen (3 x 2ml wells and 5 

x 0.3ml wells). 4 wells were each diluted to 240x0.3ml wells, 3 wells were diluted 

to 24x2ml wells (a), and 1 well (figure 40 b) was diluted to (1) 10 colonies/well

(b), (2) 1-2 colonies/well (c), and (3) 0.1 colonies/well (d).

With (a) 100ml medium was concentrated to 5ml and tested for antibody. The titre 

appeared to be zero. No further work was done on these cells. No testing was 

carried out on (b) (due to work load) and the cells were discarded. The cells from

(c) were tested for antibody and several wells showed a good response (see 

below). No antibody response was seen from (d). These cells were discarded.

When tested for antibody using the vitamin E ELISA the colonies of (c) showed 

absorbances of up to 1.2. Eight of these wells were taken and the cells expanded 

in 2ml wells. The medium from six of these was combined and tested for 

antibody. No antibody was found and the cells were discarded. Cells from one of 

the 2ml wells were grown up and expanded up to lxlO6 cells before being injected 

into two pristane primed mice (e). One of the mice developed an ascites tumour. 

The fluid was drained from the abdomen and tested for antibody. A titre of 1:32 

was found. Cells from the final 2ml well were diluted to 1-2 cells per well before 

plating out in the 240 wells 0.3ml volume (f). Subsequent assays for activity
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showed no antibody production. These cells were grown up to lxlO5 cells before 

being frozen in liquid nitrogen. Further work on these cells was not undertaken.

5.5 Discussion.

Evidence has been presented to show that an antibody recognising vitamin E 

bound to a polystyrene plate may have been produced by in vitro immunisation. 

However many problems were encountered in its production and a final single cell 

line secreting the antibody was not produced. There are several possibilities that 

may explain the results obtained.

Because the polyclonal antibody produced was of the IgM class and gave a low 

titre all aspects of monoclonal antibody production had to be optimised. The 

immunisation protocol had to yield the optimal number of B cells producing 

antibody against vitamin E. The fusion protocol had to maximise the fusion of B 

cells with plasmacytoma cells. Finally, the hybrids had to be maintained under 

optimal growth conditions.

(i) Immunisation.

Assuming that the ELISA was giving a true indication of antibody titre, the 

polyclonal immunisation had already been shown to yield very low titres and it

was not expected that in vitro immunisation would yield a greater response. In

vitro immunisation was easier to perform than intravenous injection into the tail

vein and appeared to produce an immune response which was visualised firstly as 

blast cells and secondly as positive hybrids producing antibody which recognised
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vitamin E. However the immunisations were not checked for a polyclonal response 

before fusions and it is not known whether the specificity or the strength of the 

response was increased using this technique.

(ii) Fusion.

The fusion procedure was successful in 55-75 % of wells in three of the fusions. 

The wells contained on average three colonies. Since 60 wells of each plate were 

used and 33 - 47 wells contained colonies there were between 100-135 colonies 

per plate. This compared favourably with the results of Lane et al., (1986), who 

found a maximum of 128 colonies/plate using Kodak 1450 PEG as the fusogen to 

produce anti-sheep red blood cell antibodies. This suggested that this part of the 

methodology was adequate.

(iii) Maintenance o f cells.

Results for activity against a-tocopherol were variable and high (compared to the 

results of Lane et al., 1986). 57% of wells with hybrids following fusion 2 

exhibited activity against a-tocopherol. Such a result seems high in the light of a 

low polyclonal immune response. This suggests that either the assay system was 

not specifically measuring a-tocopherol antibodies or in vitro immunisation was a 

specific and good immunisation technique.

Fusion 4 was the most successful fusion since this was the only fusion where 

activity against tocopherol in the ELISA was maintained throughout. This used 

trolox c liposomes as the immunogen. It was interesting to note that for both 

polyclonal and monoclonal antibody production trolox c liposomes produced a 

greater response than a-tocopherol liposomes.
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ELISA results for fusion 4 showed a steady rise in O.D. from 0.1 to 1 absorbance 

units as the cells were diluted out in the 0.3ml wells. This increase was not due to 

an increase in numbers of cells since all assays were done at approximately the 

same cell density (measured visually). Such an increase would be expected if non- 

producing hybrids were being diluted out and the producing hybrids were 

expanding. However, on trying to expand those cells producing a-tocopherol 

antibodies into large 2ml volume wells, the O.D. fell to zero. When some of these 

cells were injected into mice an antibody titre of only 1:32 was seen.

These results can be explained in a number of ways:

1. The cells were not stable enough to be expanded to 2ml wells reverting instead 

to non-producers in terms of a-tocopherol antibodies.

2. The growth medium used was too old when used at the critical points of cell 

expansion. Lane et al., (1986) pointed out that the medium should be no more 

than 2 weeks old for support of young hybrid cells, and although this was adhered 

to in this study some cell expansions were performed using medium close to 2 

weeks old.

3. The ELISA system was not detecting a-tocopherol antibodies. This is a 

possibility since it is not known what the polyclonal antibody raised by i.v. 

injection was recognising. It is possible it was recognising a lipid film rather than 

individual tocopherol molecules.

4. The non-producing cells outgrew the producing cells and diluted any activity.

All of the above suggestions seem possible. Explanations 1,2 and 4 may be linked 

and stress the importance of using fresh medium while working with such cells. 

Work was not carried out to confirm this suggestion. Perhaps a sensible approach
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would be to repeat the work using tocopherol containing liposomes as the 

immunogen but using an ELISA with a protein-vitamin E conjugate to assay for 

antibody production as described in chapter 7.

It may, therefore, be possible to produce a monoclonal antibody to vitamin E 

using this technique. These results do seem to show some degree of activity and 

further work may well lead to a high titre antibody.

The next section will look at a different approach to produce an antibody against 

tocopherol, namely the use of a protein-vitamin E conjugate as immunogen.
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Chapter 6

Preparation and characterisation of trolox-protein 
conjugates.

6.1 Introduction.
(i) Proteins as carriers.
(ii) The hapten-Which one?
(iii) Possible binding methods.
(iv) Carbodiimide/N-hydroxysuccinimide as coupling agents.

6.2 Methodology and Results.
6.2.1 Materials.
6.2.2 Preparation of conjugate.

1. Methods and results.
(i) Dicyclohexylcarbodiimide/N-hydroxysuccinimide as coupling 
agents.
(ii) l-EthyI-3-(3-dimethylaminopropyI)carbodiimide hydrochloride/N- 
hydroxysulfosuccinimide as coupling agents.

6.2.3 Confirmation of binding of protein to trolox c.
(i) Protein estimation.
(ii) Estimation of free trolox.
(iii) Gel permeation chromatography to separate free trolox from 
bound.

6.2.4 Estimation of bound trolox.
(i) Action of 6M HC1 on trolox c alone.
(ii) Standard curve for trolox c conversion to derivative by HC1.
(iii) Protein hydrolysis.
(iv) Gel filtration of hydrolysis products.

6.2.5 Calculation of number of trolox c molecules bound per molecule of protein.
6.2.6 Test for orientation of trolox.

6.3 Discussion.



6.1 Introduction.

Clutton et al., (1938) were the first to show that antibodies could be produced 

which recognised small compounds with low molecular weight provided they were 

presented to the immune system as an integral part of a much larger molecule.

The basis for this response lies in the requirements of the immune system before 

an antibody is generated against a foreign substance. A good response is likely if 

the compound has a molecular weight greater than 10,000 daltons, and carries a 

net charge or the charge is polarised to one end. The shape of the compound also 

seems important, with a globular protein generating a stronger response than a 

straight chain polypeptide of the same molecular weight (Butler and Beiser, 1973). 

Antibodies produced against a large compound only recognise specific regions 

located on its surface which are termed antigenic determinants. Thus, if a small 

compound (in this case tocopherol) is carried or bound to a larger compound, an 

antibody may be generated which will recognise it if the tocopherol is exposed on 

the surface of the carrier. The preceeding chapters have described work carried 

out on liposomes as carriers for tocopherol. With this system the tocopherol was 

inserted into the membrane and was not bound chemically to any other molecule. 

This produced an immune response against tocopherol but only the IgM class of 

antibody was seen with no class switching to the higher avidity IgG antibody. The 

small amount of antibody produced meant that it was impossible to use as a 

reagent for localisation studies. Attempts to produce a monoclonal antibody using 

the same system were unsuccessful possibly as a result of instability of the 

antibody produced.
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A second approach using a protein as a carrier for tocopherol was tried. In this 

system the tocopherol was bound chemically to the surface of the protein. This 

chapter is concerned with the possible approaches that may be used to link 

tocopherol or the analogue trolox c to proteins and will describe characterisation 

work on the resultant immunogen.

(i) Proteins as carriers.

In theory, any protein that elicits an immune response may be used as a carrier for 

tocopherol or trolox c. In practice the number of proteins in common use as 

carriers is small. Over the years two distinct groups of proteins have been found to 

be particularly useful; immunoglobulins, and proteins that originate outside the 

mammalian order (assuming we require an immune response within the 

mammalian order). Examples of the latter include keyhole limpet haemocyanin, 

chicken y  globulin, ovalbumia

(ii) The hapten - Which one?

As outlined in chapter one, we wished to produce an antibody that specifically 

recognised the chromanol ring portion of a-tocopherol. This was based on the 

expected orientation of the molecule within a membrane, the hydroxyl end being 

nearest to the aqueous phase, as illustrated in figure 41.
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Figure 41: a-tocopherol in the orientation envisaged within a membrane. An antibody recognising 
the chromanol ring seems most likely to be able to reach tocopherol

A protein is composed of amino acids linked together via their amino and carboxyl 

groups to form a peptide bond. The side chains of several amino acids (e.g. 

lysine, arginine ) also contain amino groups which do

not take part inKJO-NHbond formation. Provided these amino groups are available 

at the surface of the protein they may participate iriCO_-NH bond formation with 

external carboxyl groups. In a similar way the free side chains of other amino 

acids may also be available for chemical interaction. For example the free 

carboxyl groups of glutamate and aspartate may link with external amino groups to 

forrqcO NH bonds. In order to link a hapten to a protein it must have reactive 

groups that can combine with these free reactive groups of the protein. Alpha-
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tocopherol has one reactive group namely the hydroxyl group and this could be 

converted to a carboxyl group and then combined with the free amino groups of 

proteins. Antibodies against such a molecule would most likely be produced 

against both the chromanol ring and phytyl side chain. The latter would also show 

reactivity against phytanic acid which may be present in membranes as part of 

phospholipids and may therefore present potential difficulties with the specificity 

of the antiserum. It is also possible to use the phytyl side chain as a possible 

means for attachment to proteins (e.g. conversion of the terminal methyl group 

into a carboxyl group). However, if this were done the hapten would still be only 

sparingly soluble in water and therefore difficult to bind to protein and again 

polyclonal antisera raised against a-tocopherol would be likely to react against the 

phytyl chain as well as the chromanol ring. To overcome these potential problems 

a much better hapten was already available in the form of trolox c in which the 

phytyl chain is replaced by a carboxyl group which increases the water solubility 

of the molecule and is available for binding to proteins. It is therefore likely that 

trolox c would be presented to the immune system in the orientation expected in 

membranes and that it would be available for interaction with an antibody due to 

its increased water solubility. In addition as trolox c lacks a phytyl side chain 

antibodies to phytanic acid will not be produced. The present study has used this 

approach to produce an antibody that would recognise a-tocopherol in tissues.
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Some haptens couple spontaneously to free amino groups of proteins, for example 

2,4,6-trinitrobenzene sulphonic acid reacts with proteins at room temperature, the

sulphate being split out and the TNP being substituted in the protein amino groups to

. _ x However, the majority ofform the TNP hapten. J 3

haptens, including trolox c, do not. It was therefore necessary to perform a 

chemical activation or bridging step. Several possible agents were available to link 

a carboxyl and amino group including the carbodiimides, N-hydroxysuccinimide, 

alkyl chloroformates and isoxazolium salts. Carbodiimide combined with N- 

hydroxysuccinimide are widely used as the coupling agents and this was the 

method chosen in this study.

(iv) Carbodiimide/N-hydroxysuccinimide as coupling agents.

As early as the 1960s carbodiimide was being used in peptide synthesis to link two 

amino acids together (Sheehan et al. , 1965) and the reaction scheme for a hapten 

and protein is shown in the figure below.

H H 

R r N = C = N - R ,  R r N - C - N - R .  l| I
Carbodiim ide

+  H R j - C - 0  R*-NH2 +
^ ii

RtCOOH 0  Urea

Figure 42: Reaction scheme for carbodiimide. R, and R2 depend on which carbodiimide is 
chosen. R3 refers to the hapten and R4 to protein.

In the mid-1970s N-hydroxysuccinimide esters were introduced into cross-linking 

agents (Bragg and Hou, 1975). Figure 43 illustrates the reaction scheme for this 

agent.
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Figure 43: N-Hydroxysuccinimide reaction scheme. N-
Hydroxysuccinimide reacts with peptide carboxyls to form active esters. 
These esters react readily with primary amines under mild conditions.

In 1986 Staros and colleagues suggested that a combination of the two compounds 

would increase the efficiency of both as coupling reagents. The following is a 

reaction scheme for the combination (Figure 44) and this method was tried in the 

present study.
o

Rr N=C=N-Ra H -O -N | +  RaC0,H + Protein-N H , 

C arbodiim ide NHS H apten

i
0 0 
II ^— I

Urea + r s_ c- 0 -N  + Protein-NHa

o '

0 0

Urea + Rj-^-N-Protein +■ , - o - Q

1H 0

Figure 44: Reaction scheme for carbodiimide/N-hydroxysuccinimide 
hapten conjugation. R, and R2 depend which carbodiimide is chosen. 
R3 refers to trolox.
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6.2 Methodology and results.

Trolox c - protein conjugates were prepared and characterised before their use as 

immunogens. This chapter will investigate, firstly, whether trolox c could be 

linked to protein and, secondly, how much could be bound. In order to elicit a 

strong anti-hapten antibody response, a conjugate requires more than 1 molecule of 

hapten bound to every molecule of carrier (Makela, 1970). It is however possible 

to decrease immunogenicity with too much hapten bound (Kantor et al. , 1963) and 

therefore the optimal level appears to be somewhere between 6 and 30 molecules 

of hapten bound to 1 molecule of carrier (Makela and Seppala, 1986). A third 

question to be addressed was whether the conjugated trolox c remained in its 

reactive form i.e. was it still active as an antioxidant?

Two methods were tried in an attempt to produce a conjugate of trolox c with 

protein. Both were based on the carbodiimide/hydroxysuccinimide scheme outlined 

above but differed in the degree of water solubility of the reactants. In the first, an 

N-hydroxysuccinimide ester of trolox c was formed in organic solvents and in the 

second the same ester was formed in aqueous solvents. Three different proteins 

were chosen for conjugation:

i. Bovine serum albumin was used as test antigen in the ELISA system (see 

chapter 7).

ii. Ovalbumin was used as immunogen for injection into rabbits since it has been 

shown to be particularly good as an immunogen in rabbits (Harlow and Lane, 

1988).
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iii. Poly-L-lysine was used as one of the means of assaying for trolox c binding 

since it did not absorbj at 280-290nm

6.2.1. Materials.

Materials and equipment used were as follows:

Trolox c (kindly supplied by Hoffmann La Roche and Co., Ltd., Basle, 

Switzerland) - 0AM  in ethanol for method (i) and 0.014M  in dimethylformamide 

(Sigma Co. Ltd., Poole, Dorset) for method (ii).

N,N-dicyclohexylcarbodiimide (DC!) (Sigma) - 0.1M  in ethanol. 

N-hydroxysuccinimide (NHS) (Sigma) - 0 .14M in ethanol.

NaHC03 - 30g/l.

l-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDQ (Pierce 

Chemical Co., Netherlands) - 0.012M in phosphate buffered saline. 

N-hydroxysulfosuccinimide (Sulfo-NHS) (Pierce) - 0.014M in phosphate buffered 

saline.

Bovine serum albumin, fraction W(BSA) (Sigma) - 20 mg/ml in 3% NaHC03. 

Ovalbumin (Sigma) - 20 mg/ml in 3% NaHC03.

Poly-L-lysine m.w. 50,000 (Sigma) - 20 mg/ml in 3% NaHC03.

Phosphate buffered saline (PBS) - 0.1M Phosphate buffer, pH 7.2, containing 

137mM NaCl, 2.7mM KC1.

Sephadex G50 (Pharmacia Ltd., Uppsala, Sweden) swollen in PBS pH 7.2. 

Pharmacia 15cm column.

PBS pH 7.2 as elution buffer.
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2,4-dinitrifluorobenzene, (DNFB), (Sigma) - Undiluted.

1M NaHC03.

6M HC1.

52mM linoleic acid in 50mM mannitol in 2mM Tris-HCl, 0.8mM EGTA buffer, 

pH 7.1.

llmAf 2’2’-azo-bis-2-amidinopropane hydrochloride (ABAP) (Sigma). 

Trolox/trolox-protein conjugate in 50mM phosphate buffer pH 7.4.

YSI 53 oxygen monitor 

YSI 5330 oxygen probe 

Grant Flow heater

6.2.2 Preparation o f conjugate.

1. Methods and results.

Two basic methods were used to prepare the protein-trolox c conjugate;

i. Using N,N-dicyclohexylcarbodiimide (DCI) and N-hydroxysuccinimide (NHS) as 

the coupling system.

ii. Using l-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

and N-hydroxysulfosuccinimide (sulfo-NHS) as the coupling system.

