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ABSTRACT

Elevated levels of low density lipoproteins (LDL) in plasma correlate with
increased atherosclerosis and risk of cardiovascular disease. Oxidation of LDL
is thought to be an important event in this process. Analytical techniques in
conjunction with X-ray and neutron solution scattering were used to study the
time course of biochemical and structural changes which occur during the
oxidative modification of LDL in the presence of copper ions. Neutron scattering
provided information on the overall structure and size of the lipoproteins. Data
from many LDL samples showed that native LDL had a polydisperse spherical
structure. X-ray scattering data provided information on the internal structure of
LDL. At temperatures below the transition temperature of the lipids, this
consisted of two concentric shells of cholesterol esters and triglycerides,
surrounded by a monolayer of phospholipid and protein. Conditions were also
optimised for monitoring oxidation experiments by solution scattering techniques.
Chemical analysis indicated that arachidonic acid is preferentially oxidised before
the formation of maximal lipid hydroperoxides. High performance thin layer
chromatography showed that phosphatidylcholine is continuously converted to
lysophosphatidylcholine throughout the oxidation. This indicated the presence of
an intrinsic phospholipase-Ag like activity in LDL. Core lipids were not oxidatively
modified until 12 - 15 h after initiation of oxidation. The uptake of oxidised LDL
by macrophages and the formation of apoB aggregates (seen by SDS-PAGE)
are affected in a Cu^^ dependent manner. Neutron scattering indicated that
during oxidation of LDL, aggregation had occurred, as evidenced by increases
in the Guinier parameters. These agree with the changes observed by SDS
electrophoresis studies. Analysis of polydispersity indicated that only a small
proportion of LDL underwent aggregation. X-ray scattering indicated that the
internal region attributed to the phospholipid hydrocarbon chains increased in
electron density throughout the time course of oxidation. This was interpreted to
represent the incorporation of oxygen atoms into peroxidised polyunsaturated
fatty acids. Furthermore as the oxidation progressed the core lipids became
increasingly disordered. The X-ray scattering is consistent with the time course
of arachidonic acid oxidation and HPTLC analysis. The structural changes
matched the compositional analysis which suggested that oxidation may
progress from the outside towards the internal core of LDL.
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INTRODUCTION
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1.1 Atherosclerosis

Atherosclerosis is a pathological process which involves the formation
of cholesterol rich deposits in the intimai space of arteries. These deposits
can limit blood flow in the immediate vicinity causing severe problems.
Atherosclerosis is the underlying cause of coronary heart disease and
strokes, which are the leading cause of deaths in the western world
(Goldstein & Brown, 1983; Steinberg & Witztum, 1990). The death rate from
heart disease in the United Kingdom is now one of the highest in the world.
It is known that high plasma levels of low density lipoproteins (LDL) correlate
with increased atherosclerosis and therefore an increased risk of heart
disease (Kannal etal., 1981). A low plasma level of high density lipoproteins
(HDL), which removes excess cholesterol from extrahepatic cells, could also
predispose an individual to atherosclerosis. Heart disease and strokes are the
final stages of a complex series of events, which will be discussed in section
1.4.

1.2 Lipoproteins and Their Metabolism

1.2.1 Plasma Lipoproteins

The plasma lipoproteins are a non-covalently bonded association of
lipid and protein in large particles that play an essential role in the transport
of cholesterol and triglycerides between the liver and extra-hepatic tissues.
There are four functionally distinct classes of lipoproteins which are
distinguished physically on the basis of their flotational densities in high salt
media. Each class exhibits a degree of heterogeneity (Hatch & Lees, 1968;
Myant, 1990). Plasma lipoproteins have essentially three functions: (1) to
supply cholesterol to extra-hepatic cells to satisfy the requirements of
membrane synthesis and steroidogenesis, (2) to transfer cholesterol from
cells to the liver for excretion, and (3) to supply adipose tissues and muscle
cells with free fatty acids.
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The two predominant cholesterol-carrying lipoprotein classes are high
density lipoprotein (HDL) and low density lipoprotein (LDL). HDL can be
subdivided into four classes, HDL^, HDLga, HDLgb and HDL3 that differ in size
and lipid:protein ratio (Wilson et a/., 1992). The apolipoproteins carried by
HDL particles are A-l, A-ll, C-l, C-ll, C-lll and E. LDL has been proposed to
consist of discrete subfractions, the number of which varies from 3 (DeGraff
at a/., 1991) to 7 (Chappell at a/., 1991). The different subfractions all carry
only one copy of apolipoprotein B-100 and differ in the amount of lipid
associated with each subfraction. Thus, LDL may also be described as a
highly polydisperse macromolecular system. There is another form of
apolipoprotein B, B-48, which represents the amino terminal of apoB-100 and
is synthesised exclusively in the intestine (Donma & Donma, 1989). This
apolipoprotein is associated only with chylomicrons, whose function is to
transport dietary triglycerides to adipose tissue and skeletal muscle, and
cholesterol to the liver.
1.2.2 Lipoprotein Metabolism

There are two separate pathways mediating the metabolism of
cholesterol from a dietary and hepatic origin as shown in Fig. 1.1 (reviewed
by Goldstein at a/., 1983; Scanu & Spector, 1986). The exogenous pathway
concerns the transport of dietary triglycerides and cholesterol esters to the
liver. The endogenous pathway mediates the transport of cholesterol and
triglycerides between the liver and extra-hepatic tissues.

Triglyceride-rich, very low density lipoproteins (VLDL) are assembled
in the liver and then secreted into the circulation. The main biological function
of VLDL is to supply the peripheral tissue with fatty acids derived from
triglycerides. Lipoprotein lipase situated on the surface of the vascular
endothelial cells hydrolyse the VLDL triglycerides to free fatty acids, which
are then taken up by adipose tissue and muscle cells. With increased
hydrolysis, the VLDL lose most of their triglycerides and progressively change
into lipoproteins with an intermediate density (IDL) and finally to cholesterol
rich low density lipoprotein (LDL). VLDL and IDL have a short half life and
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are removed from the circulation within hours. The LDL particles have a
longer life and circulate in the blood for about two days before they are
cleared. In normolipidemic persons, the serum LDL concentration is
. This amount of LDL carries about 60% of the total serum
cholesterol (Myant, 1990). The uptake of LDL by cells occurs by a receptor
mediated pathway (B/E receptor). The LDL first binds to the B/E receptor
(LDL receptor) expressed on the surface of most cells and is then
endocytosed. The highest concentration of LDL receptors is found in the liver,
and about three quarters of LDL are removed from the blood stream by the
liver. Most of the LDL cholesterol is converted by the liver to bile acids, which
are secreted into the duodenum. The adrenal gland and the ovary are
comparably rich in LDL receptors due to their steroidogenic activities which
require cholesterol. The cholesterol of LDL is also used by all cells for
membrane biosynthesis.

The serum total cholesterol level in a normolipidemic person is
maintained constant and in a narrow range of 1 6 - 2.0 g / 1. This is achieved
by the inhibition of the synthesis of the rate limiting enzyme 3-hydroxy-3methylglutaryl CoA reductase at the transcription level. The activity of this
enzyme

can be modulated through a mechanism

involving cyclic

phosphorylation and dephosphorylation of the reductase protein itself.

1.3 Structure and Composition of Low Density Lipoprotein

Human LDL is the population of lipoproteins that can be isolated by
ultracentrifugation within a density range of 1.019 - 1.063 g / ml. By
equilibrium density ultracentrifugation and several other techniques, LDL can
be further separated into two or more subfractions differing somewhat in
density, size and molecular weight (Myant, 1990). LDL are generally believed
to be large spherical particles with a diameter of 19 - 25 nm and molecular
weights between 1.8 and 2.8 million (Esterbauer et al., 1992).

^ 1 usually about 700 mg protein / 1 in plasma (Miller 1984).
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1.3.1 Lipid Content of LDL

The mean chemical composition calculated from values obtained from various
sources is shown in Table 1.1. Taking 2.5 million as a mean molecular weight
of LDL, each LDL particle would contain about 1600 molecules of cholesterol
esters and 170 molecules of triglycerides. These molecules form a central
lipophilic core. The core is surrounded by a monolayer of about 700
phospholipid molecules (mainly phosphatidylcholine and sphingomyelin with
trace amounts of lysophosphatidylcholine) and 600 molecules of free
cholesterol. There are approximately 2700 fatty acids contained in a typical
LDL particle, half of which are PUFA's. The polar heads of the phospholipids
are located on the surface of the LDL particle and contribute to the solubility
of the LDL in an aqueous phase. Embedded in the outer phospholipid
monolayer is the large protein apolipoprotein B (apoB).

1.3.2 Apolipoprotein B

The apoB protein is generally thought to be embedded in the surface
monolayer of LDL. ApoB-100 seems to have the capability to accommodate
large variations in lipid content since LDL has a molecular weight range of
1.8 - 2.8 million (Esterbauer et al., 1992), and so must exhibit conformational
flexibility. ApoB-100 is an exceptionally large protein consisting of 4536 amino
acids. The whole amino acid sequence had in part been determined directly
on the protein and fully deduced from the cDNA (Yang et a!., 1987). The
molecular weight of apoB based on the amino acid composition is 512,937.
The number of amino acid residues per apoB are: Ala 226, Asp + Asn 478,
Arg 148, Cys25, Glu + Gin 529, Gly 207, His 115, lie 288, Leu 523, Lys 356,
Met 78, Phe 223, Pro 169, Ser 393, Thr 298, Trp 37, Tyr 152, Val 251. Of
the 25 cysteine residues, 4 possess free SH groups while the remainder form
disulphide bridges or thiol esters.

ApoB is glycosylated (the carbohydrate residues are mannose,
galactose, glucosamine and sialic acid). The total carbohydrate content can
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Table 1.1 Mean chemical composition from 26 individual LDL samples
from seven independent laboratories.
(Esterbauer ef a/., 1990; Yla-Herttuala ef a/., 1988; Hoffefa/., 1982; Saltier ef
a/., 1991; Laggnerefa/., 1981; Steinbrecher, 1987, Barenghi etal., 1990).

*Yla-Herttuala etal. (1988) and Laggner et a i (1981)
Mean Reported Values

Total Phospholipid

1.00 ± 0.17mg / mg apoB
*62 - 66% Phosphatidylcholine
*24 - 28% Sphingomyelin
*7 - 7.4% Lysophosphatidylcholine
*2.3% others

Triglyceride

0.26 ± 0.12 mg / mg apoB

Free cholesterol

0.44 ± 0.03 mg / mg apoB

Cholesterol esters

1.90 ± 0.18 mg / mg apoB

Protein

1.00 ± 0.09 mg / mg apoB
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amount to 8 - 10% of the total apoB weight. The molecular weight of the
glycosylated apoB by gel electrophoresis is 550 KDa. With this value and the
mean lipid composition, (from Table 1.1), the molecular weight of LDL would
be 2.4 million. This is very close to the value of 2.32 ± 0.2 million obtained
by neutron small angle scattering (Laggner et al., 1981). ApoB-48, a
truncated form of apolipoprotein B, consists of the amino terminal 2152 amino
acids of apo B-100. It is synthesised in the intestine and is associated only
with chylomicrons. ApoB-100 has a-helical and p-sheet structures that enable
the protein to associate with the phospholipid monolayer of LDL. Recent
experiments have shown that after proteolytic degradation of apoB-100 in
intact LDL, the p-sheet content of LDL increases while the content of a-helix,
random, and turn structures decreases (Goormaghtigh et a/., 1993). This
indicates that the p-sheet structures are embedded in the lipid of LDL (i.e. not
accessible to proteases), and are involved with the association of protein with
lipid. This does not preclude the presence of a-helical structures in the lipid
region of LDL. The helical component disappears only after long incubation
times and with high concentrations of proteases.

1.3.3 Antioxidant Content of LDL

The total number of fatty acid molecules bound in the different lipid
classes of an LDL molecule is on average 2700. Approximately half of these
are

polyunsaturated

fatty

acids

(PUFA's).

Arachidonic

acid

and

docosahexaenoic acid are highly susceptible to oxidative attack due to the
number of double bonds contained in these molecules. PUFA's are protected
against free radical attack and oxidation by several lipophilic antioxidants. On
a molar base, the major antioxidant by far is a-tocopherol with about 6
molecules of a-tocopherol per LDL particle. All other antioxidants (i.e. ytocopherol, carotenoids, oxycarotenoids and ubiquinol-10) are present in
much smaller amounts. p-Carotene and ubiquinol-10 are only present in
about one-third and one-tenth of all LDL particles respectively. The
antioxidant content of LDL varies significantly between individuals and this is
mainly due to differing diets. It has been suggested (Flalliwell, 1990) that a-
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tocopherol is the only significant antioxidant in LDL and the carotenoids play
no role or only a minor role in protecting LDL against oxidation. Stocker et al.
(1991) have proposed that ubiquinol-10 contained in LDL acts as a more
powerful antioxidant than a-tocopherol, even at the low levels that are found
in LDL molecules. In fact, plasma contains a large variety of water-soluble
and lipid-soluble antioxidants, where more than 20 different carotenoids have
been reported (DiMascio at a/., 1989).

The question of whether (3-carotene and a-tocopherol, the two main
antioxidants, act synergistically is still uncertain. Palozza at si. (1992) and
Sato at a/. (1990) suggest a synergistic effect of (3-carotene and a-tocopherol.
Bowry at al. (1992) showed how a-tocopherol can act both as a pro-oxidant
and an antioxidant. They suggest that an a-tocopheroxyl radical is formed by
the reaction of a-tocopherol with a lipid peroxy radical. a-Tocopheroxyl is a
free radical and could initiate further peroxidation chain reactions unless it is
converted back to a-tocopherol or it forms a dimer with another atocopheroxyl radical (Niki et al., 1993). Thus, for prevention of lipoprotein
oxidation, it is essential that any a-tocopheroxyl radicals produced are
reduced by reagents that will yield radicals incapable of continuing the
peroxidation chain reaction. In vivo, this would appear to be achieved by two
endogenous antioxidants, vitamin C in plasma (Fig. 3.17) and ubiquinol-10
in LDL (Bowry at al., 1992). They may scavenge tocopheroxyl radicals
contained in LDL particles, thereby dissipating potentially damaging free
radicals able to propagate oxidation in LDL (Bowry at al., 1992).

1.4 Oxidation of LDL

Oxidation of LDL may be a key process in the initiation and
progression of atherosclerosis. As early as 1952, Glavind at al. reported that
chloroform extracts of atherosclerotic lesions from human aortas contain lipid
peroxides. Several other early reports (Hartroft & Porta, 1965; Smith & Van
Lier, 1970; Slater & Smith, 1972) suggested the presence of oxidised
cholesterol and cholesterol esters in the human aorta. Piotrowski atal. (1990)
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found that lipid extract of aortic human tissues contains fiuorochromes with
an emission maximum at 435 nm (excitation at 355 nm) which is indicative
of lipid peroxidation products. Copper or cell induced oxidation of LDL also
exhibits strong 430 nm fluorescence (Schuh et al., 1978; Esterbauer at a!.,
1987; Jurgens etal., 1987). The amount of fluorescent lipid material is about
30% higher in atherosclerotic tissue than in normal aortic tissue. Ledwozyw
et al. (1986) determined for the first time thiobarbituric acid reactive
substances (TBARS) in buffer extracts of human arterial wall from patients
suffering from atherosclerosis. TBARS are breakdown products of lipid
hydroperoxides formed by the oxidation of polyunsaturated fatty acids
containing three or more double bonds, predominantly arachidonic acid and
traces of linolenic acid.