These methods and the results obtained will be discussed in turn.
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i. Using N,N-dicyclohexylcarbodiimide (PCI) and N-hydroxysuccinimide (NHS).

The method followed was that of Martin et al., (1971). 0.14M NHS and 0.1 M 

DCI were dissolved in 5.3 ml ethanol containing 0 .1M trolox. The mixture was 

left at room temperature for 2 hours to form the hydroxysuccinimide ester of the 

hapten before adding 10.6 ml 3% NaHC03. This was immediately passed through 

a G4 sintered glass filter to remove the precipitated unreacted DCI and 

dicyclohexylurea. The carrier (200 mg protein in 10 ml 3 % NaHC03) was added 

to the hydroxysuccinimide ester of the hapten and the solution incubated at 4°C 

overnight to allow hapten and protein to combine. The protein was then dialysed 

against 1000 volumes of 0.9% NaCl over a period of 2 days with 2 changes.

After combining the DCI, NHS and trolox c for 2 hours at room temperature a 

heavy precipitate formed. Testing for the presence of trolox c showed it to be 

present in the precipitate which was insoluble in most organic and aqueous 

solvents. The only solvent tried which did dissolve the trolox c/DCI/NHS was 

tetrahydrofuran. No further work was performed on this since dilution of the 

trolox c/DCI/NHS in tetrahydrofuran with aqueous solutions led to precipitation 

before the protein could be added.
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ii. 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (sulfo-NHS).

The method followed was that of Stein et al.y (1980). 24 /xmoles of trolox c was 

dissolved in 0.1 ml dimethylformamide. To this was added 0.1 ml aqueous buffer 

(PBS or NaHC03). 21 ^moles of EDC was dissolved in 0.5 ml aqueous buffer 

along with 24 /tmoles Sulfo-NHS. The two solutions were combined and left at 

room temperature for 15 minutes. Protein (20 mg dissolved in 1 ml buffer) was 

added and the mixture left overnight at 4°C before dialysis against 1000 volumes 

of 0.9% NaCl for 2 days with two changes.

The above protocol was performed at three different pHs;

a. pH 7.2 using PBS throughout as buffer since the EDC/sulfo-NHS/trolox ester 

formation occurs at a pH optimum of 7.2.

b. pH 10.0 using 3% NaHC03 throughout as buffer in order to favour peptide 

bond formation.

c. pH 7.2 for ester formation and then changing to pH 10 for peptide bond 

formation.

The combination of EDC and sulfo-NHS with trolox c led to a clear solution with 

no signs of a precipitate and no precipitate formed following addition of the 

protein which suggested a conjugate may have been formed.
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6.2.3 Confirmation of binding of protein to trolox c.

Before the modified protein could be used as an immunogen it had to be 

ascertained firstly whether trolox c was bound to protein and secondly how much 

trolox c was bound.

Following dialysis to remove unbound trolox c, solutions were analysed by UV 

and visible spectrophotometry for both protein and trolox c.

(i). Protein estimation.

In all cases protein concentration was estimated using ultraviolet absorbance at 

277.5 and referred to a standard curve of the appropriate protein.

(ii). Estimation o f free trolox c.

Trolox c concentrations could be assayed directly by ultraviolet spectrophotometry 

and referred to a standard curve. It gave a strong absorbance with detection down 

to 10 /ig/ml (0.15 units). Trolox c exhibited a peak absorbance at 293nm when 

dissolved in dimethylformamide and 288nm aqueous solvents. Figure 45 shows 

that absorbance was linear up to at least a concentration of trolox c of 120 figlml 

in both dimethylformamide and aqueous solutions and no significant difference was 

seen at the optimal wavelength in either solvent. For all studies, where 

appropriate, trolox c was dissolved in aqueous solvents.
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Figure 45: Comparison of standard curves for trolox dissolved in water and dimethylformamide.

In order to confirm that trolox c was bound to protein the first experiment used 

poly-L-lysine as the carrier polypeptide. Poly-L-lysine did not exhibit UV 

absorbance | at 280-290mn on its own and gave no absorbance when 

conjugation was tried at either pH 7.2 or pH 10 throughout. When, however, the 

conjugation experiment was tried using pH 7.2 to form the hydroxysuccinimide 

ester of trolox c and then pH 10 to form thd£Q-NH bond between trolox c and 

protein the resultant solution gave an absorbance of 0.7 units at 288nm. This 

represented 9.3 /xmoles of trolox c which was 39% of the starting material and 

provided the first piece of evidence that trolox c could be bound to protein. All 

subsequent experiments were performed using this combination of pHs.

Conjugation was repeated using ovalbumin and BSA as carrier proteins. A scan 

from a wavelength of 350nm to 220nm (table XV) revealed no significant 

difference in the maximum absorbance from that obtained with protein alone for
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conjugation attempted at pH 7.2 or pH 10 but a combination of the two pHs led to 

a shift in the maximum absorption from 277.5nm for protein at pH 7 to 283.5nm 

with trolox c bound.

Table XV: Shift of peak absorbance upon coupling trolox to protein using EDC/Sulfo-NHS at 
different pHs.

Protein Peak Absorbance Peak Absorbance after (nm).
before (nm).

pH 7.2 pH 10 pH 7/10

Ovalbumin 277.5 277.6 277.5 284.1

BSA 277.5 277.5 277.9 283.5

Poly-L-lysine 0 0 0 288

This data provided evidence that trolox c was bound to protein. It did not, 

however, reveal the amount of trolox c bound, and whether any trolox c was free 

in solution.

(iii) Gel permeation chromatography to separate free trolox c from bound.

Gel permeation chromatography was used to confirm that trolox c was bound to 

protein. Sephadex G50 (Pharmacia) was used so that free trolox c would elute 

after one bed volume and free protein and protein bound trolox c would elute in 

the void volume. The Sephadex was swollen in phosphate buffered saline (PBS) 

before equilibrating in a 1cm by 15cm column. 1 bed volume of buffer (5 ml) was 

passed through the column before application of the protein. Except where stated,

1 ml fractions were collected following application of the protein.

0.1 ml of BSA, ovalbumin, BSA-trolox c, ovalbumin-trolox c, poly-L-lysine-trolox 

c (all 20 mg protein per 1.7 ml) and trolox c (0.5 mg/ml) were applied to a 

Sephadex G50 column and 1ml fractions collected. Fractions were scanned on the
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spectrophotometer and absorbances at the peak wavelength recorded. Figure 46 

shows representative results for BSA, BSA-trolox c and trolox c alone. The graph 

shows BSA and BSA-trolox c eluting largely in fraction 3, and trolox c eluting 

largely in fraction 5. The tube containing the BSA-trolox c conjugate would be 

expected to contain at least some free trolox c and this is seen with the small 

shoulder on the graph. Peak absorbance for BSA was 277.5nm, for BSA-trolox c 

283.5nm, and trolox c 288nm. Similar separations were obtained for ovalbumin 

with and without trolox c and poly-L-lysine with trolox c (table XVI).

Absorbance at peak wavelength

0.8

0.6

0.4

0.2

6 8 100 2 4
Fraction num ber 

|  Protein-trolox Q  Trolox %  Protein

Figure 46: Elution of BSA, BSA-Trolox and trolox alone on a Sephadex G50 column. For run 
conditions see method.
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Table XVI: Results for protein-trolox c separated on Sephadex G50 compared to protein alone 
and trolox c alone. BSA= bovine serum albumin, 0 = ovalbumin, P=poly-L-lysine, T=trolox 
c. 1ml fractions were taken and UV absorbance at peak wavelengths recorded (BSA - 
277.5nm, O -277.5nm, BSA-T -283.5nm, 0-T -284.lnm, P-T -288nm, T -288nm).

Fraction Absorbance at maximum wavelength (n=3)
number

BSA
(<*)

O(a) BSA-T
(<*)

O-T (a) P-T (a) T(a)

1 0 . 0 1 2

(0 .0 1 1 )
0 . 0 1 1

(0.018)
0.005

(0.005)
0.006

(0.008)
0.007

(0.008)
0.006

(0.007)

2 0.052
(0 .0 1 0 )

0.049
(0.026)

0.115
(0.083)

0.057
(0.025)

0.073
(0.041)

0.006
(0.006)

3 0.474
(0.029)

0.465
(0.015)

0.770
(0.157)

0.718
(0 .0 1 1 )

0.513
(0.062)

0 . 0 1 1

(0.006)

4 0.074
(0 .0 1 2 )

0.099
(0.014)

0.249
(0.098)

0.432
(0.038)

0.409
(0.105)

0.151
(0.016)

5 0.018
(0 .0 0 2 )

0.035
(0.008)

0.083
(0.028)

0.111
(0.009)

0.262
(0.053)

0.528
(0 .0 0 1 )

6 0 . 0 1 2

(0.006)
0 . 0 1 0

(0 .0 0 1 )
0.049

(0.026)
0.046

(0.003)
0.033

(0.005)
0.156

(0.018)

7 0.009
(0.004)

0.003
(0 .0 0 2 )

0 . 0 2 1

(0 .0 1 2 )
0.017

(0.003)
0.007

(0 .0 0 2 )
0.027

(0.004)

8 0.004
(0.005)

0.003
(0 .0 0 1 )

0 . 0 1 2

(0.006)
0.003

(0 .0 0 1 )
0.006

(0.003)
0.019

(0 .0 0 1 )

6.2.4 Estimation o f bound trolox c.

| at 280-290nm
Because poly-L-lysine does not exhibit any UV absorbanceJand trolox c shows a 

peak absorbance at 288nm the amount of trolox c bound to poly-L-lysine can be 

estimated. However, this method could not be used for either ovalbumin or BSA 

because of the interference of the UV absorbance of both free BSA and 

ovalbumin. A suitable assay had to be found which either did not rely on 

absorbance in the UV range to detect trolox c or could separate trolox c from 

protein or its constituent amino acids.
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In order to remove trolox c from bound protein the peptide bond between the 

protein and trolox c had to be hydrolysed.

One possible method was to use gentle enzyme hydrolysis in order to retain the 

protein complete but remove the trolox c followed by protein precipitation using 

ethanol and subsequent detection of free trolox c. Two enzymes were tried 

(peptidase and subtilisin - a non-specific proteinase) and neither produced any 

detectable free trolox c.

It was noted however, that when trolox c was heated to 100 °C in 6M HC1 it 

changed to an orange coloured derivative. Such harsh conditions are usually used 

for the hydrolysis of protein to its constituent amino acids and this technique was 

employed firstly to remove the bound trolox c and secondly to estimate the amount 

of trolox c that had been bound to protein. Before this assay was used the action 

of HC1 on trolox c was investigated and standard curves produced.

(i) Action o f 6M HCl on trolox c alone.

Initially trolox c alone (10 ^g/ml) final concentration was heated to 100°C with 

6M HCl and the reaction followed for three hours. The results (figure 47) show an 

increase in the peak absorbance at 288nm with time up to 120 minutes. In addition 

an orange colour developed with an absorbance maximum at 406nm.
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Figure 47: Effect of 6M HCl at 100°C on trolox. Time course study. 10/ig trolox and 1 ml of HCl 
used for the study.

(ii) Standard curve for trolox conversion to derivative by HCl 

A standard curve for trolox c in 6M HCl heated to 100°C was produced by 

heating various amounts of trolox c in 6M HCl for 3 hours (i.e. until completion 

of reaction). The curve (figure 48) shows linearity up to the amounts used (10 

Mg/ml).

Absorbance
0.0

0.6

0.4

0.2

o 2 4 6 8 10 12
Trolox (ug/ml)

g  288nm  9  406nm

Figure 48: Standard curve for trolox heated to 100°C with 1ml 6 M 
HCl.
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(iii) Protein hydrolysis.

0.9ml 6M HCl was applied to 0.1ml of free ovalbumin and BSA; ovalbumin-trolox 

c, BSA-trolox c and poly-L-lysine-trolox c (all 20mg/1.7ml) and trolox c 

(0.1/ig/ml). The tubes were incubated at 100°C for 24 hours, diluted 10 fold and 

the solution analysed for absorbance differences by spectrophotometry.

When protein alone was hydrolysed according to the method of Erlanger et al., 

(1957) as described above no absorption peaks were detectable at either 288 or 

406nm although a minor peak developed at 273nm (figure 49).

When protein-trolox c was heated to 100°C with 6M  HCl, absorbance at 406nm 

increased slowly over a 24 hour period (unlike trolox c alone which increased 

much quicker -see figure 47) and yielded peak absorbances at 279nm for both 

BSA-trolox and O-trolox and 288nm for P-trolox, and 406nm for all three (table 

XVII). An example of the spectrophotometer scans is shown in figure 49 where 

for clarity 0.6mg/ml protein concentration was used.

Table XVII: Effect of 6M HC1/100°C on various proteins and protein-conjugates. 0.12mg/ml 
protein was analysed. n=3.

Protein Ovalbumin BSA Ovalbumin-trolox c BSA-trolox c Poly-L-lysine- 
trolox c

X (nm)* 273 406 273 406 279 406 279 406 288 417
A 0 . 1 2 0 . 1 0.64 0.5 0.633 0.5 0 . 8 6 0.59
(*) (0.007) (0.004) (0 .0 2 ) (0 .0 2 ) (0.02) (0.03) (0 .0 2 ) (0 .0 2 )

*Xnm for absorption maxima.
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Figure 49: Spectrophotometer scan from 220nm to 500nm for ovalbumin and ovalbumin-trolox (protein 
conc. 0 . 6  mg/ml).

(iv) Gel filtration o f hydrolysis products.

BSA, BSA-trolox c and free trolox c were all analysed by gel filtration in 

Sephadex G50 swollen in distilled water following hydrolysis. 0.1ml of 

hydrolysate was applied to a column followed by 1 ml fractions of distilled water 

which were subsequently collected. Results (figure 50) show that the maximum 

absorption following hydrolysis of both free trolox c and BSA-trolox c was found
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in fraction 5 which was the same as for trolox before hydrolysis. Absorbance at a 

wavelength of 279nm for BSA-trolox c and 288nm for free trolox c also 

maximised in fraction 5.

Absorbance
0.4

0.3

0.2

o.i

o
2o 6 84 10

Fraction number 
I  Trolox £  BSA-Trolox

Figure 50: Separation of BSA-trolox and trolox on a Sephadex G50 column following hydrolysis. 
BSA-trolox (0.2 mg protein) was measured at 279 nm. Trolox (30 fig final amount) at 288nm.

6.2.5 Calculation o f number o f trolox c molecules bound per molecule o f  

protein.

From the results in table XVII an estimate of the number of pg of trolox c present 

in 1 ml of the conjugate solution could be made using the standard curve (figure 

44). This could be converted into nmoles (m.w. trolox c = 234) and knowing the 

initial protein concentration to be 0.12 mg/ml and the m.w. of ovalbumin to be
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44,500, BSA to be 66,000 and poly-L-lysine to be 50,000 an estimate of the 

number of molecules of trolox c bound to each molecule of protein may be made 

(table XVIII). Absorbance readings at 406nm (417 for poly-L-lysine) for trolox c 

were used rather than 279 nm due to protein interference.

Table XVIQ: Calculation of number of trolox c molecules per protein molecule. n=3.

Ovalbumin- 
trolox c*1

BSA-trolox c 
*2

Poly-L-lysine- 
trolox c 3

Absorbance (406 nm) 0.5 0.5 0 . 6

Trolox c amount (jig) 
(from standard curve).

1 2 1 2 14

Trolox c amount 
(nmoles) (m.w. 234)

50 50 59

Protein amount (mg) 0 . 1 2 0 . 1 2 0 . 1 2

Protein amount 
(nmoles)

2.7 1 .8 2.4

Ratio trolox:protein 18.5 27.8 24.6

** m.w ovalbumin 44,500 

n m.w BSA 66,000 

*3 m.w poly-L-lysine 50,000 

These results showed that trolox c was bound to protein in an approximate ratio of 

20-30 molecules of trolox c per molecule of protein.

6.2.6 Test fo r orientation o f trolox c on the protein.

Trolox c has been shown to be a good antioxidant comparable in activity to alpha- 

tocopherol (Wayner et al., 1987). The hydroxyl group on trolox c is responsible 

for its antioxidant properties. In this study the trolox is bound to protein via a 

carboxyl group (leaving the hydroxyl group free) and thus the protein-conjugate
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should retain its antioxidant activity.

In order to confirm that the trolox c conjugate retained its antioxidant activity this 

was assayed using an oxygen electrode to follow lipid peroxidation and its 

prevention by antioxidants. A standard system of peroxidation induction was set 

up1 using 3ml of 52mM linoleic acid, and llmAf (final concentration) 2’2’azo-bis-

2-amidinopropane hydrochloride (ABAP) as the initiator of lipid peroxidation. 

Oxygen uptake by the linoleic acid was followed for three minutes or until all the 

lipid had been peroxidized. When a linear uptake of oxygen was achieved the test 

antioxidant was added and its effect on oxygen uptake measured. The difference in 

uptake between the control with no antioxidant and addition of antioxidant was 

taken as a measure of antioxidant strength in this system.

For the purposes of this study, protein (0.01mg/ml) was compared to protein-trolox 

cKO.Olmg protein/ml) for the ability to inhibit uptake of oxygen by lipids. Free 

trolox c at approximately the same concentration (3.5jxM) as that expected to be 

bound to the protein was used as a positive control.