Some remarkable differences exist in the fatty acid distribution of
arterial wall tissue compared with plasma LDL. Arachidonic acid and linoleic
acid of cholesterol esters and triglycerides are strongly decreased in aorta
tissue derived LDL. This would be consistent with the high susceptibility of
PUFA's to oxidation (Hoff & Gaubatz, 1982). LDL from aortic tissue shows an
increased electrophoretic mobility as compared to normal plasma LDL, a
property also shown by oxidised LDL. Differences between aorta and plasma
LDL include a decreased sphingomyelin content, an increased particle
diameter, a tendency to aggregate and possible fragmentation of the apoB
of the aorta LDL. Most importantly, the LDL in aortic tissue is more rapidly
taken up by macrophages than plasma LDL.

1.4.1 Lipid Peroxidation in LDL

In the experiments which led to the discovery that cells can oxidise
LDL, LDL was incubated with cultured rabbit aortic endothelial cells in Ham's
F-10 medium (containing 0.01 pM copper ions and 3 pM iron) for 24 h
(Steinbrecher ef a/., 1984b). After incubation, the medium contained TBARS,
and the 'cell conditioned' LDL was more rapidly taken up and degraded by
macrophages than native LDL. Since no modification took place in the
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presence of EDTA or in Dulbecco's modified Eagles medium (DMEM), (0.25
pM Fe(N03)3.9H20 / 1 ; no Cu^\ it was concluded that transition metal ions
are crucial for oxidative modification of LDL. It was also shown in this early
investigation that LDL incubated for 24 h in plain cell-free F-10 medium
supplemented with 5 pM Cu^^ became oxidised and exhibited a chemical
composition

(increased

lysophosphatidylcholine

TBARS,

relative electrophoretic mobility and

content)

and

biological

properties

(enhanced

macrophage uptake) similar, if not identical, to the cell modified LDL. As the
result of these findings, many researchers mimic oxidation by initiation with
Cu^^ ions instead of modification by cells.

Oxidation of the fatty acids in an LDL particle shares many
characteristics associated with lipid peroxidation in other biological or
chemical systems. Fig. 1.2 shows how the oxidation process is thought to
take place in an LDL particle. The reaction is initiated by the breakdown of
pre-existing lipid hydroperoxide catalysed by Cu^^ ions, leading to the
formation of radical species. These radical species can then abstract a
hydrogen atom from a fatty acid chain. This reaction is quickly followed by
the reaction of the alkyl radical with oxygen. These first steps of peroxidation
are known as initiation. It is easier to abstract a hydrogen atom from a fatty
acid chain if it has more than one double bond. Therefore the fatty acid
composition of an LDL molecule should influence the ability of an LDL
molecule to act as a substrate for peroxidation. It has recently been shown
that enrichment of LDL with oleic acid, which has only one double bond,
increases its resistance to oxidation in both humans and laboratory animals
(Parthasarathy et al., 1990; Reavan at a!., 1991).

Once formed, the peroxyl radical can abstract a hydrogen from another
carbon atom in a fatty acid chain and so propagate the peroxidation process.
Termination reactions are those that result in loss of the radicals upon which
propagation depends. A further constraint on the propagation reactions are
the limited availability of substrates for oxidation and the presence of
antioxidants endogenous to the LDL particle (see section 1.3.3). Termination
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Fig. 1.2: Scheme showing the major events occurring during LDL
oxidation.
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reactions involve the donation of a hydrogen atom to the peroxyl radical to
form a hydroperoxide that in the absence of transition metals is relatively
stable. The reactions described so far do

not require the involvement of the

apoB protein, as the reactions are confined to the fatty acid side chains.
Peroxy radicals can attack the fatty acid to which it is a part of and cause
scission of the alkyl chain. A proposed reaction schemes for this process is
shown in Fig. 1.3. The resulting formation of an aldehyde, malondialdehyde
(MDA) is also shown (Esterbauer et al., 1991b). Similar schemes have also
been shown for the formation of 4-hydroxynonenal (Pryor & Porter, 1990).
The three major aldehydes produced on the decomposition of hydroperoxides
are hexanal,

malondialdehyde (MDA) and 4-hydroxynonenal (4HNE)

(Esterbauer at a!., 1987, 1988). Complex mixtures of aldehydes have been
detected during the oxidation of LDL and they are capable of reacting with
lysine residues on the surface of the apoB molecule. This has the effect of
converting the protein to a ligand that was recognised by the scavenger
receptor (Brown at al., 1980a,b; Haberland at al., 1984; Esterbauer at al.,
1990). The chemical epitopes formed by reaction of aldehydes with lysine
residues on apoB protein are highly immunogenic (Steinbrecher ef a/., 1984a;
Gonen at al., 1987). Antibodies have been prepared that are specific for
malondialdehyde (MDA) and 4-hydroxynonenal (4HNE) conjugated LDL and
fluorescently labelled antibodies have been used to identify oxidised LDL in
atherosclerotic plaques. (Steinbrecher ef a/., 1984a; Palinski atal., 1989; YlaHertuala at al., 1989; Jurgens at al., 1990). Patients with coronary heart
disease had a significant increase in plasma LDL apoB particles with a
decreased expression of a 4B11 epitope as compared to healthy controls.
Blocking this epitope inhibits the oxidative modification of LDL. (Jeng at al.,
1993).

1.4.2 Mechanism of Oxidation of LDL

The precise mechanism of initiation and progression of oxidation in the
artery wall is still largely unknown, but there are several plausible
suggestions. One of these is that the enzyme 15-lipoxygenase, present in
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macrophages, initiates the oxidation of LDL (Yla-Hertuala et al., 1990; Rankin
at a!., 1991). Various mechanisms to explain the apparent pro-oxidant effect
of lipoxygenase have been proposed. The lipoxygenase enzyme could act
directly on the fatty acid side chains of LDL particle and produce a peroxy or
alkoxyl radical (Kalyanaraman at a!., 1990). Another possibility is that the
oxidants are generated during the catalytic cycle of the enzyme, and these
could be released from the cell and initiate peroxidation (Cathcart at a!.,
1991; Chamulitrat & Mason, 1989; McNally at a!., 1990). The association of
15-lipoxygenase and its lipid products with atherosclerotic lesions provides
compelling evidence for an important role for this enzyme in the disease (YlaHertuala at a/., 1990). Trace amounts of lipid hydroperoxides have been
detected in plasma of healthy donors (Thomas & Jackson, 1990; Yagi, 1976).
Hydroperoxide that are present in the LDL molecule are stable without
transition metals and only on their addition does propagation of the
peroxidation reaction occur (Thomas and Jackson, 1991; O'Leary at a/.,
1992). Thus, if lipoxygenase is involved in promoting the oxidation and
modification of LDL in vivo, it is necessary that iron and copper are also
present in the artery wall. Smith at ai. (1992) have shown that iron and
copper are found in advanced atherosclerotic lesions of human cadavers. But
these metals may have been a result of advanced atherosclerosis rather than
as a cause of it. As lesions from cadavers were used and rapid cell
dissolution takes place after death,

the consequent result is release of

catalytic metal ions.

In section 1.4.1, it was stated that the biological properties of cell
oxidised LDL are similar if not identical to Cu^^ initiated oxidation of LDL. A
mechanism for oxidation of LDL by Cu^^ has been proposed. It has been
shown that Cu^^ binds strongly to LDL (Esterbauer ef a/., 1990; Sattler ef a/.,
1991). Electron spin resonance measurements showed that Cu^^ binds to the
protein (Kalyanaraman at ai., 1990). LDL has at least two distinct Cu^^
binding sites crucial for the initiation of lipid peroxidation but a binding
capacity of >50 Cu^^ ions per LDL particle have been reported (Sattler et al.,
1991). Fluorescence spectroscopy investigations also suggest that the copper
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ions bind in the vicinity of the lipid phase of LDL. This lead to a preferential
degradation of tryptophan residues in apoB (Reyftmann et al., 1990). The
possibility can be considered that the initiating radicals are formed site
specifically at or near a tryptophan-Cu^^ complex.

Many investigators have used cultures of smooth muscle cells,
endothelial cells and macrophages to model the oxidative reactions leading
to LDL oxidation in vivo (Morel at si., 1984; Parthasarathy at si., 1989;
McNally at ai., 1990). The conditions required for oxidation involve
incubations of the LDL particles with serum free medium containing iron and
copper. It is clear that LDL modification under these conditions involves lipid
peroxidation, and can be inhibited by peroxyl scavengers. The precise
mechanisms of oxidation in these systems remain unclear (Jessup at ai.,
1991 ; Sparrow and Oszewski, 1992). The cells can produce a range of redox
reagents that can react with the LDL directly or, more probably, reduce any
transition metal ions present, facilitating lipid peroxide decomposition and
chain peroxidation.

Other mechanisms for initiation are less well studied but are also
plausible. For example hydroxyl radicals are able to initiate lipid peroxidation.
The hydroxyl radical is so reactive that, in a biological environment, it is likely
to react in close proximity to its site of generation. There are several possible
ways in which the hydroxyl radicals could be formed in vivo. One mechanism
for its formation is the iron-dependant decomposition of hydrogen peroxide
(Halliwell and Gutteridge, 1986). This idea has been extremely successful in
increasing the understanding of the role of free radicals in human
pathophysiology. Iron and copper may be available in the artery wall to
catalyse the reaction (Smith at ai., 1992). The copper binding protein
caeruloplasmin

is capable

of catalysing

the

macrophage

mediated

modification of LDL at acidic pH. It is not known whether the protein releases
the Cu^^ or makes it accessible so that it can be used in oxidation reactions
(Lamb & Leake, 1994).
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An alternative mechanism for the generation of the hydroxyl radical
involves the interaction of the free radicals nitric oxide and superoxide to form
peroxynitrous acid (Beckman etal., 1990). This compound unlike the hydroxy
radical is moderately stable and could diffuse from the site of formation yet
decomposes to form the hydroxy radical (Hogg at a!., 1992). Nitric oxide is
produced continuously in the artery wall and functions as endothelium derived
relaxation factor (EDRF) (Moncada at al., 1991). The mechanism of
superoxide generation and its biological function in the artery wall is less
obvious but it is likely to be formed by endothelial cells (Nakazono at al.,
1991). The simultaneous production of these two radical species result in the
oxidation of LDL and provides an additional route for oxidation which
depends on the interaction of cells within the artery wall. Macrophages can
also produce nitric oxide and it has been suggested that, while together with
superoxide anion radical, nitric oxide can oxidise LDL (Darley-Usmar at al.,
1992), its synthesis is not required for macrophage-mediated oxidation of LDL
in vitro] rather it exerts a protective role in preventing oxidative LDL
modification (Jessup at al., 1992; Yates at al., 1992).

Other investigators have suggested that the haem proteins myoglobin
and haemoglobin, whose normal function is to transport oxygen, may initiate
lipid peroxidation (Dee at al., 1991). In addition it has been shown that the
iron porphyrin complex, hemin, can also catalyse lipid peroxidation reactions
(Balia atal., 1991). For this to occur, these iron complexes must be oxidised
to ahighoxidation state or ferryl form by either hydrogen peroxide or possibly
lipid hydroperoxides. If this mechanism were to occur in vivo, it requires the
lysis of either smooth muscle cells to release myoglobin or red blood cells to
release haemoglobin, and is therefore likely to be particularly relevant in the
later stages of coronary heart disease.

Patients suffering from diabetes are known to be at an increased risk
from developing atherosclerosis. It has been proposed that this may be
associated with glycation of LDL. Glucose can react with lysine residues of
the apoB protein and convert the lipoprotein to a form which is taken up by
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the classic apoB/E receptor. The degradation of this LDL is markedly
enhanced when compared to native LDL degradation. It also stimulates
cholesterol ester synthesis (2 - 3 fold) via activation of ACAT. (Lopez-Virella
et al., 1988). Interestingly, experimental evidence has been reported to
suggest that the glycation reaction is itself is associated with oxidant
generation leading to the oxidation of LDL (Hunt at a!., 1990).

1.4.3 Biological Properties of Oxidised LDL

The biological properties of oxidised LDL have been intensively
investigated and it is now recognised that oxidised LDL is a highly
heterogeneous substance. The variation in its properties depends on the
extent of oxidation, which determines the relative lipid peroxide, aldehyde
content and amount of modification of apoB protein (Esterbauer at al., 1990).
Aldehydes, formed as a byproduct of lipid peroxidation, react with lysine
residues on the LDL protein. As many as nine distinct aldehydes have been
detected

in oxidised

LDL (Esterbauer at al.,

1990). This chemical

heterogenicity is reflected in a similar degree of variation when oxidised LDL
is assessed as a biological effector. Fig. 1.4 shows the many effects that
oxidised LDL has on the environment of the artery wall. Despite the
difficulties associated with determining the degree of oxidation, it has clearly
been demonstrated that oxidised LDL is; (1) cytotoxic to endothelial cells
(Negresalvayre atal., 1992; Ochiefa/., 1992)^ (2) chemotacticfor monocytes
(Quinn at al., 1987; Navab at al., 1991)^ (3) stimulates smooth muscle cell
proliferation (Chatterjee, 1992; Tasaki at al., 1994)^ (4) induces platelet
aggregation (Aviram, 1989; Ardlie at al., 1989). LDL in which minor
modification of the lipid phase has occurred but little change in the
apolipoproteins, often referred to as minimally modified LDL, had several
properties distinct from native LDL that are potentially atherogenic. These
include (1) increase in chemotactic factor for monocytes and increase in
monocyte binding (Berliner ef a/., 1990), (2) induction of certain inflammatory
responses in vascular cells in culture which include induction of monocyte
adherence to endothelial cells, induction of endothelial cell production of
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colony stimulating factors, and induction of endothelial cell and smooth
muscle cell production of monocyte chemotactic protein (MCP-1) (Liao etal.,
1991). Minimally modified LDL also induces tissue factor expression in
endothelial cells, which suggests that minimally oxidised LDL may be a local
mediator promoting thrombosis (Drake at a!., 1991).

The cytotoxicity of oxidised LDL is likely to be an important property
associated with its ability to mediate atherogenesis. Agents present in the
LDL particle that could mediate this toxicity are most probably products of
lipid decomposition such as aldehydes or lipid hydroperoxides (Esterbauer at
a!., 1991b). The ability of a cell to combat an oxidative attack from aldehydes
is dependant on the glutathione content of the cell. Glutathione is a low
molecular weight intracellular antioxidant that is essential for the detoxification
of lipid peroxidation products. The synthesis of glutathione is induced in
macrophages on exposure to oxidised LDL or 4-HNE (Darley-Usmar at al.,
1991). Prevention of glutathione synthesis results in cell death in both
endothelial cells and macrophages if challenged with oxidised LDL.

1.5 Progression of Atherosclerosis

The greatly increased number of macrophages in atherosclerotic tissue
suggests that active recruitment of monocytes has occurred during the
development of an atherosclerotic lesion (for a review of the role of
macrophages in the pathogenesis of atherosclerosis see Darley-Usmar &
Hassall, 1993). It has been demonstrated that adherence of monocytes to the
vascular endothelium occurs at an early stage in the development of
atherosclerosis in fat-fed animals (Gerrity, 1981 a,b). The factors that regulate
the recruitment of these cells and other cells into the developing lesion are
still unclear. Some oxidation products of LDL such as lipid hydroperoxides,
aldehydes, lysophosphatidylcholine and cholesterol oxides may act as
jchemoattractants for circulating monocytes (Navab atal., 1991). The first step
in this process is the attachment of blood borne monocytes to the
endothelium, mediated by adhesion molecules (for a review, see Springer,
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1990). Leucocytes express adhesion glycoproteins that bind complementary
ligands on the endothelial cells surface (Frostegard et al., 1993). Such
interactions play an important role in the adherence of cells to vascular
endothelium and indicate a highly selective process (Harlan, 1985; Berliner
etal., 1990; Lawrence & Springer, 1991). Recently an adherence protein has
been identified, endothelial-leucocyte adhesion molecule (ELAM), which is
induced on the endothelium cell surface in atherosclerotic lesions of
cholesterol fed animals (Sluiter et al., 1993). Monocyte infiltration into
atherosclerotic areas may be orchestrated by site specific adherence
reactions leading to the targeting of monocytes to the luminal surface of
atherosclerotic lesions (Berliner et al., 1990; Martin & Hassall, 1990).