Results, illustrated in table XIX, show that when BSA alone was added to the 

system there was a reduction in oxygen uptake of approximately 15%. When, 

however, protein-trolox was added there was a 70% reduction in oxygen 

consumption which compared favourably with a similar concentration of free 

trolox c which gave 85 % reduction.

1 Set up and validation of method performed by Dr. K J.Lindley.
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Table XIX: Oxygen consumption by linoleic acid following free radical attack with and 
without antioxidants.

Control (no BSA BSA- Trolox
addition of trolox
antioxidant

% Oxygen consumed per min. (% reduction relative
to control)

1 4.21(0) 3.57(15) 1.17(72) 0.63(85)

2 4.21(0) 3.57(15) 1.21(71)

3 7.4(0) 6.4(14) 2.53(66)

6.3 Discussion.

Protein conjugates of trolox c have been produced using the carbodiimide- 

hydroxysuccinimide coupling system. Two different carbodiimide systems were 

tried, one soluble in organic solvents and one in aqueous solvents. Both have been 

used extensively over the years to link free carboxyl groups of haptens to free 

amino groups of proteins and the method chosen for this study was that of Stein et 

al. , (1980) who activated DNP-alanylglycylglycine using water soluble 

carbodiimides. Only the aqueous system worked in the present study producing a 

conjugate with approximately 20-30 molecules of trolox c bound to every molecule 

of protein. It seems somewhat surprising that only the water soluble coupling 

system worked, since trolox c is only sparingly soluble in aqueous solutions (with 

a maximum concentration of 1 mg/ml). It is possible that the hydroxysuccinimde 

ester formed with DCI and NHS decreased the water solubility of trolox c whereas 

that formed by EDC and sulfo-NHS increased its water solubility.
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Because trolox c exhibits a U V  absorbance at 288 nm it could be shown relatively

easily that a protein-trolox c conjugate had been produced. The evidence for this

was firstly provided by the poly-L-lysine-trolox c conjugate since poly-L-lysine
| at 280-290mn

alone does not exhibit any UV absorbancejfand did not therefore interfere with the 

absorbance at 288 nm exhibited by trolox c. Conjugation was confirmed by 

column chromatography when absorbance due to poly-L-lysine-trolox c was 

detected in the void volume associated with molecules too large to be trapped by 

the gel whereas free trolox c eluted much later.

Evidence that BSA and ovalbumin could also form conjugates with trolox c was 

initially provided by differences in the peak absorbance of protein alone (277.5 

nm) and protein bound to trolox c (284 nm). This was confirmed by column 

chromatography which showed the peak absorbance in the void fraction to remain 

at 284 nm for the protein conjugates. This confirmed that trolox c could be bound 

to both ovalbumin and BSA but did not provide any information on the amount of 

trolox c bound to either protein. Since poly-L-lysine does not exhibit UV 

absorbance and trolox c shows a maximum absorbance at 288 nm the number of 

molecules of trolox c bound to one molecule of polypeptide could be estimated.

Determination of the amount of trolox c bound to both BSA and ovalbumin could 

not be achieved by UV spectroscopy alone due to interference by the UV 

absorbance of the protein. This was overcome by hydrolysis of the protein and 

consequent conversion of trolox c to an unknown chromogenic compound. This 

exhibited a peak absorbance at 406nm which sufficiently distinct from absorbance
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due to protein and amino acids to allow estimation of amount of trolox present. 

From these studies evidence was obtained that both proteins and also poly-L-lysine 

carried between 20 and 30 molecules of trolox c. This value lies at the top end of 

the optimal ratio of hapten to protein molecules suggested by Makela and Seppala 

(1986) and suggested a good immunogen had been produced. The number of 

molecules bound to poly-L-lysine seems low when compared to that bound to both 

BSA and ovalbumin since poly-L-lysine contains many more free -NH2 groups 

than either BSA or ovalbumin. Evidence has already been provided to show the 

importance of pH in determining the degree of binding of conjugate to protein.

One possible explanation may be that the conditions required for the preparation of 

the poly-L-lysine conjugate may be different from those of the proteins.

However, to be of potential use as an immunogen designed to produce an antibody 

that would recognise a-tocopherol in tissues, it was felt necessary to orientate the 

trolox c such that the hydroxyl group was available for interaction with any 

potential antibody. To test whether the trolox c was bound to the proteins leaving 

the hydroxyl group exposed, the antioxidant status of BSA-trolox c was compared 

to free trolox c at the same concentration. Inhibition of lipid peroxidation by the 

conjugate was comparable to that of the free trolox c, confirming that the trolox c 

was bound to protein in such a way that the hydroxyl group was still free to act as 

an electron donor and therefore as an antioxidant. Results were only presented for 

BSA-trolox c and it is assumed that ovalbumin-trolox c would behave in the same 

manner. It is felt this is a fair assumption since the proteins were similar and the 

chemistry of binding was the same.
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It is therefore felt that both an immunogen (ovalbumin-trolox c) and a test antigen 

(BSA-trolox c) have been formed which are suitable for use in immunisation 

studies. The next chapter will describe both the immunisation protocol and 

subsequent analysis of the serum using an ELISA assay.
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Chapter 7
Immunisation protocol and antibody response to

ovalbumin-trolox.

7.1 Introduction.

7.2 Choice of adjuvant.

7.3 Preparation of immunogen.

7.4 Immunisation protocol.

7.5 Preparation and storage of serum.

7.6 ELISA protocol.
7.6.1 Materials.
7.6.2 Method - standard protocol.

7.7 Results.
7.7.1 Antibody response against trolox.
7.7.2 Establishment and optimisation of assay.

i. Optimisation of the binding of BSA-trolox c as antigen to the ELISA plate.
ii. Optimal peroxidase coi\jugate dilution.
iii. Optimal time for colour development.
iv. Reproducibility of the ELISA protocol.

7.7.3 Antibody titres for each rabbit.

7.8 Discussion.



7.1 Introduction.

An immunisation protocol was set up in New Zealand White rabbits to determine 

the immune response against trolox c bound to ovalbumin. The immunogen was 

produced and characterised as described in chapter 6. The resultant anti-serum was 

used to set up and optimise an ELISA to detect antibodies recognising trolox c. 

This chapter will describe the protocol and results obtained.

7.2 Choice of adjuvant.

Ovalbumin is water soluble and, therefore, if injected intravenously on its own, 

would not be trapped by the lymphoid system for long enough and in sufficient 

amounts to generate a strong immune response. It is also likely that it would be 

catabolised too fast for the immune system to generate any response against it. 

Freund and co- workers (Freund and Bonato, 1944) were the first to overcome this 

problem by combining paraffin oil with the water soluble antigen to form a water 

in oil emulsion. It was demonstrated that provided the mixture was sufficiently 

viscous it would disperse slowly into the aqueous environment, thereby keeping 

the antigen in one place for an extended period of time. Provided the mixture was 

near lymphoid cells an immune response against the antigen was likely. Freund 

also included Mycobacterium tuberculosis in the emulsion which was able to 

stimulate the immune system into generating a stronger response against the 

antigen. The term adjuvant was coined by Freund to describe the ability of a 

substance to specifically enhance the immune response against a particular antigen. 

There are now known to be several compounds capable of such enhancement of
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the immune response although Freund’s use of paraffin oil and Mycobacterium 

still seems to be the most popular and was the system used in this study.

7.3 Preparation of immunogen.

500 /xg protein per animal was used for all injections. The protein solution was 

diluted in sterile PBS to the required concentration and added to Freund’s adjuvant 

(with M. tuberculosis for initial injections and without the bacteria for all 

subsequent boosts). The mixture was then mixed vigorously using a glass luer-lock 

syringe until thick and creamy ensuring that no air bubbles were mixed with the 

emulsion. Mixing was stopped when the dispersion test was negative i.e. a drop of 

the emulsion was added to PBS and it was considered ready for injection when no 

dispersion occurred. Sterility was maintained throughout using asceptic conditions 

with sterile solutions and needles.

7.4 Immunisation protocol.

A well established immunisation protocol for rabbits was followed (Dresser, 1986) 

(see figure 51).

Four New Zealand White rabbits were bled (5ml) before any immunisation took 

place. This unimmunised blood was used as a negative control in all subsequent 

assays.
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On day 1, 0.5 ml of the emulsion containing Freund’s complete adjuvant i.e. with 

M. tuberculosis (FCA) and 250 fig ovalbumin-trolox was injected deeply into the 

muscles of each thigh of a mature New Zealand White rabbit.

The rabbits were left for 28 days before injection of a further 500 /-eg protein in 

Freund’s incomplete adjuvant - FICA (i.e. no M. tuberculosis was added) and the 

injections were made subcutaneously into 5-8 sites. 14 days later the rabbits were 

test bled (5 ml per rabbit) and the serum analysed for antibody. 2 days later 40 ml 

of blood was removed per rabbit. 28 days after the last injection the animals were 

again injected with 500 fxg protein subcutaneously into 5-8 sites using FICA. 10 

days later the animals were test bled, the blood analysed, and 14 days after the 

injection 40ml of blood was taken per rabbit (figure 51).

Day 1 injection deep intramuscular both thighs in FCA plus immunogen 

Day 28 injection subcutaneously 5 to 8 sites in FICA plus immunogen 

Day 42 test bleed of 5ml blood per rabbit 

Day 44 full bleed of 40ml per rabbit 

Day 56 injection subcutaneously 5 to 8 sites in FICA plus immunogen 

Day 66 test bleed of 5ml blood per rabbit 

Day 70 full bleed of 40ml per rabbit

Figure 51: Protocol for immunisation of rabbits with ovalbumin-trolox c.

174



7.5 Preparation and storage of serum.

All blood was allowed to clot at room temperature for an hour before running a 

sealed pasteur pipette around the edge of the tube and leaving the whole blood at 

4°C overnight. This allowed retraction of the clot away from the sides of the tube 

and expression of serum. The serum was then removed and centrifuged at 1000 g 

for 10 minutes to remove any remaining debris and stored in suitable aliquots 

(usually 500-1000 /d) at -70°C.

7.6 ELISA protocol.

An ELISA protocol based on Harlow and Lane, (1988) was used.

7.6.1 Materials.

Bicarbonate buffer for dilution of antigen - 50mM  carbonate/bicarbonate buffer, 

0.9% NaCl, pH 9.8. This was prepared by mixing approximately equal volumes 

of 1M Na2C03 and 1M NaHC03 to achieve a pH of 9.8. 50 ml was added to 1 L 

of 0.9% NaCl, with the final pH being adjusted to 9.8.

PBS - 8 g NaCl, 0.2 g KC1, 1.44 g Na2HP04 (anhydrous), 0.24 g KH2P 04 was 

adjusted to pH 7.2 and the solution made up to 1 L.

Washing solution - PBS + 0.05% Tween 20.

Blocking agent - 5 % casein (Non-fat milk powder - Safeways) in washing solution.

Second antibody - 1/2000 dilution of goat anti-rabbit IgG horseradish peroxidase

(Sigma). This was diluted in blocking solution.

Buffer for colour development - o-phenylene diamine (34 mg in 100 ml 0. \M
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citrate-phosphate buffer pH 5.0) and 50 /xl 20 volume H20 2.

Colour development was stopped with 12.5% H2S04.

E.I.A. II Plus microtitration plates. 96 flat bottom wells, 0.3 ml capacity. (Flow 

labs.).

7.6,2 Method - standard protocol.

A standard protocol was used in the first instance to determine the presence of 

antibody based on the three layered system outlined in figure 52.

At the outset in chapter 1 the term immunogen was defined as the substance used 

to elicit an immune response and the term antigen the substance that is recognised 

by the antibody. In this assay the presence of the antibody was detected and 

assayed by ELISA, and therefore, in addition to the immunogen already produced 

a different protein was required to carry the trolox c and therefore act as a test 

antigen to detect any antibodies produced against the hapten. For this a protein had 

to be chosen that was totally different from that used for the immunogen so that 

the antibodies produced against the immunogen would not recognise the protein 

used for the test antigen i.e. cross reactivity between the proteins should be 

minimal. The protein chosen for the test antigen was bovine serum albumin 

because of its ready availability. The difference between ovalbumin and BSA is 

sufficiently great that there is little likelihood of an antibody produced against 

ovalbumin recognising BSA. Therefore any response detected would most likely 

indicate a response against the hapten, vitamin E.
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Figure 52: Diagram to illustrate the antibody capture assay. OPD (o-phenylene diamine) 
and H20 2 were the substrates with HRP (horseradish peroxidase being the conjugated 
enzyme.

For all work with ELISA assays, the plates were maintained in a humid 

atmosphere (usually by keeping the plate in a sealed box with dampened tissue).

Antigens were dissolved in bicarbonate buffer and 100 /xl sample added to each 

well. This was left overnight at 4°C. The plate was then emptied and dried on 

tissue paper. 200 /xl of blocking solution was added and the plate left for 1 hour at 

room temperature before emptying. Antiserum, diluted in blocking solution was 

then added and the plate left for 1 hour. The plate was emptied and dried on tissue 

paper before addition of 2x300 /xl wash solution. After drying on tissue paper 100 

/xl of the goat anti-rabbit horseradish peroxidase (HRP) conjugate was added and 

the plate left for 1 hour. Any non-specific binding of conjugate was removed with 

wash buffer using 2x300 /xl rinses. The plate was dried before addition of freshly
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made colour development buffer. The plate was left in the dark for 15 minutes 

(see results for optimisation assay). Colour development was stopped by addition 

of 100 n 1 H2S04 and read on a Titertek multiscan plate reader at 492 nm.

7.7 Results.

In all cases using this assay, the antiserum dilution titre was obtained by 

determining the dilution at which the absorbance had fallen to 50% of its 

maximum value.

7.7.2 Antibody response to trolox.

Ovalbumin-trolox had been used as the immunogen therefore, before any work 

was carried out to optimise the ELISA assay a quick look at the antibody response 

using BSA-trolox c as antigen (10 pg/m\) on the ELISA plate and poly-L-lysine- 

trolox c as antigen (10 /xg/ml) was tried (figure 53). Conjugate dilution was 

1/2000, and colour development was for 15 minutes. Both BSA-trolox c and poly- 

L-lysine trolox c gave a positive response with immunised sera. It is not known 

why there was a difference in response between BSA-trolox c and poly-L-lysine 

but all subsequent experiments were carried out using BSA-trolox c as the test 

antigen. BSA alone gave no response. Unimmunised sera also gave no response 

although for clarity this has not been illustrated on figure 53.
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Figure 53: Serum dilution curve for the trolox c ELISA using BSA-trolox c, BSA and 
polylysine-trolox c as test antigens.

7.7.2 Establishment and optimisation o f assay.

(i) Optimisation o f the binding o f BSA-trolox c as antigen to the ELISA plate.

A chequerboard was set up with decreasing concentration of BSA-trolox c from 

the top to the bottom of the plate and with increasing dilution of serum across the 

plate. Results are illustrated graphically for a serum dilution of 1/1600 (figure 54). 

They show an optimum antigen concentration of 1 /xg/ml for BSA-trolox c. 1 

/Lig/ml was used throughout the rest of the study for all ELISA’s using BSA-trolox

c.

179



Absorbance (492 nm )
1.6

1.4

1.2

0.8

0.6

0.4

0.2

0.001 0.01 0.1 1 10 100

BSA -trolox c (u g /m l)

Figure 54: BSA-trolox c as antigen in the ELISA system. BSA-trolox c was diluted from 10/rg/ml to 
0.01/xg/ml. Serum dilution was 1/1600.

(ii) Optimal Peroxidase conjugate dilution.

To maximise sensitivity the goat anti-rabbit IgG peroxidase conjugate had to be 

standardised to determine optimal dilution for a high absorbance reading with 

positive results but minimal background.

Three plates were set up all with BSA-trolox c at l^g/ml as test antigen. For each 

plate serum was serially diluted in PBS across the plate from 1/100 to 1/204,800 

and conjugate was diluted down the plate from 1/1000 to 1/8000. For the first 

plate rabbit serum was omitted and any background absorbance due to non-specific 

binding of the goat anti-rabbit IgG peroxidase antibody analysed. The second plate 

included unimmunised serum (rabbit 2) in the system and the third immunised
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serum (rabbit 2, boost 2). All results are shown in appendix 3 and for clarity only 

the results for a serum dilution of 1/1600 are discussed and illustrated here. The 

results from plate 1 showed little non-specific binding of antibody conjugate at any 

dilution tried, the maximum absorbance being 0.063. When unimmunised serum 

was included some reaction was noted which decreased to acceptable levels at a 

dilution of conjugate of 1/3000 as illustrated in figure 55.

Absorbance (492 nm)

Immunised serum
•  Unimmunised serum  
O No serumi . s

o . s

8 102 eo 4

Peroxidase dilution (Thousands)

Figure 55: Dilution of peroxidase labelled goat anti-rabbit IgG over the range 1/1000 to 1/8000 
for a serum dilution of 1/1600.

With antiserum a maximum absorbance of 1.6 was noted when a conjugate 

dilution of 1/1000 was used. This fell gradually to a minimum of 0.3 at a 

conjugate dilution of 1/8000. In order to obtain optimal absorbance readings with 

immunised sera, but with minimal background due to unimmunised sera, a 

conjugate dilution of 1/3000 was chosen for all subseque nt assays.
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(iii) Optimal time for colour development.