Foam cell formation is characteristic of early lesion formation. But what
is the mechanism that leads to this foam cell formation? One of the most
important biochemical changes that occurs when monocytes become
macrophages is that they lose their specific native LDL receptors and express
scavenger receptors in the plasma membrane (Hara et al., 1987; Hassall,
1992). The scavenger receptors were first brought to attention when it was
discovered that acetylated LDL was not recognised by the native LDL
receptor but by the scavenger receptor (Brown et al., 1980b). There are two
forms of the scavenger receptor, type I and type II. The deduced primary
structure of the bovine type I scavenger receptor suggests that the receptor
is a 453 amino acid integral membrane comprising six discrete domains. The
three extracellular C-terminals are cysteine rich domains. The stalk structure
is composed of an a-helical coiled coil and a collagen-like triple helix. The
type two receptor is a truncated form of the type I receptor comprising of 349
amino acids. The cysteine rich extracellular domains are replaced by a six
residue C-terminus (Krieger, 1992; Kodama et al., 1990). The scavenger
receptor has a broad ligand specificity for large polyanionic macromolecules
including modified forms of LDL, polysaccarides and lipopolysaccarides
(Brown et al., 1980b; Krieger, 1992) which bind with high affinity. The
characteristics of LDL uptake by this receptor are quite different to those of
the native LDL receptor.
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The principle pathways involved in the catabolism of modified
lipoproteins by macrophages are shown in Fig. 1.5. Uptake of modified
lipoprotein results in an increase in intracellular cholesterol that does not
result in down regulation of the scavenger receptor. The increase in free
cholesterol content of the cell cannot be compensated for by inhibition of
intracellular cholesterol biosynthesis. The net effect is a large increase in the
intracellular cholesterol pool. This is in part compensated for by an increase
in the activity of the enzyme ACAT leading to the formation and storage of
large pools of cholesterol ester within the cytoplasm of the macrophage (Xu
& Tabas, 1991). Aggregated LDL is taken up by the macrophage by a
scavenger receptor independent pathway (Fig. 1.5). Oxidised LDL may also
induce antibody responses leading to the uptake of lipoproteins through the
macrophage Fc receptors (Klimov et al., 1985). Once oxidised LDL has
entered the cell, it results in the formation of lipid decomposition products
known as ceroid (Mitchinson at a!., 1990), which may be a mature form of
oxidised LDL. It is clear that several different mechanisms may be involved
in foam cell formation and serve to remove potentially cytotoxic particles such
as oxidised LDL and extracellular debris from the lesion. The early lesion is
transformed into an advanced lesion, characterised by smooth cell
proliferation and production of fibrous material. This advanced lesion is
eventually transformed into a complicated lesion,

characterised by

calcification of the lesion. This progression of the lesion can take many
decades to occur.

1.6 Biophysical Measurements of LDL

The biochemical properties of native and oxidised LDL have been
studied in some detail (see sections 1.1 - 1.5). The changes in the
biochemical properties observed during oxidation have, as yet, not been
parallelled with detailed studies of the structure of LDL. This has been fairly
well characterised for native LDL, but structural analysis of oxidised LDL has
been very limited. Outlined below are the techniques that have been used to
study the structure of LDL (both native and oxidised).
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Fig. 1.5: Foam cell formation In macrophages.
Taken from Darley-Usmar & Hassall, 1993
This scheme illustrates some of the mechanisms involved in foam cell
formation in the macrophage. Oxidised LDL enters the cell via the scavenger
receptor, phagocytosis of aggregated particles or possibly as immune
complexes. Uptake results in an increase in intracellular free cholesterol and
activation of ACAT leading to the formation of cholesterol ester stores. NCEH
converts this cholesterol ester store to free cholesterol which is transported
from the cell by HDL. Other products of lipid and protein oxidation
retained within the cell as residues known as ceroid.
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are

1.6.1 Molecular Dimensions

There are a number of techniques that will give a measurement of the
size of LDL, which are shown in Table 1.2. The structure of LDL has been
frequently studied by electron microscopy with negative staining to show that
the particles are spherical with mean diameters ranging between 19.7 nm to
28.5 nm (Shen et al., 1981; Zechner at a!., 1984; Phillips & Schumaker,
1989; Bard etal., 1991; Guyton etal., 1991; Chatterton etal., 1991; Chappell
etal., 1991; Nenseter ef a/., 1992; Singh etal., 1992; Rumsey etal., 1992).
In particular, it was shown that the diameter of LDL depends on the
polydispersity of the LDL sample, the LDL subfraction under study, and the
method of sample preparation. The most extensive electron microscopical
study of LDL subfractions revealed LDL diameters that ranged from 19.7 nm
to 27.0 nm (Chappell et al., 1991). In addition, Phillips & Schumaker (1989)
reported variations in the apparent diameter of LDL depending on whether
uranyl acetate or potassium phosphotungstate were used for staining;
Schumaker has also proposed that the LDL particles may be flattened in the
electron microscope (Chatterton et al., 1991). From all the electron
microscopy studies in Table 1.2, the mean diameter of LDL (± standard
deviation) is 23.6 ± 3.2 nm.

Measurement of the

diameter of LDL

in solution

from

the

sedimentation coefficient obtained by ultracentrifugation yields an average
diameter of 22.9 ± 2.4 nm (Chatterton et al., 1991). Photon correlation
spectroscopy has produced similar average diameters of 22.9 ± 2.4 nm
(Nenseter ef al., 1992) (Table 1.2). Values derived from the use of non
denaturing gradient gel electrophoresis also yielded a similar average
diameter of 24.8 ± 2.4 nm from a total range encompassing 21.4 nm to 28.1
nm (Chapman ef al., 1988; Nigon ef al., 1991; Tribble ef al., 1992) (Table
1 .2 ).
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Table

1.2: Polydispersity of LDL samples studied by electron

microscopy,hydrodynamic analysis and other methods^

LDL sample

Diameter of LDL (nm)

Fraction 1

27.1 ±2.3

Fraction 3

24.7 ±1.7

Fraction 5

20.3 ±2.5

Electron microscopy:
Shen etal. (1981)

21.9 ±0.6

Zechner at al. (1984)

22.0 ±0.7
28.1 ±0.23 (U acetate)

Phillips & Schumaker (1989)

21.5 ± 0.62
(K phosphotungstate)
Bard at al. (1991)

Large Lp-B

26-30

Small Lp-B

18-22

Guyton at al. (1991)

20.4 ±2.0

Chatterton atal. (1991)

28.5 (range of 24 - 34)

Chappell at al. (1991)

Fraction 1

27.0 ±2.6

Fraction 2

26.8 ± 1.8

Fraction 3

24.7 ±2.6

Fraction 4

23.3 ±1 .9

Fraction 5

21 .0 ± 2.1

Fraction 6

20.2 ± 1.1

Fraction 7

19.7 ±1.8

Singh at al. (1992)

22.7 ±1.9

Nenseter atal. (1992)

24.5 ±2 .0 (fish oil LDL)
25.0 ± 1.5 (corn oil LDL)

R u m sey

20.1 ± 2.1

at al. (1 9 9 2 )
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Sedimentation/Photon correlation spectroscopy:
Chatterton etal. (1991)

20.1-21.5

Nenseter et al. (1992)

24.9 ± 0.9 (fish oil LDL)
24.9 ± 0.4 (corn oil LDL)

Nondenaturinq gradient gel electrophoresis:
Chapman etal. (1988)

Nigon et al. (1991)

Tribble etal. (1992)