Two plates were set up using BSA-trolox c as test antigen, and either antiserum or 

unimmunised serum at a dilution of 1/400 added to all wells. Peroxidase 

conjugate was used at a dilution of 1/3000 and colour development buffer added. 

The stop solution was added to the first row immediately and this was taken as 

time zero. Stop solution was then added sequentially to each row at five minute 

intervals. Figure 56 shows that the colour development increased with time over 

the time period studied.

Absorbance (492 nm)
2.6

1.5

0.5

25 30 350 5 10 15 20

Time (m inutes)
■ Immunised •  Unimmunised

Figure 56: Effect of time on the development of colour in the BSA-trolox c ELISA.

The ratio between the absorbance obtained using immunised and unimmunised 

serum was investigated to optimise sensitivity. At 5 minutes the ratio was 7.3:1 at 

10 minutes 10.9:1 and beyond this the ratio varied between 12.0 and 13.0:1
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A time of 15 minutes was chosen to give a good compromise between sensitivity 

and a short incubation period.

(iv) Reproducibility o f the ELISA protocol.

To test the reproducibility of the assay two aspects were investigated. Firstly, 

variation in colour development using the same conditions but on different rows of 

the same plate, different plates, and different times. All plates contained BSA- 

trolox c as test antigen, antiserum at a dilution of 1/400, conjugate at a dilution of 

1/3000, and colour development allowed to proceed for 15 minutes. 3 plates of 3 

rows each were set up on day 1 to test inter-row variability, and inter-plate 

variability. These were compared to results from 2 other plates which were set up 

on days 2 and 3 to check between day variations. Results are shown in table XX

Table XX: Reproducbility data for BSA-trolox c ELISA measured over one day (row to row 
variation and plate to plate variation) and measured over 3 separate days.

Absorbance at 492nm (n=8)

Day 1:

Plate 1: Row 1 mean = 1.65. Plate 2: Row 1 = 1.63.
Row 2 mean = 1.65. Plate 3: Row 1 = 1.58.
Row 3 mean = 1.64

Day 2:

Plate 4: Row 1 = 1.51.

Day 3:

Plate 5: Row 1 = 1.28.
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The results are very consistent on a single plate and showing less than a 5 % 

variation within one day. Although between day variation is greater (up to 22%), 

positive and negative controls were always incorporated into the ELISA test and 

therefore the large day to day variation was not felt to present a practical problem.

Secondly, a study was performed to investigate the variability of the antibody 

serum titre obtained. The results are expressed as the serum titre required to 

decrease the maximum absorbance by 50%. The same serum (rabbit 3, boost 2) 

was used throughout and the assay was carried out on different plates and on 

different days. Results presented below show that variation in serum titres could 

be as much as 40%. However, for the purposes of this study this was not felt to 

present a practical problem.

Table XXI: Serum titres measured under the same conditions on separate plates and days for 
the same rabbit and boost to assess reproducibility of titre.

Day 1:

Plate 1: Serum titre = 1/11,733

Plate 2: Serum titre = 1/12,275

Plate 3: Serum titre = 1/20,407

Day 2:

Plate 4: Serum titre = 1/15,323

Day 3:

Plate 5: Serum titre = 1/16,235.
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7.7.3 Antibody titres for each rabbit.

Antibody titres were determined for all four rabbits following both the first and 

the second boost injections. The criterion for determination of titre were as 

outlined above. The results illustrated in table XXII show the maximum antibody 

titre following the initial boost to be 1/8,000 while after the second boost the titre 

in one rabbit was greater than 1/40,000.

Table XXII: Antibody dilution titres for the four rabbits following two boost injections.

Rabbit 1 Rabbit 2 Rabbit 3 Rabbit 4

Boost 1 1/3,000 1 /6 , 0 0 0 1 /8 , 0 0 0 1 /8 , 0 0 0

Boost 2 1 /2 0 , 0 0 0 1/41,000 1 ,1 1 , 0 0 0 1/17,500

7.8 Discussion.

An ELISA system has been developed and optimised to detect rabbit antibodies 

that recognised trolox c.

The optimal concentration of BSA-trolox c for the microtitre plate was found to be 

1 /Ltg/ml. This result seems reasonable when compared to those published in the 

literature for other antigens. For example Catty and Rakundalia (1988) also found 

1 ng/ml of human IgG was optimal to coat an ELISA plate.

Background non-specific binding due to peroxidase conjugate and unimmunised 

sera was minimal at the conditions selected although at high conjugate and serum
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concentrations absorbances did increase substantially. For this reason the lower 

conjugate dilution of 1/3000 was chosen as the optimal dilution.

The effect of time on the development of absorbance was shown to be curvilinear 

up to 30 minutes. However, on looking at the ratio of immunised to unimmunised 

the increase was small after 15 minutes, and therefore no benefit could be gained 

from incubating beyond this time period. However, it is possible that 

reproducibility may be increased if the incubation period were extended to 30 

minutes since at this point the rate of reaction seems to fall off.

An investigation of the reproducibility of the assay showed that there was little 

variation in absorbance within 1 plate and within different plates performed on the 

same day. However, when assays were repeated over 3 days, variation did 

increase. A number of possibilities may explain such results including the 

following:

1. Variation in pipetting small volumes, although this seems unlikely since 

volumes were fairly large, ranging from 100 to 200^1.

2. Inadequate incubation periods. In particular colour development was only 

allowed to proceed for 15 minutes, at which time the reaction was still preceding 

at a linear rate. Any slight variation in the time the reaction was stopped would 

lead to a varaition in colour development.

Although it is realised that the ELISA system would need a more rigorous 

treatment before it could be used as a routine assay for accurate quantitation it was
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considered to be adequate for the qualitative detection of antibodies against 

tocopherol in serum. The serum dilution titre appeared to be sufficiently great for 

the antiserum to be used in immunocytochemical studies provided it can be 

demonstrated that the antibodies can recognise a-tocopherol in tissues. Before this 

could be investigated it was necessary to purify the antibody in order to remove 

unwanted proteins including those antibodies not specifically recognising trolox c 

(see chapter 8) and to further characterise the antisera produced and confirm its 

specificity (see chapter 9).

This assay is considered to be a more reliable indicator of the presence of an 

antibody recognising a-tocopherol than the ELISA developed and described in 

chapter 3. Evidence has been provided in chapter 6 which shows that the 

chromanol ring is correctly orientated on the plate when bound to protein unlike 

the uncertain orientation when tocopherol was alone was used as test antigen and 

evaporated onto the plate.
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Chapter 8

Purification of rabbit anti-trolox antibody.

8.1 Introduction.
8.1.1 Precipitation by increasing the ionic strength (salting out).
8.1.2 Purification by affinity chromatography.
8.1.3 Choice of parameters.

8.2 Methodology.
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8.2.2 Methods of purification.

i. Crude antibody preparation using ammonium sulphate precipitation. '
ii. IgG preparation using protein A affinity chromatography.
iii. Purification of trolox c specific antibodies using BSA-trolox c affinity 
chromatography.

8.2.3 Assays.
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ii. Estimation of bioactivity.
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8.3.1 Crude antibody purification.
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ii. Serum applied directly to a protein A column.

8.3.3 Purification of anti-trolox c antibody.
i. Column preparation.
ii. Antibody binding capacity.
iii. Antibody elution.

8.3.4 Assessment of purity of the antibody preparation using SDS-PAGE.
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8.1 Introduction.

The potential use of the anti-trolox c antibody as a tool for the localisation of 

alpha-tocopherol in tissues dictated the degree to which the antibody had to be 

purified, and its physical, chemical and biological properties determined which 

techniques could be used to purify the antibody. Immunocytochemical localisation 

of vitamin E required a relatively pure antibody with little or no cross reactivity 

against other compounds as well as one with a high avidity for tocopherol. A 

purification strategy therefore had to be devised which would minimise activity 

losses and would remove any interfering activities.

Two properties of the antibody were exploited in the purification process; the 

degree to which the protein bears hydrophobic groups on its surface, and its 

bioactivity.

8.1.1 Precipitation by increasing the ionic strength (salting out).

Precipitation has long been used as a means of separating one protein from 

another, and many of the earlier purification procedures used only this method to 

purify proteins. For example, the core histones of DNA (H2a, H2b, H3 and H4) 

were initially purified solely by ethanol and/or acetone precipitation (Johns, 

1964). Differences in solubility have been used to separate albumins from 

globulins in serum, the globulins being precipitated by diluting serum with water, 

whilst the albumins remained soluble (Cohn et al., 1946).
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The addition of neutral salts is probably the most commonly used method for 

fractionating proteins by precipitation. Salting - out, as it is also known, is 

dependent on the hydrophobic nature of the surface of the protein (Harris, 1990). 

With water soluble proteins, hydrophobic groups predominate in the interior of the 

protein, however, some occur, usually in patches, on the surface of the molecule. 

Water is forced into contact with these outside groups and, in so doing, the water 

molecules become ordered. The addition of salts to the system causes the water 

molecules to leave the surface of the protein and solvate the salt ions so exposing 

the hydrophobic patches. These exposed patches interact with each other causing 

the protein to aggregate with a neighbouring protein, leading to precipitation if the 

aggregates are more dense than the surrounding solution. Therefore proteins with 

more surface hydrophobic regions precipitate at lower salt concentrations than 

those with less regions thereby causing a crude separation of proteins.

Although many salts may be used, some are better than others. Multi-charged 

anions appear to be the most effective, decreasing in the order phosphate > 

sulphate > acetate > chloride (Harris, 1990). Although phosphate is theoretically 

more effective than sulphate, in practice phosphate exists in solution at neutral pH, 

mainly as HP042' and H2P04‘ ions, rather than the more effective P043\  

Monovalent cations are the most effective, with NH ^ > K+ > Na+. Solubility is 

also an important consideration, since concentrations of several molar are required 

which excludes many potassium salts. The final consideration is the density of the 

resultant solution, since the differences between the density of aggregate and 

solution determines the ease with which the two can be separated by
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centrifugation.

In practice ammonium sulphate is the most commonly used salt, fulfilling all the 

above criteria and in addition being cheap. It is highly water soluble, a fully 

saturated solution being 4 molar with a density less than a protein aggregate in the 

same solution which therefore allows the protein aggregate to precipitate.

Ammonium sulphate concentration is usually quoted as percent saturation, 

assuming that the extract will dissolve the same amount of ammonium sulphate as 

pure water. To calculate the amount in grams (g) to be added to one litre of 

solution with a starting concentration of Si at 20°C for a desired concentration S2, 

the following formula may be used:

533( 2̂-^ )
S " 100-0.3S2

In general an ammonium sulphate cut is taken in order to remove those proteins 

that either have too few hydrophobic patches and hence remain in solution or have 

too many and precipitate at a much lower salt concentration than the protein of 

interest. It follows that the choice of appropriate concentrations for the cut will be 

a compromise between the yield and the degree of purification, a narrow cut 

resulting in a lower yield with a higher degree of purification. In this study two 

different concentrations were tried and the differences in terms of protein 

recovered and activity in the fractions determined. Catty and Raykundalia (1988) 

utilised a 33 % saturated solution as the upper cut off with no lower cut off as the
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initial step in purification of immunoglobulins. Harlow and Lane, (1988) 

recommended 50% as the upper limit with no cut off at lower levels for a similar 

purification. In both cases it was realised that little protein would precipitate below 

50% except globulins. In general precipitation has two principal uses. Firstly, as it 

is used here, for an initial fairly crude purification step, and secondly as a means 

of concentrating a diluted sample at later stages in the protocol.

8.1.2 Purification by affinity chromatography.

As discussed in chapter 1, antibodies carry out their functions through the binding 

activities of their active sites. These are able to interact, usually very specifically, 

with biomolecules or parts of biomolecules, called antigenic determinants and it is 

this property of antibodies that can be exploited in a technique termed affinity 

chromatography.

The operation of affinity chromatography involves the following steps and is 

explained in figure 57.

(a) Choice of an appropriate antigen (Ag).

(b) Immobilisation of the antigen onto a support matrix.

(c) Availability and interaction of the antigen with the antibody.

(d) Removal of non-specifically bound proteins (impurities).

(e) Elution of the antibody in a purified form.
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Im m obilise the antigen

Adsorb antibody

Impurities

Desorb bound antibody and remove impurities

| z 5 > +

Figure 57: A diagrammatic representation of affinity chromatography. The hatched area 
represents the immobilised support matrix.

Affinity chromatography, at its best, is the most powerful technique for antibody 

purification since its high selectivity can, in principle, allow purification of a 

mono-specific antibody of low abundance from a crude mixture of other antibodies 

and proteins at higher concentrations. Provided the affinity of the antigen for the 

antibody is high the technique also has the potential to concentrate the antibody 

from large volumes.

This chapter will describe the general protocols, followed by the development of 

methodology which resulted in the purification and high yields of an antibody 

against a-tocopherol.

8.1.3 Choice o f parameters.

1. Choice of antigen.

Several considerations must be made before a suitable antigen is chosen. The 

antigen needs to have a high degree of specificity for the antibody of interest. The



antigen chosen must be able to form a reversible complex with the antibody such 

that the antigen-antibody complex is resistant to wash buffers but is easily 

dissociated with elution buffer without causing denaturation of the antibody. The 

antigen should also be large enough so that it contains several groups able to 

interact with the antibody resulting in sufficient stereoselectivity and affinity. 

Finally, the antigen should contain a functional group which may be used for 

immobilisation onto the support matrix without affecting the binding characteristics 

of the antigen. BSA-trolox c was used in the present study as it seemed to fulfil 

most of the above criteria. It appeared to be specific for the anti-trolox c antibody, 

it is large and the BSA is able to bind several bio-active trolox c molecules, and 

has free amino groups available for binding to the support.

2. Choice of matrix.

The antigen is immobilised to a solid support or matrix via one or more covalent 

bonds. The effectiveness of the immobilised antigen in purification work seems to 

be markedly dependent on the structure of the matrix (Fowell and Chase, 1986). 

Thus the matrix needs to have a high degree of porosity so that large proteins can 

have unhindered access to the antigen. The matrix needs to be stable under all 

conditions to which it is likely to be exposed, has to be physically rigid to allow 

good flow properties, be able to withstand some degree of mechanical agitation 

and finally, it should be able to react with coupling antigens at high density and 

with a high degree of specificity. Comparative studies of matrices with model 

proteins (Angal and Dean, 1977) indicated that agarose was one of the better 

matrices and this was utilised in the present study.
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3. Choice o f  activation and coupling chemistry.

Several possible methods are available to bind antigen to the matrix and it is 

beyond the scope of this thesis to detail them all. However, for this study we were 

limited to those methods which could link a protein to the matrix. The most 

commonly used and the one used in the present study is cyanogen bromide 

(CNBr). This reacts with the hydroxyl groups of agarose and other polysaccharide 

matrices to produce a reactive support which can subsequently be combined with 

antigens containing primary amines (Kohn and Wilchek, 1982). It could, therefore, 

be used to link BSA-trolox c to the agarose support matrix via the free amino 

groups of the BSA.

The aim of this study was to separate those antibodies recognising trolox c from 

all other proteins in the anti-serum. In principle it could be possible to use one 

affinity column carrying the BSA-trolox c to separate anti-tocopherol antibodies, 

directly following ammonium sulphate precipitation. In practice, however

it seemed likely that an efficient separation would be achieved in two stages. Firstly, 

the isolation of immunoglobulins, and secondly the separation of those 

immunoglobulins recognising trolox c.

The first stage may be achieved simply by the use of a commercially available 

group specific antigen bound to a support matrix to separate immunoglobulins 

from the rest of the constituents. Protein A, isolated from Staphylococcus aureus, 

has been shown to bind specifically to the Fc portion of the IgG immunoglobulin
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from a wide variety of species (Kronvall et al. , 1970; Langone, 1978) and thus 

separate all of the IgG from serum. This antigen, bound to an agarose support was 

used in the present study to obtain immunoglobulins which were then applied 

directly onto a BSA-trolox c affinity column to obtain the antibody of interest.

8.2 Methodology.

8,2.1 Materials.

Rabbit antiserum

Ammonium sulphate - (Sigma Chemical Co. Ltd., Poole, Dorset)

Phosphate buffered saline, (PBS) as for previous chapters.

ELISA system based on BSA-trolox c as test antigen, see chapter 7.

Materials for Protein A chromatography:

Protein A - agarose (Sigma)

1M  Tris, pH 8. 

lOOmAf Tris, pH 8. 

lOmM Tris, pH 8.

1M  Tris, pH 9.0. 

lOOmAf Glycine, pH 3.
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Materials for BSA-trolox c affinity chromatography:

CNBr-Sepharose 4B (Sigma).

0.2MNaHCO3, pH 9.5.

O.lAf NaHC03, pH 9.5.

ImM HC1.

2Af ethanolamine in 0.5Af NaCl, pH 9 

0.5Af NaCl / O.lAf sodium acetate, pH 4.

0.5M NaCl / O.lAf NaHC03, pH 8.3.

Poly Prep Chromatography columns -Bio Rad Laboratories Ltd., Hemel 

Hempstead).

Materials for SDS-polyacrylamide gel electrophoresis:

Stock electrophoresis tank buffer:

0.2M Tris.

1.92Af Glycine.

SDS, 10 g.

This was made up to 1 L and the pH adjusted to 8.3 with HC1. The stock 

was diluted 1:10 for use.

Sample buffer:

1M  Tris-HCl pH 6.8, 20 ml.

20% SDS, 20 ml.

Glycerol, 5 ml.

0.04% Bromophenol blue, 5 ml.

Distilled water, 35 ml.
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Acrylamide stock:

Acrylamide, 30%.

Methylene-bis-acrylamide, 0.8%.

Ammonium persulphate (100 mg/ml).

N, N, N ’, A ’-tetramethylethylenediamine (TEMED).

Gel staining solution:

0.1% Coomassie blue R-250 in 40% methanol.

10% acetic acid was added just before use.

Gel destaining solution:

As above without the Coomassie blue.

Apparatus:

Mini-Slab system from Idea Scientific, Corvallis, USA.

8,2.2 Methods o f purification.

(i) Crude antibody preparation using ammonium sulphate precipitation.

The protocol outlined by Catty and Raykundalia, (1988) was followed throughout. 

Rabbit antiserum was mixed with saturated ammonium sulphate solutions at two 

different concentrations, (33% and 50%). The same protocol was followed for 

both concentrations and the proportion of antibody precipitated compared to that 

remaining in solution was determined by the ELISA method outlined in chapter 7. 

All manipulations were performed at 4°C.

1 ml of either 66% or 100% saturated ammonium sulphate solution was added to 1 

ml serum. This was incubated for 15 minutes before centrifugation at lOOOg for 15
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minutes. The supernatant was carefully removed ensuring all the precipitate 

remained in the glass tube. 33% or 50% ammonium sulphate solution was then 

mixed with the precipitate before a final spin again at lOOOg for 15 minutes. 

Having completely removed the supernatant the precipitate was redissolved in 0.2 

ml PBS. Dialysis of this solution against 100 volumes of PBS for two hours at 

4°C was required to remove residual ammonium sulphate. All fractions were then 

analysed for protein content by UV spectroscopy and for bioactivity by ELISA.

(ii) IgG preparation using protein A affinity chromatography.

250 mg protein A - agarose was swollen in an excess of lOOmAf tris buffer, pH 8 

for 15 minutes at 4°C. This yielded approximately 600 p\ gel which was poured 

into a polyprep column and then washed with lOOmAf tris buffer, pH 8. For this 

and all subsequent column chromatographic steps, including those run for BSA- 

trolox c affinity chromatography, buffers were allowed to pass through the gel 

matrix under gravity. The sample was then gently mixed on a roller with the gel 

for 30 minutes at 4°C. The sample was either 0.2 ml PBS containing the 

ammonium sulphate precipitated antibody or neat serum treated as follows: 50 pi 

of lAf tris buffer, pH 8 was added to 500 pi serum along with 500 pi PBS. The 

resultant solution was then mixed with the protein A gel.

Following incubation, the column was allowed to settle and drain. It was then 

washed consecutively with 1, 2, and then 3 ml lOOmAf tris buffer, pH 8, each 

being collected as one fraction. This was followed by 6 ml 10mM  tris buffer, pH 8 

again collected as a single fraction. The immunoglobulin solution was eluted with
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2 ml 100mAf glycine, pH 3 into a tube containing 100 /xl 1Af tris buffer, pH 9. All 

fractions were then analysed both for protein content by UV spectroscopy and for 

bioactivity by ELISA. The resultant immunoglobulin solution was treated in 

various ways before application onto the BSA-trolox c affinity column.

(iii) Purification o f trolox c specific antibodies using BSA-trolox c affinity 

chromatography.

1. Preparation of column.

The protocol of Hill et al., (1990) was followed throughout. Various amounts of 

antigen (as described in results), and prepared as in chapter 6, were diluted with 4 

ml O.lAf NaHC03, pH 9.5 to keep the free amino groups of the BSA in the NH2 

form and hence available for binding. 0.5 g CNBr-Sepharose 4B was swollen in 

10 ml ImAf HC1 for 15 minutes to stabilise the gel and then washed by filtration 

using a G10 sintered glass funnel with a total of 100 ml ImAf HC1, followed by 

2.5 ml 0.2Af NaHC03, pH 9.5 to raise the pH of the gel to one suitable for 

binding BSA to the matrix. This procedure was carried out carefully ensuring the 

gel did not dry out. All these steps were carried out at room temperature. The gel 

was then taken immediately, gently mixed on a roller with the antigen solution, 

and left mixing overnight at 4°C.

A polyprep column was poured with the resultant gel and rinsed with 2x5 ml 0. lAf 

NaHC03 pH 9.5. The column was then washed with 2 ml of 2Af ethanolamine in

0.5Af NaCl, pH 9, before resuspending the matrix in 4 ml 2Af ethanolamine in

0.5Af NaCl, pH 9 and mixing for 40 minutes at room temperature. This process of
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washing and mixing with ethanolamine was repeated 4 times to ensure that all 

remaining free coupling sites on the CNBr-agarose column had been blocked by 

the ethanolamine thereby preventing non-specific binding of antibody. The column 

was then rinsed with 5 ml 0.5M NaCl/0. \M  sodium acetate, pH 4 at 4°C to 

stabilise the gel followed by a wash with 5 ml 0.5M NaCl/O.lM NaHC03, pH 8.3 

to prepare it for antibody binding. It was finally rinsed with 5 ml distilled water 

and 2x5 ml PBS. All procedures except where stated were performed at 4°C. The 

final column was either stored at 4°C overnight or used immediately. The initial 

drain and the fractions following washing with sodium bicarbonate were retained 

for protein analysis. The amount of BSA-trolox c bound to the gel matrix was 

calculated by subtracting the amounts found in the drain and wash solutions from 

that applied to the column.

2. Purification protocol.

A modified protocol from several sources was utilised (Hill, et al. , 1990; Harlow 

and Lane, 1988; Arvieux and Williams, 1988). The immunoglobulin direct from 

the protein A column was gently mixed with the gel for 1 hour at 4°C. The 

column was then poured and rinsed with 1 ml followed by 2 and 5 ml fractions of 

PBS. All fractions were analysed for protein to determine the amount still bound 

to the gel. The antibody was then eluted with various agents as explained in the 

results. All fractions were assayed for protein content by UV spectroscopy and 

bioactivity was measured by ELISA.
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8.2,3 Assays.

(i) Protein estimation.

Protein concentrations were determined throughout by absorbance at 280 nm using 

the following approximations.

For serumio.80D was taken to represent 1 mg protein/ml (Harlow and Lane, 

1988). For the ammonium sulphate precipitated antibody 1 OD was taken to 

represent 1 mg protein/ml (mean absorbance obtained from pure 

immunoglobulin and whole serum). For antibody purified by protein A and BSA- 

trolox c affinity chromatography K5GD was taken to represent 1 mg protein/ml 

(Catty and Raykundalia, 1988).

It was realised that this was only an approximation but this approach was quick, 

requiring little or no wastage of sample.

(ii) Estimation o f bioactivity.

All assays for bioactivity were performed on the ELISA system described in the 

last chapter. Results are expressed as a percentage of the titre and protein content 

found in the initial antiserum to account for differences between rabbits.
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8,2.4 Determination o f purity o f the preparation using SDS-Polyacrylamide Gel 

Electrophoresis.

The method followed was a scaled down modification of a method used for the 

large 25x30 cm plates (Dark, 1986). The principles behind the buffer system were 

devised by Laemmli (1970) and based on the discontinuous buffer system of 

Omstein (1964) and Davis (1964) with the addition of 0.1% w/v SDS and using 

chloride and glycinate ions as the migrating species.

(i) Preparation o f gel.

Two minigel plates (10 cm by 10 cm) were sealed together with 3x3 mm wide 

1mm thick plastic spacers, leaving a 1 mm gap for the gel. 2% agar was used to 

seal the edges of the plates.

12.5% acrylamide was used as the running gel i.e. that part of the gel used to 

separate the different proteins according to a variation in their size. It was 

composed of 2.5 ml acrylamide stock solution 2.24 ml 1M Tris pH 8.8, 1.24 ml 

distilled water and 30 pi 20 % SDS. This was degassed with helium for 10 

minutes before addition of 20 p\ ammonium persulphate solution (100 mg/ml) and 

8 p\ TEMED. Both of which were used to initiate the polymerisation of 

acrylamide. The acrylamide solution was then pipetted immediately into the 

mould to fill three-quarters of the volume. On top of this was carefully layered 

sufficient distilled water to cover the gel thereby excluding air which would 

otherwise inhibit the polymerisation process of acrylamide to polyacrylamide.
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15 minutes later, when the acrylamide was completely polymerised, the stacking 

gel was pipetted on top. This contained a low concentration of acrylamide and was 

used to stack the proteins into a narrow band and thereby increasing the efficiency 

of the separation in the lower running gel. It was composed of 334 fx\ acrylamide 

stock solution, 250 /xl 1M Tris, pH 6.8, 1.4 ml distilled water and 10 jd 20%

SDS, mixed and degassed with helium for 10 minutes, followed by addition of 10 

/xl ammonium persulphate and 2 jil TEMED. Once the stacking gel was added, a 

well template for the wells was inserted into the top of the stacking gel. Again, 15 

minutes was allowed for the acrylamide to polymerise before the plates were fixed 

into the electrophoresis tank. The gaps between the upper and lower buffer 

chambers were sealed with 2 % agar to prevent mixing of buffers between the two 

chambers and electrophoresis buffer was added to both compartments in such a 

way that the electrodes were totally covered and the top of the plate was immersed 

in buffer. The bottom plate spacer and the well template were removed and any air 

bubbles surrounding the gel carefully dislodged. Samples were then prepared by 

diluting antibody solutions 1:1 with sample buffer such that the sample for 

injection (30 /d) contained a maximum of 10 /xg protein. The protein sample was 

then denatured by boiling for 2 minutes before addition of 5 jul 2-mercaptoethanol, 

followed by a further 2 minutes of boiling. After addition of samples to the wells 

the plate was electrophoresed at 100V, 20 mA for 10 minutes to allow the sample 

to enter the stacking gel, followed by a further 50 minutes until the tracking dye, 

bromophenol blue, i.e. the fastest moving component of the sample, had reached 

the bottom of the plate. The gel was then stained with 0.1% Coomassie blue in 

40% methanol, 10% acetic acid for 1 hour, and destained in 40% methanol, 10%
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acetic acid for 1 hour.

8.3 Results.

The results are presented in three principal sections; firstly separation of 

immunoglobulin from the rest of serum proteins using ammonium sulphate 

precipitation, secondly separation of immunoglobulin G from the immunoglobulin 

mixture, and lastly the separation of antibodies recognising tocopherol using BSA- 

trolox c affinity chromatography. The purity of these samples was assessed by 

SDS-PAGE which is presented at the end of the chapter. Studies to investigate the 

specificity of the resultant antibody will be presented in chapter 9.

For this and all the following studies, except where stated, 1 ml of serum was 

taken as the starting material and analysed both for total protein content and 

antibody titre. This was taken as 100% activity. All results were then expressed as 

a percentage of this titre. Correction factors to account for losses were applied 

where appropriate. A column showing specific activity is also presented whereby 

specific activity is defined as that titre expected in 1 mg protein of the test 

solution.

8.3,1 Crude antibody purification.

1 ml aliquots of serum from rabbit 3 boost 2 were taken and the optimal percent 

saturation of ammonium sulphate required to precipitate all the antibody
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determined. Both 33% and 50% saturation were tried. The results presented in 

table XXIII show 50% saturation to precipitate approximately 90% of the antibody 

whereas only 30% was precipitated when 33% ammonium sulphate was used. For 

all further studies 50% saturation was used.
Table XXQL Analysis of recovery both for protein and activity in each fraction of ammonium 
sulphate precipitation.
(a) 33% ammonium sulphate precipitation.

protein
(m g/m l)

recovery
(% )

titre in 
1 m l

% o f
serum

titre

Specific  
activity 
(titre!m g 
protein )

Serum 72.2 100 12000 100 166

Supernatant
1

40.0 55.4 4300 36 108

Supernatant
2

10.0 13.8 2260 18.8 226

PBS fraction 10.6 14.7 4000 33.3 377

Totals 60.6 83.9 10560 88.1 -

(b) 50% ammonium sulphate precipitation.

50%  (N H JJO +

protein
(m g/m l)

recovery
m

titre in 
1 m l

% o f
serum

titre

Specific activity 
(titre!m g 
protein)

Serum 72.0 100 12000 100 167

Supernatant
1

20.9 29.1 0 0 -

Supernatant
2

5.0 6.9 0 0 -

PBS fraction 35.0 48.8 10600 88 303

Totals 60.9 84.8 10600 88

8.3.2 Protein A affinity column.

Two different preparations were examined for percentage recovery both in terms 

of protein and bioactivity.
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(i) Immunoglobulin from ammonium sulphate precipitation.

The PBS fraction (0.2 ml) from the previous 50% ammonium sulphate 

precipitation was applied directly onto the protein A column after diluting to 1 ml 

with 750 jul PBS and 50 jul 1M Tris, pH 8.0.

Results (table XXIV) showed that the majority of the specific activity in terms of 

titre per mg protein was found in the glycine fraction with only 22% of the total 

activity being recovered in the 4 washes. However, the specific activity of the 

glycine fraction (733 titre units/mg protein) was more than double that of tKc 

starting material (?36).

Table XXIV: Preparation of an IgG fraction using protein A after precipitation with 50% 
ammonium sulphate. Note only 90%* of the protein from ammonium sulphate precipitation 
was applied to the column.

mg/ml
protein

Percentage 
recovery of protein 
relative to that put 

on column

titre in 
1 ml

Percentage 
recovery of 
bioactivity 
relative to 

serum titre.

Specific 
activity 
(titre/mg 
protein )

Protein from 
ammonium sulphate

35.0 100 10600 88 336

Drain from column 9.5 30.1 1200 10 126

1 ml wash, lOOmAf 
Tris, pH 8

4.8 15.4 840 7 175

2 ml wash, lOOmM 
Tris, pH 8

6.7 21 480 4 72

3 ml wash, lOOmAf 
Tris, pH 8

0 0 600 5 -

6 ml wash, lOmM 
Tris, pH 8

0 0 480 4 -

2.1 ml glycine, pH 3 17.6 55.3 12900 107.5 733

Totals 24.8 122 16500 138 -

* 10% retained for both protein and activity analysis.
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(ii) Serum applied directly to a protein A column.

An initial experiment was tried using 1 ml serum. However, this overloaded the 

column when 600 pi swollen protein A - agarose gel was used. Therefore 0.5 ml 

serum (from rabbit 1 boost 1) was diluted to 1 ml with 450 pi PBS and 50 pi 1M 

Tris, pH 8 and applied to the column. Results showed that all of the antibody 

activity and only 35 % of the protein was recovered in the glycine fraction. The 

antibody titre was however very low. This was expected since the serum was from 

rabbit 1 boost 1 which had previously been shown to have a titre of 1/3000. The 

titre here is half that found previously since only 0.5 ml serum was used.

Table XXV: Use of protein A affinity chromatography as the first purification step. 0.5 ml 
serum was diluted to 1 ml before application to the column. litres are expressed per ml.

Protein
(m g/m l)

Percentage 
recovery o f protein 

relative to  that 
applied to  column

titre Percentage 
recovery o f  

bioactivity relative 
to  serum titre

Specific 
activity 

(titrefm g 
protein)

Total applied 
to column

36 2 100 1622 100 45

Drain from 
column

Not
analysed

- - - -

1 ml wash, 100 
mil/ Tris, pH 8

8.9 243 0 0 -

2 ml wash, 100 
mM  Tris, pH 8

4.9 125 0 0 -

3 ml wash, 100 
mAf Tris, pH 8

1.4 3.7 0 0 -

6 ml wash, 10 
mAf Tris, pH 8

02 0.5 0 0 -

2.1 ml glycine, 
pH 3

12.7 34.8 2050 126 161

Totals 28.1 75.8 2050 126
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Since no activity was lost in any of the wash fractions it was assumed all of the 

immunoglobulin had been recovered. Therefore, for all subsequent preparations 

the ammonium sulphate precipitation step was omitted and protein A purification 

of immunoglobulin was used as the first step in the purification of the anti-trolox c 

antibody.

8.3.3 BSA-trolox c affinity purification.

i. Column preparation.

All columns were prepared the day before application of the sample. Before use 

the columns were analysed for antigen binding by determining the difference 

between the amount of protein applied to the column and that found in the drain 

and wash solution using UV spectrophotometry. All results are expressed in terms 

of the percentage bound. Results, illustrated in table XXVI, show 70-80% binding 

when BSA-trolox c is used as antigen, and|up to 10 mg protein coupled to 0.5g- 

Sepharose 4B.

Table XXVI: BSA-trolox c binding capacity.

Protein am ount used (mg) 
per 0.5mg CNBr Sepharose 4B

Percentage bound to column 
following activation

6 mg BSA-trolox c 69

8 mg BSA-trolox c 76

10 mg BSA-trolox c 80

For all studies it was decided to use 10 mg BSA-trolox c for the affinity columns.
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ii. Antibody binding capacity.

Before any work could be performed on purifying the anti-trolox c antibody its 

ability to bind to the affinity column had to be ascertained. This was examined by 

application of a known amount of protein A purified antiserum and the 

measurement of the amount of antibody actually bound to the column. Results 

revealed that starting with between 10-20 mg immunoglobulin, between 10-20% of 

the protein was bound to the column. This demonstrated that protein could be 

bound to the BSA-trolox c affinity column.

iii. Antibody elution.