Fraction 4

22.9 ±0.3

Fraction 5

22.7 ±0.2

Fraction 6

22.4 ± 0.2

Fraction 7

22.2 ±0.3

Fraction 8

21.9 ±0.3

Fraction 9

21.6 ±0.4

Fraction 10

21.4 ±0.4

Fraction 5

27.5 ±0.2

Fraction 6

27.2 ±0.2

Fraction 7

26.9 ±0.3

Fraction 8

26.6 ± 0.2

Fraction 9

26.3 ±0.3

Fraction 1

28.1 ± 1.0

Fraction 2

27.4 ±0.3

Fraction 3

26.6 ±0.5

Fraction 4

25.7 ±0.7

Fraction 5

25.0 ±0.5

Fraction 6

24.5 ±0.3

^ The numbering of fractions is not consistent between different studies.
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1.6.2 Secondary Structure of apoB^°°

Fourier transform infra red spectroscopy and circular dichroism can
indicate secondary structural features of the apoB protein contained in LDL.
Second derivative spectra of the absorption bands (assigned to vibrations of
the lipid and apoB protein) allowed assignment of bands to a-helix, random
coil, (3-structure or (3-turn conformations. The secondary structure of the
portion of apoB which is embedded in the lipid domain of LDL has been
investigated by Fourier transform attenuated total reflection infrared
spectroscopy. The solvent exposed region of the protein was hydrolysed by
using different proteases for incubation times between 24 min and 48 h. The
peptides remaining associated with LDL are rich in beta-sheet structure.
Circular dichroism spectra reveal that at least part of the beta-sheets are
associated with the phospholipid component of the LDL (Goormaghtigh etal.,
1993). The circular dichroic spectrum of trypsin treated LDL resembled that
of native LDL, except that the helical content was 25% and 33% respectively.
It was also shown that the core of LDL showed a reduced transition
temperature for cholesterol esters after trypsin treatment. This finding
suggests that the trypsin accessible regions of apolipoprotein B may influence
the fluidity of the LDL core|(Chen at a!., 1989a).

Differences in the secondary structure of oxidised and chemically
modified LDL can be investigated using these techniques. Copper oxidation
increased the content of random structure in the LDL protein from 30% to
36% at the expense of beta-structure, which decreased from 22% to 16%.
There was no change in the alpha helical content as measured by circular
dichroism spectroscopy (McLean & Hagaman 1989). This result is in direct
contrast to that of Vanderyse at a!., (1992) who observed no significant
changes in the secondary structure of oxidised or chemically modified LDL
when compared with native LDL. Herzyk at a!., (1987) showed no change in
the beta-structure |absorption but reported that the structure of the apoB
becomes less ordered with some alterations in alpha-helical and beta-turn
conformation.
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After treatment of LDL with lipoprotein lipase, the ratio of lysines with
a pK of 8.9 to those with a pK of 10.5 on the surface of LDL was decreased
by 40%. These effects were apparently due to changes in the local apoB
conformation because circular dichroism spectra revealed that the average
secondary structure of the entire apoB molecule is the same as native LDL
(Aviram et al., 1988).

1.6.3 Nuclear Magnetic Resonance

Nuclear magnetic resonance is a technique not widely used for
studying aspects of LDL structure. The structure and motion of phospholipids
in human plasma have been studied by using

NMR. It has been shown

that about 20% of the phospholipid headgroups are immobilized by
interaction with the apoB protein (Finer at a!., 1975; Yeagle at a!., 1977).
Lateral diffusion rates of phospholipids are largely determined by surface core
interactions. The large increase in diffusion rate of phospholipids in LDL
occurs over the same temperature range as the ordered to disordered phase
transition of the core cholesterol esters. This provides evidence for direct
interactions between the monolayer and core lipids in LDL (Fenske at a!.,
1990). These interactions may play an important role in the development of
atherosclerosis. Modulation of the core triglyceride or phospholipid content of
LDL alters the conformation of apoB and its binding to receptors (Aviram at
a!., 1988

; Kleinman at a!., 1988). It can also be shown that the

organisation of lipids in the hydrophobic core of a lipoprotein can directly
effect the dynamics of lipids in the polar surface. The structural organisation
and molecular motions of the major core (cholesterol esters) and surface
(phospholipids) lipids in cholesterol ester rich VLDL are significantly different
from corresponding features of normal VLDL. The higher degree of molecular
order in the liquid crystalline cholesterol esters in cholesterol ester rich VLDL
at 38°C may have important consequences regarding the metabolism of the
lipoproteins. (Morrisett at a!., 1984).

NMR can readily be used to detect

a variety of aldehydes resulting from copper induced oxidation of LDL. The
aldehydes are distinct from aldehydes produced by lipoxygenated treated
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LDL (Lodge et al., 1993) indicating that mimicking oxidation by addition of
may not result in identical oxidation products, as those found in vivo.

1.6.4 Neutron and X-ray Solution Scattering

X-ray solution scattering and, to a lesser extent, neutron scattering,
have also been used to characterise the spherical structure of native LDL
(Laggner & Müller, 1978; Luzzati & Tardieu, 1980; Laggner, 1984; Perkins,
1988). From X-ray scattering, the maximum diameter of LDL was determined
to be between 23 and 25 nm (Laggner, 1984). X-ray scattering may be used
to investigate the internal structural organisation of LDL. LDL was found to
have a core of cholesterol esters and triglycerides in two inner concentric
shells which were surrounded by a monolayer of phospholipids, free
cholesterol and protein on the surface (Laggner at a!., 1976, 1977; Atkinson
eta!., 1977; Müller ef a/., 1978; Baumstark eta!., 1990a,b). A broad transition
point between 17 - 41 °C was observed for the lipoprotein lipids on increasing
the temperature of LDL as the cholesterol esters change into a liquid
crystalline state (Deckelbaum at a!., 1975, 1977; Laggner at a!., 1977;
Baumstark at a!., 1990a). The polydispersity of LDL was examined using Xrays by Baumstark at ai. (1990a) in which differences in the internal shell
radii of cholesterol esters could be measured in different LDL subtractions.

While the basic structure of LDL has been characterised, investigations
of the structure of oxidised LDL and the time-course of structural changes
with oxidation are less well developed. Oxidation of LDL produced large
changes on X-ray and neutron solution scattering curves which indicated
large structural changes occurring in oxidised LDL (Bellamy at a!., 1989).

Solution scattering studies of oxidised LDL require rapid measurement
of LDL samples in relatively dilute solutions to follow the time sequence of
structural changes under conditions close to physiological. This was made
possible by using high flux neutron and X-ray sources. A critical assessment
of the structural information in the scattering curves of native LDL was
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required so that assessment of changes due to oxidation could be made. The
new neutron instrument LOQ at the pulsed neutron source ISIS at the
Rutherford-Appleton Laboratory, Didcot permits the full neutron scattering
curve to be measured in one instrument setup (Heenan et a/., 1993). Full Xray curves for LDL can also be rapidly measured using Station 8.2 at the
Synchrotron Radiation Source (SRS) at Daresbury. The use of a quadrant
detector at Station 8.2 in place of the linear detector used previously (Bellamy
at a/., 1989) now leads to twice the available angular range for X-ray
scattering. This range is now comparable with that obtained by neutron
scattering, and much improved X-ray signal-to-noise ratios at large scattering
angles are also obtained.

For the first time, these improved facilities permits the routine
measurement of full neutron and X-ray l(Q) curves for native LDL with good
counting statistics. These yield the Guinier Rq and 1(0) parameters (Rq, radius
of gyration; 1(0), intensity of forward scattering at zero angle), the distance
distribution function P(r) and the nuclear or electron radial density distribution
curve p(r). The effect of variable lipid contents in LDL can be quantified using
the size distribution function D^(r) calculated from the neutron scattering data.
The X-ray experiments investigate primarily the internal structure of LDL,
since the lipid and protein components are viewed in relatively low negative
and positive solute-solvent contrasts respectively, and can be distinguished
from each other. The joint use of neutrons and X-rays enables a full study of
the solution structure of native LDL to be carried out in near-physiological
conditions.