The next stage was to elute the antibody. Many methods are available which can 

break the antigen-antibody bond. Only a few, however elute the antibody with 

little loss in activity of the protein. These depend on a number of properties of the 

antibody and rely on the principle that the antibody is bound to the column by one 

of a limited number of interactions. The first method tried was a decrease in ionic 

strength of the buffer which elutes those antibodies bound through hydrophobic 

interaction (Angal and Dean, 1990). The PBS washes were followed with distilled 

water and 1 ml fractions collected. No protein was eluted using this method.

This was followed by a change in pH. Both a decrease (using 100 mM glycine- 

HC1 pH 2.5) and an increase (using 50 mM  triethylamine, pH 11.5) were tried 

since in the vast majority of cases it is possible to elute the antibodies at either of 

these too extremes (Arvieux and Williams, 1988). Again 1 ml fractions were
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collected and the eluate analysed for absorbance at 280 nm. Only triethylamine 

(pH 11.5) seemed to elute the antibody (see below) and this was used for all future

studies.

For the following set of experiments to investigate affinity chromatography two 

different preparations were tried.

1. Antibody previously purified by ammonium sulphate followed by protein A 

chromatography.

The sample from the protein A column was applied onto the affinity 

column without pre-treatment.

Table XXVII: Percentage recovery of immunoglobulin as protein and bioactivity in the various 
fractions. Only 95%*‘ of the starting material was applied to the column.

Titre Percentage recovery 
o f bioactivity 

relative to  starting 
m aterial (serum)

Protein 
(mgfml)

Percentage 
recovery o f  

protein relative 
to  protein A  

colum n

Specific
activity

(titre/m g
protein)

Total in 
starting 
material

12900 100 17.7 100 729

Drain of 
sample from 
protein A 
column

790 6.1 63 37.7 125

1 ml wash with 
PBS

0 0 4.2 25.5 -

2 ml wash with 
PBS

0 0 3.8 22.8 -

5 ml wash with 
PBS

0 0 0 0 -

fraction 1 0 0 0 0 -

fraction 2 0 0 0 0 -

fraction 3 2400 18.5 1.4 83 1714

fraction 4 1030 8.0 03 2.0 3433

fraction 5 600 4.6 0.03 0.2 20000

Totals 4820 37.2
__A ___ 1--*i

16.03
■ r r n r

963
~l 5%  retained for protein and activity analysis '* 1 ml tractions triethylamine



Results table XXVII) show that BSA-trolox c affinity chromatography has purified 

the rabbit anti-trolox c antibody substantially, increasing the specific activity from 

approximately TOO to between Z000 and 3500 with a higher purity in the final 

fraction (20,000). Results also show that although little protein was lost during the 

procedure, activity in the ELISA system was reduced to less than 50% of the 

starting titre.

2. Protein A chromatography only.

Here the sample direct from a protein A column was applied to the affinity 

column. Results are shown in table XXVIII. Compared to the previous results 

using ammonium sulphate followed by protein A there is a greater yield of 

antibody in the triethylamine fractions (85% compared to 37% previously). This 

method was used for all future studies.

1 Table XXVIII: Percentage recovery from affinity column when the sample was previously purified by

Titre Percentage recovery o f  
bioactivity relative to starting 

m aterial

Protein 
(mg!ml)

Percentage recovery o f  
protein relative to  
protein A  colum n  ,

Specific 
activity 

(titre/m g  
protein)

Total from protein A 9500 
column

100 195 100 487

Drain of sample 
from protein A 
column

300 33 6.6 35 45

1 ml wash with PBS 0 0 5.2 28 -

2 ml wash with PBS 0 0 4 2 23 -

5 ml wash with PBS 0 0 03 2 -

1 ml triethylamine 
fraction 1

0 0 0 0 -

fraction 2 400 4.4 0.16 0.6 2500

fraction 3 4500 50.0 1.9 10.0 2368

fraction 4 2000 22.2 03 1.7 6667

fraction 5 450 5.0 0.09 05 5000

Totals 7650 85 18.75 101
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8.3.4 Assessment o f purity of the antibody preparation using SDS-PAGE.

SDS-PAGE was used to determine the purity of the immunoglobulin preparations 

in comparison to serum. The following wells were set up:

1. Standard proteins of molecular weight 150, 66, and 29 kd.

2. BSA-trolox c affinity purified antibody.

3. IgG standard.

4. Protein A purified antibody.

5. Ammonium sulphate purified antibody.

6. Serum.

7. Standard proteins as in well 1.

The results are presented below and demonstrate a pure immunoglobulin was 

generated after protein A chromatography.

•  I j

Track no: 1 2 3 4 5 6 7

Figure 58: SDS-PAGE gel to depict purification of anti-trolox c antibody.



8.4 Discussion.

50% ammonium sulphate was shown to yield 3 times more protein in the 

immunoglobulin fraction than 33% saturation. This was also shown to have 

approximately three times the activity when expressed as dilution titre per ml. 

There does not appear to be a significant difference between the two 

concentrations when results are expressed as specific activity (600 for 33% and 

500 for 50%) suggesting that the 50% ammonium sulphate increased the yield of 

antibody without altering the purity. Since this was not the only purification step 

the greater yield from 50% saturation was more acceptable.

Protein A chromatography was used to isolate IgG both directly from serum and 

after the ammonium sulphate preparation. When the ammonium sulphate 

preparation was used as the starting material approximately 50% of the protein 

eluted as immunoglobulin with the antibody dilution titre being similar to that of 

the ammonium sulphate precipitation and serum. When the ammonium sulphate 

precipitation step was removed recovery in terms of antibody dilution titre 

increased to 125%. If this is taken as a significant increase then it would appear 

that the ammonium sulphate precipitation step results in a loss in activity of the 

antibody. This may be due to the greater number of manipulations used when the 

ammonium sulphate precipitation procedure was followed compared to when it was 

not included. This usually results in some loss of both protein and activity, due 

possibly to time spent at room temperature (if any), and rough handling of the 

protein.

It is not known why there was such a large difference in antibody titre between the
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two BSA-trolox c affinity columns. It is however well known that antibody activity 

is quickly lost at extremes of pH (Arvieux and Williams, 1988). In this experiment 

the triethylamine fractions (pH 11.5) were allowed to elute directly into a solution 

of 1M tris pH 6 . 8  in an attempt to minimise this problem. However, the two 

solutions were not mixed until the 0.75 ml triethylamine fraction had completely 

eluted into the 1M tris. Therefore the antibody may have been left at pH 11.5 for 

a long enough period of time to cause some degree of inactivation. Following 

ammonium sulphate precipitation and protein A affinity purification was used. The 

BSA-trolox c column showed a loss of antibody activity from 108% to 34% of the 

starting activity. In addition to loss of activity through extremes of pH, this may 

be partially accounted for by protein losses on the column which, although small, 

(95 % protein was recovered from the column) may be largely due to the 

antibodies which have high affinity for trolox c, the antibody being too tightly 

bound to the column to be eluted by triethylamine. No evidence was however 

provided for this explanation. The second column gave a better recovery of 

activity showing a loss of activity of approximately 20%. This suggests that the 

decrease in the number of manipulation steps had resulted in a higher recovery. 

Both affinity columns led to greatly increased specific activities which ranged from 

A000 to 30,000 representing a purification of approximately 10 to 100 fold from 

serum.
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An attempt was made to determine the purity of the protein A and BSA-trolox 

c affinity purified antibody preparations. SDS-PAGE was used to distinguish 

between IgG and other serum proteins.

When IgG is subjected to 2-mercaptoethanol to break the disulphide bonds,

and both SDS and 100°C to denature the protein it dissociates into constituent

cU>\ and 1‘3^/portions of 50 and 25kd respectively. Thus, if a pure IgG

preparation had been prepared 2 bands would have been visualised on the 
heavy ckai*

SDS-PAGE gel. The /> portion would have migrated a similar distance to 

bovine serum albumin (66kd) which was used as the middle standard. The ckeu* 

portion would have migrated a similar distance to carbonic anhydrase (29kd) 

which was used as the furthest migrating standard.

The gel presented in figure 58 revealed results which at first sight were at odds 

with that expected, as described above. Three principle bands were seen in 

tracks 1 and 7 believed to represent the three standards of molecular weights 

150, 66 and 29 kd with the 150 kd standard migrating the least distance.

However, this did not agree with the bands obtained in tracks 2 to 6. Track 6 

contained rabbit serum and showed a single densely staining band along with 

several less dense bands. This is a typical distribution for serum proteins, the 

most dense band representingserum albumin. This suggests the major band in 

tracks 2, 3 and 4 would represent the 50 kd /  portion of the antibody. A faint 

band is also seen lower down the gel and this is believed to represent the J^kf 

portion of the antibody. No evidence was provided to confirm these results. 

However, one explanation for the apparent anomally between the distance
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I migrated by the standards and that by the serum proteins would be that the 

I molecular weight of the standards were incorrect

As a result of these investigations a sufficiently pure preparation with appropriate 

activity was available for localisation studies. The next step was to demonstrate 

that this antibody could recognise a-tocopherol in tissues without binding to any 

other molecules.
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Chapter 9

The characterisation of an antibody against

anti-trolox c.

9.1 Introduction.

9.2 Methodology and results.
9.2.1 Water soluble antigens.

(i) Preparation of test antigens.
(ii) ELISA technique.
(iii) Results.

(a) Purity of antibody preparation.
(b) Cross reaction of the antibdy against various BSA conjugates.
(c) Assessment of reactivity against free trolox c.

1. Optimisation of inhibition assay.
2. Alpha-trolox c inhibition standard curve.
3. Inhibition curve of alpha versus gamma trolox c.

9.2.2 Antigens incorporated within artificial and physiological membranes.
(i) Tocopherol incorporated into liposomes.

(a) Methods.
(b) Results.

(ii) Red blood cell membranes.
(a) Methods.

1. Measurement of tocopherol levels in red blood cell 
membranes.
2. Removal of oligosaccharide chains from cells.
3. Fluorescence-activated cell sorting (FACS) assay for 
antibody binding to tocopherol.

(b) Results.
1. Rat red blood cells.
2. Sheep red blood cells.

9.4 Discussion.



9.1 Introduction.

A polyclonal anti-trolox c antibody has been produced by in vivo immunisation, 

and the preceding chapters have described its production, the establishment and 

optimisation of an assay to measure its presence and its purification. This chapter 

is concerned with its characterisation in order to establish whether it is suitable for 

use in immuno-histochemical studies to localise the a-tocopherol in neurological 

tissues.

In order to characterise the antibody several aspects were investigated. The first 

was purity, where an assessment of the antiserum’s reactivity against the carrier 

protein, ovalbumin before and after purification was determined. The second was 

specificity, where its ability to recognise various compounds with similarities in 

structure to trolox c was assessed. Four different compounds were investigated as 

illustrated in figure 59. Trolox c as used throughout the rest of the project is 

renamed here as alpha trolox c to distinguish it from gamma trolox c in which the 

methyl group on C-5 of alpha trolox c is replaced by a single hydrogen. These two 

compounds were compared for an assessment of the specificity of the antibody.

The hydrocarbon tail of a-tocopherol can exist in free form as phytanic acid. Since 

this compound is not water soluble it was not possible to use it in the present 

ELISA system to test for any antibody activity against the hydrocarbon tail of 

tocopherol. As an alternative octanoic acid was chosen because it is soluble in 

water both in the free form and as a conjugate with BSA. Cholic acid was 

investigated to assess whether the antibody would distinguish between different
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Figure 59: Diagram to illustrate the four water soluble compounds used to test the specificity of 
the antibody.
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ring structures.

The final aspect studied was the ability of the antibody to recognise a-tocopherol 

within membranes. This was approached in two ways. Firstly, a modification of 

the ELISA system previously developed in chapter 7 was used to assess the 

availability of the molecule at the surface of membranes. In this study a- 

tocopherol was embedded into liposomes of varying phospholipid composition as a 

model system. Secondly, fluorescence activated cell sorting (FACS) was used as a 

more sensitive technique to detect tocopherol in the plasma membranes of red 

blood cells from vitamin E sufficient and deficient rats and from vitamin E 

sufficient sheep.
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9.2 Methodology and results.

Materials and methods were as for previous chapters, except for the modifications 

as outlined below.

Antigens tested were divided into two groups (i) water soluble antigens and (ii) 

antigens incorporated within artificial and physiological membranes.

9.2.1 Water soluble antigens.

(i) Preparation o f test antigens.

Antigens tested were as follows: Ovalbumin, BSA-cholate, BSA-octanoate, BSA- 

gamma trolox, (all three conjugates prepared as for BSA-alpha trolox c in chapter 

6 ), free alpha and gamma trolox c (kindly supplied by Hoffmann la Roche, Basle, 

Switzerland), and free cholic acid (Sigma). Concentrations and amounts used in 

assays were as described in the results section.

The number of gamma trolox c molecules bound per molecule of BSA was 

estimated as for alpha trolox c by heating to 100 °C in 6M HC1. As with alpha 

trolox c a bright orange colour developed which could be assayed by 

spectrophotometry at 406nm. Results showed approximately 20 molecules of 

gamma trolox c were bound to one of BSA. The number of cholic acid and 

octanoic acid molecules bound to one of protein were estimated using gas 

chromatography followed by mass spectrometry. Analyses were performed by Dr. 

Peter Clayton and Miss Catherine Bland for BSA-cholate and Dr. Simon Heales 

for BSA-octanoate (all from the Department of Child Health, Institute of Child
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Health). The results showed that for every molecule of BSA, 9 molecules of 

octanoate and 1 molecule of cholate were present.

(ii) ELISA technique.

Up until now a standard antibody capture assay had been used. A variation of this 

assay was used for some of the following studies. The assay, termed an antibody 

inhibition assay, involved the incubation of test antibody with free test antigen 

either a) before and during the assay or b) just during the assay. BSA-alpha-trolox 

c was used as the antigen bound to the solid phase throughout. If the test antigen 

free in solution is able to bind to the antibody combining site it will inhibit that 

antibody from binding to the BSA-alpha-trolox c on the plate. A decrease in 

absorbance measured was taken as an indication that the antigen free in solution 

recognised the antibody. This system was used firstly to confirm that the antibody 

did indeed recognise trolox c. Secondly, free cholic acid and octanoic acid were 

tried in the same system to confirm specificity of the antibody.

(iii) Results.

(a) Purity of antibody preparation.

The purity, expressed in terms of immunoglobulin in the preparation has already 

been assessed by SDS-PAGE (chapter 7). It was not known, however, whether the 

antibodies against the carrier protein (ovalbumin) had been removed following 

BSA-trolox c affinity chromatography. This was assessed by comparing ovalbumin 

and BSA-alpha-trolox c as test antigens bound onto the ELISA plate in the 

antibody capture assay as validated in chapter 7.
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Four representative dilution curves are illustrated in figure 60 (n=3). Antibody 

activity was measured as that dilution titre where the absorbance fell to 50% of the 

maximum. Activity against ovalbumin in serum was 1:12,800 and following 

affinity purification was 1:200 (figure 60). Hence, the majority of antibodies 

recognising ovalbumin had been removed. As a comparison, the titre against BSA- 

alpha-trolox c in serum was 1:25,600 whereas following affinity purification of the 

same antibody it was 1:1400. Although the difference in the antibody titre for the 

purified preparation against ovalbumin and alpha-trolox c was not that great (1 : 2 0 0  

versus 1:1400), when the purified antibody solution was diluted 1:1000 the 

absorbance at 492 nm due to BSA-alpha-trolox c was 1.00 whereas that due to 

ovalbumin was 0.050.

A b s o r b a n c e  (492  n m )
■ Activity against trolox in serum 
•  Activity against ovalbumin in serum 
□ Activity against trolox when purified
O Activity against ovalbumin when purified

2.5

1.5

0.5

10 100 1000 10000 100000 1000000 

S e r u m  d i l u t i o n  t i t r e  (log)

Figure 60: Comparison of ovalbumin and BSA-trolox c as test antigens using serum and affinity 
purified antibody.
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(b) Cross reaction o f  the antibody against various BSA conjugates.

In order to determine the specificity of the reaction against alpha trolox, the four 

compounds illustrated in figure 59 were bound onto BSA using the same method 

as described in chapter 6 . These compounds were then tested in the standard 

antibody capture assay as described in chapter 7 to determine whether the antibody 

would recognise them at serum dilutions from 1/100 to 1/200,000. The same 

concentration of test antigen was used as for previous assays i.e. 1 fig protein /ml. 

Representative results, illustrated graphically in figure 61, show no cross reaction 

against either BSA-cholate or BSA-octanoate, whereas a high degree of cross 

reactivity was seen against gamma trolox. The serum dilution titre of gamma 

trolox did, however, show a mean drop of 39% (n=3) from that of alpha trolox.

A bsorbance  (492 n m )

■  BSA—a lp h a  t r o lo x  

^  BSA—g a m m a  t r o lo x  

I | B S A -c h o la te  

o B S A -o c ta n o a te

0.8

0.6

0.4

0.2

10 100 1000 10000 100000 100000

S e r u m  d i lu t io n  (log)

Figure 61: Antibody capture assay to determine specificity of the antibody.
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(c) Assessment o f reactivity against free trolox c.

Up until this point the antibody’s reactivity against BSA-alpha-trolox c had been 

determined. The next stage was to determine whether this antibody recognised 

alpha-trolox c free in solution. This was assessed using the antibody inhibition 

assay.

1. Optimisation of the inhibition assay.

In order to optimise the assay, antiserum was serially diluted from 1:100 to 

1:204,800 using PBS-tween containing alpha-trolox c at 1 mg/ml as the diluent. 

This concentration was the highest possible i.e. a saturated solution of alpha-trolox 

c. The antibody capture assay was then performed and the influence of the free 

alpha-trolox c, assessed. The results are expressed (a) as absorbances for the two 

sets of data when trolox was and was not present in the diluent for antiserum, (b) 

as the difference between these two sets of data and (c) these results expressed as 

percentage inhibition. The results are shown in figure 62 and show that the 

maximum percentage inhibition was obtained with a dilution of antiserum of 

approximately 1:3000 and that this dilution also gave a high absorbance 

difference. A serum dilution of 1:3000 was therefore used throughout the rest of 

the studies.
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(a) Absorbance (492nm)
1.2

a e

10 1000 10000 100000 100000

(b) Difference

0.1

10000 100000 10000010 100 1000

% inhibition

40

80

10 100 1000 10000 100000 100000
Serum dilution

Figure 62: Inhibition of antibody binding to BSA-trolox c by free trolox c (1 mg/ml). Results 
expressed as (a) absolute absorbances (b) difference in OD (c) percentage inhibition.
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It might have been expected that such a high concentration of alpha-trolox c would 

lead to 1 0 0 % inhibition at all serum dilutions instead of the partial inhibition seen. 

It was possible, however,, that the BSA-alpha-trolox c is present at a higher local 

concentration than free alpha-trolox c. In order to overcome this the antibody was 

pre-incubated with free alpha-trolox c before incubation in the assay. Various pre

incubation time periods and temperatures were tried to optimise the percent 

inhibition.

Serum was diluted to 1:3000 throughout and pre-incubated at +4°C overnight, 

+22°C for 1 hour, and +37°C for 1 hour. The incubation buffer contained alpha- 

trolox c at lmg/ml diluted in PBS, PBS-tween or PBS-tween-blocking solution.

The results (a mean of 3 replicates) are shown in figure 63 as the difference in 

percentage inhibition between pre-incubation with alpha-trolox c and controls 

treated in the same way without free alpha-trolox c before incubation in the ELISA 

assay.

Pre-incubation with the various diluents tended to increase inhibition by 

approximately 10%. All the following studies therefore incorporated a period of 

pre-incubation using PBS as the diluent since addition of tween did not seem to 

have any effect and there seemed no advantage in the inclusion of casein into the 

diluent.
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Difference in % inhibition between test and control
2 0  -i

Diluents 1 = PBS 2 = PBS—tween 3 = PBS-tween—casein

Figure 63: The difference in percentage inhibition of the reactivity of anti-trolox c antibody against 
BSA-trolox c with and without pre-incubation with free trolox c using various diluents.

2. Alpha-trolox c inhibition standard curve.

The above studies have have shown that the anti-trolox c antibody is able to detect 

free trolox c at hi9 h concentrations of the analyte (lmg/ml i.e. 4.3/*moles/ml). In 

order to determine whether this assay could be used to detect a-tocopherol at 

levels present in cell membranes (approximately 4nmoles/ml) a standard curve for 

trolox c covering such a level (0-40nmoles/ml) was produced.
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Serum was pre-incubated with alpha-trolox c for 1 hour at room temperature using 

PBS as the diluent. Results (figure 64) demonstrate that the assay was able to 

detect alpha-trolox c down to 1 nmole/ml.

Percent inhibition
25

20

1.25 nm oles trolox

30 40 500 10 20
Trolox c (nm oles/m l)

Figure 64: Standard curve over the range 0-40 nmoles/ml for the antibody capture inhibition assay 
using trolox c to inhibit antibody binding.

3. Inhibition curve of alpha versus gamma trolox c.

The above study was repeated over a range of 25 nmoles/ml to 800 nmoles/ml 

alpha-trolox c and a comparison made with the reactivity against gamma trolox c.

Results are illustrated in figure 65 and show that the antibody did seem to 

recognise alpha trolox c with greater avidity than gamma trolox c i.e.
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200nmoles/ml of 7 -trolox c gave the same percent inhibition as 40nmoles/ml of a- 

trolox c. This confirms the results obtained when BSA-gamma-trolox c was 

compared against BSA-alpha-trolox c as test antigens bound to the ELISA plate in 

the standard antibody capture asssay (figure 61).

Percentage in h ib ition
35

30

25

20

15

10

5

0
100010 100

Trolox c (n m o le s /m l)
■  alpha trolox #  gam m a trolox

Figure 65: Standard curve (n=4) for the inhibition assay to compare alpha-trolox c with gamma-trolox 
c as test antigens.

9.2.2 Antigens incorporated within artificial and physiological membranes.

(i) Tocopherol incorporated into liposomes.

Having shown that the antibody can recognise free trolox c in solution, the ELISA 

inhibition assay was performed as for the last section but free trolox c was 

replaced with liposomes containing a-tocopherol as characterised in chapter 2 .
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(a) Methods.

For all these studies liposomes were prepared carrying firstly only cholesterol, at a 

ratio of 1 :1  (cholesterol to phospholipid) as a control and secondly carrying both 

cholesterol and tocopherol at a ratio of 1 :1 : 1  tocopherol to cholesterol to 

phospholipid. 2 /*moles of each were combined and the lipid dispersed to form 

liposomes using vortex mixing as described in chapter 2. The liposome suspension 

was diluted with PBS to 1ml and the resultant suspension pre-incubated with 

antiserum at three different temperatures (+4, +22, +37°C) as for the previous 

inhibition ELISA assays with trolox c.

(b) Results.

For the first study di-myristoyl phosphatidylcholine was chosen as the carrier 

phospholipid. The results are expressed as percentage inhibition

This study also showed that pre-incubation at 4°C of liposomes with antiserum 

was optimal in allowing binding of the antibody to tocopherol in liposomes.
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% Inhibition
16 -|

14 -

12 -

10 -

N.D. N.D.
Tocopherol Cholesterol

4*C
Tocopherol Cholesterol

22°C
Tocopherol Cholesterol

37°C

Figure 6 6 : Histogram to illustrate the detection of tocopherol in DMPC liposomes.
N.D. =not detected. Error bars are for 1 SD n = 8 .

The next study set out to determine whether the phospholipid chosen for the 

liposome preparation had any effect on the amount of tocopherol detected. Three 

different phospholipid systems were tried; di-myristoyl phosphatidylcholine, (a 14 

carbon fully saturated fatty acid) di-arachidonyl phosphatidylcholine, (a 2 0  carbon 

poly-unsaturated fatty acid), and a relatively crude preparation of egg lecithin, (a 

mixture of saturated and poly-unsaturated fatty acids). As for the previous study 2 

/nmoles of cholesterol, tocopherol and phospholipid were used throughout. All 

preparations were pre-incubated at both +4 and +37°C.

The results, comparing liposomes with and without tocopherol, three phospholipid 

systems, at two temperatures are illustrated in figure 67. They show that a pre

incubation temperature of +4°C appeared to yield the greatest difference between
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tocopherol and cholesterol liposomes and that di-myristoyl-phosphatidylcholine 

seemed to be the best phospholipid preparation for optimal detection of tocopherol.

% Inhibition
25

2 0

1 0

N> N t> ^  P

23 32I 1 1

T o c o p h e r o l  + c h o l e s t e r o l  C h o l e s t e r o l  o n ly
ISM  +4'C WM +37*C 

1 D i-m y r y sto y l 2 D i-a r ich id o n y l 3 Egg le c ith in

Figure 67: Effect of a variation of phospholipid and pre-incubation temperature on tocopherol 
detection in liposome membranes + /- tocopherol. N.D. = not detected. Error bars show 1SD 
n = 8 .

(ii) Red blood cell membranes.

The above results using liposomes seemed to show that at best only approximately

0.5% of the total amount of tocopherol present in artificial membranes could be 

detected by this antibody. The next section describes a study undertaken to assess 

whether this amount is sufficient for detection of tocopherol in physiological 

membranes. The method of fluorescence activated cell sorting (FACS) was used to 

detect tocopherol in red blood cell membranes. Guidance and advice on 

methodology and analysis of results was kindly given by Dr. G. Morgan of the
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Department of Immunology, Institute of Child Health.

(a) Methods used.

Sheep red blood cells were obtained from Tissue Culture Services Ltd., Claydon, 

Buckinghamshire. These were stored (for a maximum period of 1 month) prior to 

use in sterile PBS at +4°C. Rat red blood cells were obtained by collecting blood 

from rats in EDTA and washing three times in sterile PBS. These cells were 

stored in PBS at +4°C.

1. Measurement of tocopherol levels in red blood cell membranes.

Tocopherol concentrations in these cells were measured by HPLC/fluorimetry 

using the method outlined in chapter 2 .

2. Removal of oligosaccharide chains from cells.

Mammalian cells tend to be coated with substantial amounts of oligosaccharide 

chains and it was thought that these might interfere with antibody binding to 

tocopherol in membranes. Two methods were tried to remove the sugar residues. 

The first used neuraminidase to break the sialic acid bond, and the second used 2- 

amino-ethylisothiouronium bromide hydrobromide (AET) to remove the sugars.

a) Neuraminidase treatment.

The method was that used in the Department of Immunology (personal 

communication, Dr. G. Morgan). Defibrinated red blood cells were washed three 

times in PBS by adding 1 ml EDTA blood, to 4 ml PBS and centrifuging at 2600
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rpm for 20 minutes. The pellet obtained following the third wash was resuspended 

in DMEM tissue culture medium containing neuraminidase to a final concentration 

of 0.1 IU/ml. The suspension was incubated with the enzyme for 30 minutes at 

37°C before pelleting by centrifugation and washing five times in PBS. Red blood 

cells were finally suspended at a concentration of 5 % in DMEM.

b) Treatment with 2-Amino-ethylisothiouronium bromide hydrobromide (AET).

The method of Kaplan and Clark (1974) was used to remove the sugar coat using 

AET (Sigma). Defibrinated red blood cells were washed by taking 1ml blood and 

adding 9ml PBS. The cell suspension was centrifuged for 10 minutes at 2000 rpm. 

The supernatant was discarded and the pellet resuspended in 10ml PBS. The pellet 

was washed twice more before a final incubation at 37 °C for 15 minutes of the 

cells 1:4 v/v with AET (dissolved in water, pH 9.0) to give a final concentration 

of AET of 8  mg/ml. The cells were washed five times in PBS and resuspended in 

DMEM to a final concentration of 5% v/v and stored at 4°C.

3. Fluorescence-activated cell sorting (FACS) assay for antibody binding to 

tocopherol.

Two approaches were tried and are outlined below in figure 6 8 . The first method 

utilised fluorescein isothiocyanate (FITC)-labelled goat anti-rabbit antibody 

(Sigma) to visualise any rabbit anti-trolox c antibodies that were able to bind to 

tocopherol in membranes. The second method utilised biotin-labelled goat anti

rabbit antibody (Sigma) as the second antibody. This was visualised using 

phycoerythrin conjugated to avidin (Pierce). This latter procedure is more sensitive
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than the FITC-labelled antibody since several biotin molecules are conjugated to 

the second antibody each of which may be recognised by a single avidin molecule 

carrying several phycoerythrin molecules. This therefore allows amplification of 

the response over that due to FITC-labelled antibodies as shown in the figure. The 

figure only shows one molecule of biotin attached to the second antibody. In 

practise more than 5 are usually found.

The method followed was modified from Callard et al., (1987). 20/ri of a 5% 

suspension of red blood cells (untreated or treated with either neuraminidase or 

AET) were incubated for 30 minutes at 4°C with various dilutions of affinity- 

purified anti-trolox c antibody made up to a total volume of 2 0 0 ^ 1  and incubated in 

LP3 plastic tubes (capacity 3ml) (Flow laboratories). The cells were then washed 

three times in PBS (10 minutes centrifugation at 2600 rpm to pellet cells following 

each wash) before incubation for 30 minutes on ice with varying dilutions of the 

goat anti-rabbit affinity purified IgG. The cells were again washed three times 

before either final resuspension in PBS for FITC labelled anti-rabbit antibody or 

incubation for 30 minutes on ice with varying dilutions of phycoerythrin bound to 

avidin (lmg/ml diluted 1:50 to 1:200 in PBS) before washing three times with 

PBS. Analysis was then performed on a Becton Dickinson FACS using a laser 

(153mW) as the light source. Results for the amount of both forward and side 

scattered light due to the cells disrupting the laser light path were analysed to 

determine the quality of the preparation (i.e. the amount of whole red blood cells 

compared to haemolysed or abnormal cells). Results for the amount of 

fluorescence emitted by the cell populations were analysed at either 520nm for
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Figure 68: The difference between FITC-labelled anti-IgG and biotin-labelled anti-IgG. Avidin has 
several fluorochrome molecules attached leading to an amplified response.
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fluorescein or 574nm for phycoerythrin.

(b) Results.

1. Rat red blood cells.

Rat red blood cells from vitamin E deficient and control rats were assayed using 

the FITC-labelled antibody at dilutions for both the anti-trolox c antibody and the 

FITC-labelled antibody of 1:10, 1:100 and 1:1000. Analysis by FACS could find 

no significant difference between unimmunised and immunised serum. The 

background fluorescence using this system was, however, high. Strong red and 

green auto-fluorescence was seen with all preparations but appeared to be more 

enhanced in the vitamin E deficient red cells. This therefore meant that red blood 

cells from rats could not be used in the present system, since any fluorescence due 

to anti-trolox c antibody binding to tocopherol would be overwhelmed by the auto

fluorescence.

2. Sheep red blood cells.

Using the same antibody dilutions as above and the FITC-labelled antibody there 

was no background red or green auto-fluorescence and therefore all further studies 

were carried out on sheep red blood cells.

Before further FACS work was carried out, the amount of tocopherol in these red 

blood cells was determined by HPLC/fluorimetry. Results (n=2) showed that 

there were differences in the amount of tocopherol present in red blood cell 

membranes between those that were untreated and those that were treated with
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either neuraminidase or AET (4nmoles/ml packed cells for untreated, 3nmoles/ml 

for AET treated and 2nmoles/ml for neuraminidase treated).

The cells were then analysed using FACS. At low dilutions of antiserum (1:10) 

and anti-rabbit antibody, non-specific binding was high. This disappeared at 1:100 

dilution and therefore all further assays were performed at this dilution. For the 

avidin-phycoerythrin system a 1:50 dilution gave high non-specific binding which 

disappeared at a 1:100 dilution, which was used for all subsequent assays. At these 

dilutions no difference could be found between immunised and unimmunised 

serum in any of the preparations (untreated, neuraminidase or AET treated cells) 

using either the FITC-labelled antibody or the phycoerythrin-avidin-biotin labelled 

antibody.

The results are shown below and are representative of those obtained throughout 

this study although they do not show the auto-fluorescence seen with rat red blood 

cells.

During this study the results were firstly analysed for the quality of the preparation 

to determine whether the population of cells was largely red blood cells and 

whether they were whole and undamaged. The results are presented in figure 69 as 

both dot plots (i.e. 1 dot per cell) and as a distribution and are for red blood cells 

incubated with immunised serum and treated with neuraminidase and is 

representative of all other preparations. In these and all following results 5000 

cells were analysed and 2 0 0  dots were displayed to depict the region where the
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majority of the population lay. The first figure (a) is a plot of the side scattered 

light against the forward scattered light i.e the alteration in the laser beam as each 

cell passes through the beam, the larger the deviation or degree of light scatter the 

larger the particle. A tight collection of dots indicated a preparation consisting of a 

homogenous population of cells. The scatter confirms that the majority of cells 

were whole and undamaged and were red blood cells (Dr. G. Morgan, personal 

communication). The second figure (b) is a plot of percent abundance against the 

amount of forward scattered light for cells incubated with either immunised or 

unimmunised serum. No difference was seen between either population of cells 

and the results were indicative of both being a homogeneous population with 

similar characteristics. Although the populations shown are those treated with 

neuraminidase no difference was seen between any of the populations; treatment 

with either neuraminidase or AET did not seem to have any effect on the quality 

of the preparations.
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(a) Dot plot for cells incubated with immunised serum and treated with 
neuraminidase. 200 dots are shown. These represent the region where the 

majority of the 5000 cells analysed were located.
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(b) 5000 cells in each population were analysed. Both preparations were 
treated with neuraminidase.

Figure 69: Analysis of population of cells using FACS.
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The cells were also analysed for fluorescence to determine whether any of the cells 

were labelled with the fluorochrome i.e. contained tocopherol available for binding 

to the anti-trolox c antibody. Representative results for cells treated with 

neuraminidase and incubated with immunised serum are shown in figure 70. The 

first is a dot plot of fluorescence intensity at 520nm against fluorescence intensity 

at 574nm; these being the maximum emission wavelengths for fluorescein and 

phycoerythrin respectively. The plot shown was obtained from cells incubated with 

the avidin-biotin system and therefore this was analysed for excess fluorescence 

intensity at 574nm due to phycoerythrin. This shows that there is little difference 

between fluorescence intensity at 520nm and 574nm i.e. the fluorescence due to 

phycoerythrin is at background level. The results for cells treated with AET and 

untreated cells as well as those labelled with fluorescein were similar. The second 

plot is of percentage abundance against fluorescence intensity at 520nm. For both 

immunised serum and unimmunised serum. No significant difference could be 

found between either population suggesting that antibody-binding to tocopherol 

could not be detected using this system.
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(a) Dot plot for cells incubated with immunised serum and treated with 
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majority of the 5000 cells analysed were located.
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(b) 5000 cells in each population were analysed. Both preparations were 
treated with neuraminidase.