1.6.5 Structural Summary

The internal structure of LDL is best represented by a core of
triglyceride and cholesterol ester arranged as two concentric shells, which is
surrounded by a third concentric shell which contains apolipoprotein B,
phospholipid and cholesterol. The evidence in support of the location of
protein at or close to the surface of LDL comes from;
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(a) the original analysis of LDL by X-ray solution scattering which
indicated this type of structure (Laggner & Müller, 1978);

(b) the results of proteolysis and disulphide-bridge studies of
apolipoprotein B which shows that numerous segments of this 4536-residue
protein are surface-exposed in the LDL structure (Chen et a i, 1989a,b; Yang
at a i, 1989, 1990), as well as the sensitivity of the whole protein to oxidative
damage (Fong at a i, 1987), and the occurrence of several surface-exposed
heparin binding sites along the length of the protein (Chan, 1992);

(c) the linear increase in the core circumference of LDL with the length
of modified apolipoprotein

B-100 polypeptide chain, suggesting that

apolipoprotein B is uniform in its lipid-binding properties along most of its
length (Spring at a i, 1992; Chan, 1992);

(d) the requirement for protein to be on the surface of LDL in order to
satisfy packing constraints in relation to the known amounts of protein and
lipid in LDL and the surface area of LDL that is in contact with the aqueous
phase (Shen at a i, 1977; Baumstark at a i, 1990a; Spring at a i, 1992);

(e) the use of monoclonal antibodies to map the course of
apolipoprotein B on the surface of LDL, which suggested that apolipoprotein
B surrounded LDL (Chatterton at a i, 1991).

Variation in the internal arrangement of lipid within LDL has been
reported as the results of several investigations. Larger LDL particles are less
dense, and contain typically 21% protein, 41% cholesterol ester, 21%
phospholipid, 11% cholesterol and 6% triglyceride (Chapman at a i, 1988).
Smaller LDL particles are more dense, and contain typically 30% protein,
40% cholesterol ester, 19% phospholipid, 9% cholesterol and 3% triglyceride
(Chapman at a i, 1988). The percentages of all four lipid classes are
diminished in the denser LDL particles. The structural analyses of the lipid
core by Baumstark at a i (1990a) showed that, in the smallest LDL particle
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studied, the outer radius of the cholesterol ester core is reduced by 0.91 nm
compared to the largest LDL subfraction that was studied. This was
consistent with packing requirements of the lipid within LDL.
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1.7 Aims

1) To characterise native LDL fully by X-ray and neutron solution scattering
techniques using new instrument setups.

2) To assess, using X-ray and neutron solution scattering techniques, the
time course of structural changes in LDL following oxidation initiated by Cu^'’.

3) To compare the structural changes observed with chemical analyses using
an extensive range of biochemical techniques.
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CHAPTER TWO

MATERIALS AND METHODS
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Section A: Biochemical Analyses

Biochemical analysis of LDL as it undergoes oxidation is becoming a
reasonably well understand sequence of events (for review see Esterbauer
et al. 1992). LDL is known to pass through various stages of oxidation which
can be broken down into steps a) Initiation b) propagation c) decomposition.
Since LDL is a highly poiydisperse particle due to differences in lipid content,
the timing of all these events varies quite considerably. The preparation of
LDL and its characterisation is first described. After this a number of
biochemical assays are outlined in section 2.3, which will be used in
conjunction with the physical methods in section 2.4 to follow the time course
of oxidation of individual LDL preparations.
2.1 Preparation of LDL

In a standard LDL preparation (modification of Chung eta!., 1980), 120
ml of blood was taken from healthy non-fasted adults with informed consent
(age 20 - 50) of either sex and added to an anticoagulant, acid citrate
dextrose (ACD; 113.8 mM glucose, 29.9 mM trisodium citrate, 72.6 mM NaCI,
2.8 mM citric acid : 4ml to 20 ml blood) in 20 ml Sterilin tubes. The tubes
were centrifuged at 3000 rpm in a Centra IEC4 refrigerated centrifuge for 20
min at 10°C to pellet the red and white blood cells. The plasma was pipetted
off and the density adjusted to 1.063 g / ml by the addition of NaBr (32 g /
70 ml of plasma). Between 10 - 12 ml of this plasma solution was layered
under 0.9% NaCI solution in 25 ml Beckman polycarbonate tubes, containing
10 mM EDTA which had previously been degassed for 30 min and purged
with nitrogen for 20 min. The tubes were then centrifuged in a Beckman XL70 ultracentrifuge in a fixed angle rotor (70 Ti) at 45000 rpm for 2.5 h at
12°C. This separated out the major lipoprotein classes, chylomicrons (top of
the tube), LDL (middle) and HDL (bottom). The LDL layer was extracted
using a syringe after first having removed the chylomicrons to prevent
contamination with LDL. Approximately 10 ml of the pooled LDL fraction was
mixed with 6.5 ml of 1.151 g / ml density solution in 25 ml Beckman
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polycarbonate tubes. The tubes were then topped up with 1.063 g / ml
density solution. Both density solutions contained 1 mM EDTA and 20 pM
DTPA (metal chelators) and had been degassed for 30 min and purged with
nitrogen for 20 min. The tubes were centrifuged in a Beckman XL-70
ultracentrifuge in a fixed angle rotor (70 Ti) at 45000 rpm for 12 - 14 h at
12°C. This removed any contamination of HDL from the LDL, and LDL floated
to the surface of the tubes due to the density gradient. LDL was extracted
using a syringe and then concentrated in Centriprep 100 concentrators
(Amicon) to approximately 2 - 3 ml. The LDL was then sterilised by passage
through a 0.45 pm filter and was dialysed into 12.5 mM Tris 140 mM NaCI
(or (1) Modified Tyrodes buffer; 137 mM NaCI, 11.9 mM NaHCO^, 4.2 mM
NaH2P04.2H20, 2.7 mM KCI, pH 7.4 :(2) 12.5 mM phosphate, 140 mM NaCI,
pH 7.4) in D2O or H2O at 4°C. Buffers in D2O were used for neutron solution
scattering and buffers in H2O were used for X-ray solution scattering and
biochemical assays. LDL was dialysed in 1 I of H2O buffer with four changes
over 24 h or in 100 ml of D2O buffer with four changes over 36 h. Once
dialyses were complete, a Lowry protein assay or modified Bradford assay
was carried out to ascertain the LDL protein concentration.

2.2 Protein Assay

LDL

protein

concentrations

were

determined

using

either

a

modification of the Lowry method (Schacterle & Pollack, 1973) or a modified
Bradford assay (Bradford, 1976; Read & North cote, 1981).

Lowry Method
Lowry Solution A:
Na2C03 (Anhydrous)

10% w/v

NaOH

2% w/v

Potassium Sodium Tartrate.4H2O

0.2% w/v

CUSO4.5H2O

0.05% w/v
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Lowry Solution B:
1 volume of Folin Ciocalteu's Phenol reagent to 14 volumes of distilled
water, prepared immediately before use.

The protein standard used was bovine serum albumin (BSA). A serial
dilution of the standard from 100 pg to zero in a total volume of 500 pi was
added to 4 ml cuvettes. 5,10 and 15 pi of the LDL sample was made up to
500 pi with distilled water. 0.5 ml of Lowry solution A was added to the
standards and samples and mixed thoroughly. The standards and samples
were left to stand at room temperature for 10 min. 2 ml of the freshly
prepared Lowry B was added to each cuvette and mixed thoroughly. The
cuvettes were incubated in a water bath at 55°C for 5 min. The absorbance
of each standard and sample was recorded at 650 nm in a Beckman DU-65
spectrophotometer. The assay was performed in triplicate. A first order
regression line was fitted to the standards from which the LDL sample
concentration was established (Fig. 2.1)

Bradford Method
Bradford Reagent
100 mg Coomassie Blue G-250
100 ml orthophosphoric Acid (85%)
93.4 ml absolute ethanol
200 ml propan-2-ol
Make up to 2 litres with distilled water.