Figure 70: Analysis of fluorescence.
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9.3 Discussion.

Characterisation studies of the anti-trolox c antibody showed firstly that it was 

sufficiently pure following affinity chromatography to be distinguished from 

any reactivity against ovalbumin. This therefore showed that the majority of 

antibodies recognising ovalbumin had been removed by affinity 

chromatography, but it did not reveal anything about the specificity of the 

antibodies recognising trolox c. Studies investigating specificity showed the 

polyclonal antibody to have no reactivity against either octanoate or cholate. 

The antibody did however show a high reactivity against gamma-trolox c 

suggesting that a significant proportion of antibody activity was against carbon 

positions 1, 8 , 7, and 6  on the chromanol ring (see figure 59). Since a- 

tocopherol represents approximately 90% of all tocopherols in human tissues 

(Bieri and Prival, 1965) it does not seem necessary to be able to distinguish 

between these two specificities.

The antibody inhibition study provided evidence that the antibody was able to 

recognise trolox c and not just trolox c bound to protein with a sensitivity 

down to 1 nmole/ml. It did seem surprising that such high levels of trolox c (1 

mg/ml) were needed to decrease binding of the antibody to BSA-trolox c by 

70%. This could mean that the polyclonal antibody had a greater affinity for 

trolox c linked to a protein. A period of pre-incubation was tried in order to 

overcome this problem. The time and temperature of pre-incubation and the 

diluent for trolox c and the antiserum were varied in order to optimise the
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degree of inhibition. The results indicated that in general pre-incubation of 

antiserum with trolox c before assay did increase the inhibition of binding to 

BSA-trolox c bound onto the ELISA plate by approximately 10%. Variation of 

the buffer used as diluent showed that PBS alone gave the highest inhibition.

It seems likely that the addition of tween into the diluent led to decreased 

binding of trolox c to the anti-trolox c antibody due to its detergent properties.

The fact that very high levels of trolox c (lmg/ml or 4|imoles/ml) only 

decreased binding of the antibody to BSA-trolox c by 70% could be explained 

if the polyclonal antibody had a greater avidity for trolox c linked to a protein 

(i.e. on the ELISA plate) than for free trolox c. This would be compatible with 

the results illustrated in figures 64 and 65. Figure 64 is a standard curve for 

the detection of trolox c ranging from 0 to 40 nmoles/ml and shows a sharp 

rise to 15% inhibition at approximately 7 nmoles/ml. Thereafter there is a 

shallow rise to approximately 2 0 % inhibition at the maximum concentration 

tested of 40 nmoles/ml. A simi lar gentle increase in inhibition was seen in 

figure 65. These results could be explained if only a relatively small proportion 

of the total antibody activity was directed specifically against the free trolox c 

with the remainder being directed for example against the bridging region 

linking the trolox c and the protein. This postulate could be confirmed by 

producing a different trolox c - carrier conjugate. If this was then used as the 

test antigen on the ELISA plate, it would overcome the "bridge recognition" 

effect.
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The antibody inhibition assay was also ^sed to detect tocopherol in model 

membranes (liposomes) and evidence has been provided which shows that the 

vitamin can be detected in this way. The amount detected seemed to vary 

depending both on temperature of pre-incubation (4 °C being optimal) and on 

the type of phospholipid used in the liposome (di-myristoyl phosphatidyl

choline being the best carrier). It is not known why 4°C produced the best 

results, indeed one might have expected that 37°C would make the tocopherol
' ' I

more mobile within the membranes and therefore more available. One 

possibility may be that the decrease in mobility of both phospholipid and 

hapten increased availability of the hapten at the surface. The variation in 

amount of tocopherol detected between the three different phospholipid 

preparations may be explained by the variation in chain length of the fatty acid 

of the constituent phospholipid. 1 2 % inhibition was seen in the di-arachidonyl 

phospholipid preparation whereas 2 0 % inhibition was detected in the di- 

myristoyl phosphatidylcholine preparation. Myrystic acid is a 14 carbon
,i ■! ■

saturated fatty acid, whereas arachidonic acid is a 2 0  carbon polyunsaturated 

fatty acid and has, therefore, a longer chain length. The hydrocarbon tail of 

tocopherol is hydrophobic i.e. will be found buried in the hydrophobic domain 

of the membrane. This would tend to pull the smaller hydrophilic part of the 

molecule (the chromanol ring) towards the hydrophobic domain. If the fatty 

acid region is longer, as is the case with the arachidonyl compared to myristoyl 

containing liposomes it seems more likely that a greater proportion of the 

tocopherol would be found in this hydrophobic domain. This may also explain 

the lower results obtained with the egg lecithin preparation which contained a
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mixture of phospholipids of varying chain length. The results might also be 

influenced artefactually by the presence of other antibodies such as an 

antibody to the trolox - protein bridge discussed above.

Analysis of the tocopherol content in normal sheep red blood cells by 

HPLC/fluorimetry showed there to be a concentration of approximately 4 

nmoles/ml. This compares favourably with the results of Yukawa et al., (1987) 

who showed human red blood cells to contain approximately 160-170 pg/ml 

(3.7-3.9 nmoles/ml). This level of tocopherol is approximately 500 times 

smaller than that used in liposome studies, and therefore the inhibition assay 

may not have been sufficiently sensitive to detect the tocopherol in the red 

blood cells. Another factor that might prevent detection of tocopherol in 

physiological membranes was the presence of complex oligosaccharide chains 

bound onto the surface of plasma-membranes due to steric hindrance. In order 

to overcome this the cells were treated with either neuraminidase or AET to 

remove these sugars. Analysis of total tocopherol in these cells showed there 

was a reduction in tocopherol levels compared to control untreated cells (3 

and 2 nmoles/ml treated with AET and neuraminidase respectively). It is 

probable therefore that neuraminidase and AET treatment removes some 

tocopherol from the cells.

The technique of flow cytometry was used in an attempt to see whether these 

low levels of tocopherol in physiological cells could be detected by the anti- 

trolox c antibody. Two assays were tried, the first incorporating fluorescein
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system to amplify any signal, with phycoerythrin as the t i u orescent laoei. j d u i u  

assays failed to detect tocopherol. Several reasons may explain these results. 

Firstly treatment of the cells to remove sugars may have removed the more 

readily available tocopherol molecules. Secondly the assay may not have been 

sensitive enough to detect tocopherol in the plasma-membranes which seems 

unlikely since levels down to pmolar amounts have been reported using the 

avidin-biotin system (Catty and Raykundalia, 1988). Thirdly the presence of 

other antibodies such as an antibody to the trolox - protein link may also have 

influenced the results. Another possibility may be that either residual sugars or 

membrane bound proteins not removed by treatment with neuraminidase or 

AET were preventing access to the tocopherol. If this were the case it may be 

possible for the Fab fragment of the antibody which contains the binding site 

for the antibody to access the antigen. Alternatively the problem may lie with 

the antibody preparation. If only a small portion of the tocopherol molecule 

was exposed to the aqueous medium little would be available for binding to an 

antibody. The antibody produced in this study was polyclonal, and is likely to 

react against all portions of the molecule. Thus it is likely that only a small 

proportion of the total activity of the antibody would be directed against the 

portion of the tocopherol molecule exposed to the aqueous environment and 

available to the antibody. This might be overcome by increasing the proportion 

of total antibody activity against for example carbon positions 6  and 7 on the 

chromanol ring (see figure 59). This could be achieved by selecting a 

monoclonal antibody against this portion.

The results to date do show that it is possible to detect a-tocopherol in 

artificial membranes but further work is necessary to determine whether this

antibody is capable of detecting tocopherol in physiological membranes.
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Chapter 10

Final Discussion.



This thesis has been concerned with producing and characterising an antibody 

that would recognise a-tocopherol and detect its location in membranes. The
v ,  > . *

ultimate aim haSahvays been to prpd^gjp a tool that would be suitable to 

visualise a-tocopherol in neurological membranes in attempt to answer such 

questions as whether tocopherol is present as clusters or whether it is evenly 

distributed over the membrane. This aim has not been accomplished. An 

antibody has, however, been produced and characterised which recognises a- 

tocopherol.

| Two approaches at antibody production were tried. The study using liposomes 

as carriers was unsuccessful in producing an antibody against a-tocopherol. 

Several explanations for this lack of success are possible including the 

following. The ELISA used for this study may not have been appropriate. In

vitamin to be available for interaction with the antibody. A  more reliable 

indicator of the outcome of the application of this model may have been 

gained if the BSA-trolox c based ELISA described in chapter 7 had been used 

to detect any antibody. Another possible reason for no success is the liposome 

system may not have been a good enough vehicle to allow sufficient levels of 

tocopherol to be available for interaction with the immune system.

particular vitamin E, as the test antigen, was evaporated onto the surface of 

the solid phase and this may not have allowed the chromanol ring of the |
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The protein conjugate of ovalbumin bound to trolox c did produce a good

antibody with a high titre which was shown to recognise, trolox c and a -
I

tocopherol. Using the inhibition assay trolox c could be detected down to 1 1 

nmole/ml. The assay was also used to detect a-tocopherol in artificial 

m em branes i.e. liposomes. The levels tested were however 500 times greater 

than that present in physiological membranes. Attempts to detect tocopherol 

in physiological membranes using the sensitive technique of fluorescfenij 

activated cell sorting proved unsuccessful, even when the complex — 

oligosaccharides were removed from the surface of the membrane.

It w as suggested in chapter 9 that a significant portion of the antibody activity 

might have been recognising the link between trolox c and protein rather than 

the trolox c itself. Since the same CO-NH link was used for the immunogen 

(ovalbumin-trolox c), and the test antigen (BSA-trolox c) and during affinity 

purification (which used BSA-trolox c), the final test assays could not 

distinguish between recognition of epitopes containing the CO-NH link and 

free trolox c. This problem could be overcome by producing a different trolox 

c carrier conjugate and using this as the antigen in the ELISA assay: Such an 

approach might be expected to increase the sensitivity and specificity of the 

assay by remving non specific interference and may allow tocopherol to be 

detected and quantitated in physiological membranes. Such a conjugate could 

also be  Used in the affinity chromatography step of antibody purificiation to 

separate any antibodies recognising the CO-NH trolox-protein bridge.
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The present FACS study investigated red blood cells as the only source of

physiological membranes. It is not M own whether all cell membranes have the
i f * - -  r  T*; i

same percentage of a-tocopherol available for antibody binding. Since different 

mem branes have different amounts of tocopherol and are composed of 

| different types of phospholipid it is possible that one type of cell membrane 

may be more suitable than another for a-tocopherol detection by antibody 

binding.

In conclusion an antibody has been produced which can recognise a- 

tocopherol. Whether the antibody is able to detect a-tocopherol in membranes 

or whether the a-tocopherol is buried too deep in the membrane for an 

antibody to bind remains to be clarified.
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APPENDICES

Appendix 1: Raw data fo r  three immunoassays performed on separate plates 
using the a-tocopherol ELISA, to determine repoducibility,

Table I: Absorbances at 492nm. I = Immunised, U = Unimmunised.

Serum
dilution

Assay 1 Assay 2 Assay 3

I U I U I U

1 :1 0.507 0 . 2 1 2 0.542 0.257 0.597 0.140

1 : 2 0.616 0.338 0.466 0 . 2 1 2 0.682 0.126

1:4 0.705 0.280 0.458 0.292 0.608 0.172

1 :8 0.451 0.274 0.391 0.164 0.246 0.129

1:16 0.316 0.227 0.338 0.325 0.127 0.087

1:32 0.252 0.146 0.232 0.229 0.072 0.083

1:64 0.158 0.071 0.119 0.177 0.037 0.056

1:128 0.114 0.065 0.106 0.111 0.028 0.046

1:256 0.083 0.054 0.064 0 . 1 1 2 0.018 0.024

1:512 0.070 0.072 0.147 0.158 0 . 0 1 2 0.030

e II: Mean absorbances. CV = coefficient of variation.

Serum dilution Mean I CV (%) I Mean U CV U

1 :1 0.549 8 0.203 29

1 : 2 0.588 19 0.225 47

1:4 0.590 2 1 0.248 27

1 : 8 0.363 29 0.189 40

1:16 0.260 44 0.213 56

1:32 0.185 53 0.153 48

1:64 0.105 59 0 . 1 0 1 65

1:128 0.083 57 0.074 45

1:256 0.055 61 0.063 71

1:512 0.076 89 0.086 75
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Appendix 2: Raw data fo r  three immunoassays performed on the same plate 
using the cholesterol ELISA, to determine repoducibility.

Table I: Absorbances at 492nm. I = Immunised, U = Unimmunised.

Serum
dilution

Assay 1 Assay 2 Assay 3

I I I U

1 : 1 0 0.613 0.876 0.757 0.401

1 : 2 0 0.449 0.603 0.659 0.315

1:40 0.403 0.594 0.499 0.213

1:80 0.247 0.443 0.374 0.170

1:160 0.203 0.298 0.243 0.168

1:320 0.103 0.159 0.264 0.125

1:640 0.199 0.191 0.172 0.143

1:1280 0.109 0.197 0.182 0.099

1:2560 0.080 0.134 0.089 0.051

1:5120 0.139 0.080 0.090 0.091

Table II: Mean absorbances. CV = coefficient of variation.

Serum dilution Mean I CV (%) I

1 : 1 0 0.749 18

1 : 2 0 0.570 19

1:40 0.499 19

1:80 0.355 28

1:160 0.248 19

1:320 0.175 47

1:640 0.187 7

1:1280 0.163 29

1:2560 0 . 1 0 1 29

1:5120 0.103 31
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Appendix 3. Results fo r  the optimisation o f peroxidase conjugate dilution fo r  
protein-based ELISA (see chapter 7 fo r  details).

Plate 1: No serum used.

Row Column

1 2 3 4 5 6 7 8 9 10 11 12

A 0.071 0.068 0.074 0.067 0.063 0.062 0.067 0.066 0.067 0.061 0.063 0.064

B 0.059 0.051 0.053 0.059 0.059 0.058 0.057 0.054 0.060 0.052 0.054 0.058

C 0.058 0.058 0.057 0.058 0.056 0.050 0.051 0.053 0.056 0.053 0.054 0.083

D 0.049 0.051 0.046 0.048 0.048 0.049 0.054 0.052 0.048 0.050 0.056 0.047

E 0.053 0.049 0.048 0.047 0.048 0.046 0.044 0.047 0.043 0.044 0.043 0.045

F 0.051 0.046 0.046 0.049 0.046 0.051 0.051 0.049 0.047 0.053 0.052 0.050

G 0.046 0.049 0.045 0.046 0.048 0.046 0.047 0.047 0.046 0.048 0.049 0.048

H 0.066 0.053 0.054 0.046 0.050 0.050 0.052 0.062 0.049 0.049 0.059 0.050

Plate 2:: Unimmunised serum.

Row Column

1 2 3 4 5 6 7 8 9 10 11 12

A 0.328 0.301 0.278 0.271 0.265 0.266 0.268 0.261 0.273 0.279 0.286 0.282

B 0.331 0.323 0.296 0.256 0.244 0.259 0.248 0.259 0.260 0.256 0.289 0.280

C 0.155 0.148 0.137 0.132 0.136 0.141 0.125 0.131 0.133 0.132 0.141 0.135

D 0.140 0.132 0 . 1 2 0 0.119 0.114 0.106 0.116 0.126 0.116 0 . 1 2 0 0.124 0.127

E 0 . 1 2 0 0.106 0.105 0.105 0.103 0 . 1 0 1 0.108 0.096 0 . 1 0 1 0.106 0.135 0.108

F 0.106 0 . 1 0 1 0.099 0.093 0.095 0.092 0.091 0.095 0.095 0.099 0.118 0 . 1 0 2

G 0.115 0.094 0.091 0.087 0.085 0.084 0.086 0.090 0.090 0.092 0.136 0 . 1 0 0

H 0150 0.091 0.090 0.081 0.084 0.081 0.082 0.082 0.082 0.104 0.166 0.131
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Plate 3: Immunised serum.

Row Column

1 2 3 4 5 6 7 8 9 10 11 12

A 1.739 1.828 1.634 1.311 1.618 1.382 1.457 1.404 1.131 0.834 0.530 0.334

B 1.289 1.307 1.263 1.081 1.154 10.67 1.047 0.914 0.725 0.541 0.351 0.228

C 1.113 1.135 10.92 1 . 0 1 0 0.902 0.729 0.672 0.533 0.364 0.241 0.178

D 0.802 0.828 0.894 0.831 0.687 0.722 0.560 0.444 0.319 0.216 0.160

E 0.571 0.837 0.804 0.810 0.683 0.659 0.567 0.477 0.348 0.261 0.191 0.153

F 0.607 0.640 0.528 0.578 0.523 0.477 0.445 0.310 0.256 0.206 0.150 0.115

G 0.604 0.600 0.614 0.613 0.544 0.505 0.435 0.353 0.277 0.223 0.182 0.138

H 0.308 0.335 0.323 0.315 0.318 0.307 0.278 0.199 0.183 0 . 1 2 0 0 . 1 0 1 0 . 1 0 0
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