The protein standard used was bovine serum albumin (BSA). A serial
dilution of the standard from 20 pg to zero in a total volume of 100 pi was
added to 4 ml cuvettes. Ipl, 2pl and 3 pi of the LDL sample was made up to
100 pi with distilled water. 1.9 ml of Bradford reagent was added to the
cuvettes and mixed. The standards and samples were left to stand at room
temperature for 5 min. The absorbance of each standard and sample was
read at 595 nm in a Beckman DU-65 spectrophotometer. The assay was
performed in triplicate. A first order regression line was fitted to the standards
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Fia. 2.1: A typical standard curve to determine the protein concentration of
LDL.
The absorbances at 650 nm is shown as a function of various BSA
concentrations. Each point was the mean of triplicates. A first order
regression line was fitted to the data with the resulting correlation coefficient
of 0.998.
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from which the LDL sample concentration was ascertained

2.3 Measurement of Lipoprotein Oxidation

Oxidation

of

LDL

is a lipid

peroxidation

process

by which

polyunsaturated fatty acids (PUFA's) contained in LDL lipids are converted
to lipid hydroperoxides. Further breakdown yields an array of fragments such
as ketones, alkanes and aldehydes (Esterbauer et al., 1987). All oxidation
experiments were carried out with a ratio of 6.4, 25.6 or 51.2 pmol Cu^^ / g
LDL protein at a temperature of 37°C. The time of incubation for each
particular assay is stated in the relevant method section or in the oxidation
results Chapters 3 and 5.

LDL oxidation was followed in a number of ways. 1) Depletion of
antioxidants such as a-tocopherol and p-carotene measured by HPLC
analyses. 2) Increase in products of lipid peroxidation, conjugated dienes,
lipid

hydroperoxides

and

aldehydes

which

are

m easured

spectrophotometrically. 3) Changes in the apo B structure due to the binding
of lipid breakdown products assessed by electrophoretic techniques. 4)
Changes in lipid composition monitored by chromatographic methods. 5)
Changes in biological recognition assessed by the increased uptake by
macrophages.

In this study, the following methods were used to follow the
progression of oxidation, in parallel with solution scattering techniques
mentioned in section 2.4

2.3.1 Rates of Antioxidant Depletion During Oxidation of LDL by Cu2 +

The measurement of both a-tocopherol and p-carotene, two of the
antioxidants in LDL, provides a quantitative indication of the antioxidant
capacity. a-Tocopherol and p-carotene were measured by normal phase high
performance liquid chromatography (HPLC) using Beckman System Gold and
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a variable u.v. detector. The antioxidants were extracted as below and
injected on to a Nova-Pak Silica 60 A columr| (4 pm pore size) ^ith a mobile
phase consisting of 92% hexane and 8% tert-butyl ether, delivered at 1 ml
/ min. a-Tocopherol was monitored at 298 nm and p-carotene at 450 nm.

Oxidation of LDL was initiated by the addition of a stated amount of
(6.4, 25.6 or 51.2 pmol of

/ g of apoB protein). LDL was at a

concentration of 2 mg apoB / ml and a temperature of 37°C. At time intervals,
aliquots containing 0.5 mg of apoB was added to 1 ml of HPLC grade hexane
and 25 pi of 500 pM 8-tocopherol (12.5 nmoles) as an internal standard, and
vortexed for 15 s. 0.5 ml of HPLC grade ethanol was then added and
vortexed for 15 s. The tubes were then spun at 3000 rpm for 10 min in an
lEC refrigerated centrifuge at 10°C. The top layer of hexane was extracted
and contained the a-tocopherol and p-carotene. 15 pi of the extract was
injected into the column. The assay was performed in triplicate.

A chromatogram obtained from a mixture of a-tocopherol and 8tocopherol resulted in two peaks, with a-tocopherol having a retention time
of 1.7 min and 8-tocopherol with a retention time of 4.3 min. This permitted
the quantitation of a-tocopherol present in the extracted samples by using the
peak area ratios of 8-tocopherol (12.5 nmols) and a-tocopherol. All of the
carotene analogues had very similar retention times and so could not be
used as an internal standard for p-carotene quantitation in this system.
Because of this a standard curve was constructed of p-carotene (0.04 - 0.25
pM) applied to the HPLC system and measuring the integrated peak areas.
An example of a standard curve for p-carotene is shown in Fig. 2.2. From
this, quantitation of p-carotene in an LDL sample could be achieved.
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Fig. 2.2: A typical standard curve to determine the p-carotene concentration
in LDL.
The integrated peak area is shown as a function of p-carotene concentration.
Each point was the mean of triplicate assays. A first order regression line
was fitted to the data with a resulting correlation coefficient of 0.998.
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2.3.2 Appearance of Lipid Oxidation Products Following Oxidation of LDL by
Cu"*

2.3.2.1 Conjugated Diene Formation

The peroxidation of polyunsaturated fatty acids in LDL lipids is
accompanied by an increase in the UV absorbtion at 234 nm (Esterbauer et
al., 1989a) due to the conversion of PUFAs with isolated double bonds (18:2,
20:4) into fatty acid hydroperoxides with conjugated double bonds (Fig. 2.3).
The formation of these products can therefore be monitored by measuring the
increase in absorbance at 234 nm.

A range of copper concentrations (6.4, 25.6 or 51.2 pmol of Cu"* / g
of apoB protein) were added to 1 ml LDL (0.1 mg apoB) in a quartz cuvette
(1 cm path length) incubated at 37°C and the absorbance of the sample was
measured at 5 min intervals using a Beckman DU-65 spectrophotometer. LDL
at a concentration of 0.1 mg of apoB / ml was used as a blank. The V'^
values (time taken for half maximal absorbance to be reached) and the lag
time (time before maximal rate of oxidation was reached) were calculated for
each sample at the three different copper concentrations (see Fig. 2.4).

2.3.2.2 Lipid Hydroperoxide Assay

The major initial products of lipid peroxidation are lipid peroxides, and
their quantification serves as a measure of degree of oxidation. The assay is
based on the oxidative capacity of lipid peroxides to convert iodide to iodine,
which can be measured photometrically at 365 nm (El-Saadani at a!., 1989;
Thomas at a/., 1989). This makes use of a commercially available colour
reagent from a kit designed for determination of cholesterol (CHOD-iodide;
Merck).

Oxidation of LDL was initiated by the addition of a stated amount of
Cu"* (6.4, 25.6 or 51.2 pmol of Cu"* / g of apoB protein). LDL was at a
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concentration of 2 mg apoB / ml and a temperature of 37°C. At various time
points over 20 h 75 pi of LDL (containing 0.15 mg of apoB protein) was
mixed with 75 pi distilled HgO, 50 pi 500 pM BHT and 50pl of 500 pM EDTA.
The BHT and EDTA halted the oxidation of LDL at this point. 500 pi of the
CHOD-iodide colour reagent was then added to the reagent blank and the
LDL samples and incubated in the dark at room temperature for 30 min. The
absorbance of the samples was then measured at 365 nm against the colour
reagent as a blank on a Beckman DU-70 spectrophotometer. The assay was
performed in triplicate. To quantitate the hydroperoxide content of the LDL
samples Beer-Lambert's Law is used:

A = ec I
A = optical density at 365 nm
e = molar extinction coefficient of 1^= 2.46 * 10"* M'"' cm''* (El-Saadani et al.,
1989)
c = concentration of lipid peroxides
I = pathlength = 1 cm

2 3.2.3 Thiobarbituric Acid Reactive Substances (TBARS) Assay

This colorimetric assay is also used to assess LDL oxidation by
detection of the formation of MDA from PUFA's with more than 2 double
bonds (mainly arachidonic acid). The assay is based on the reaction of
malondialdehyde (MDA), a relatively minor breakdown product (Esterbauer
et a/., 1988) of lipid hydroperoxides, with thiobarbituric acid (TBA). MDA
(0.122 M) was freshly hydrolysed from 1,1,3,3-tetraethoxypropane (Sigma).
100 pi was incubated in a glass tube with 4.9 ml 0.1 M HCL for 30 min at
37°C. The extent of hydrolysis was indicated by the development of a yellow
colour. This stock solution was diluted to 16 pM with distilled water and a
standard curve was constructed of 0-16 pM MDA in 0.5 ml. Oxidation of LDL
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was initiated by the addition of a stated amount of Cu^^ (6.4, 25.6 or 51.2
pmol of

/ g of apoB protein). LDL was at a concentration of 2 mg apoB

/ ml and a temperature of 37°C. At various time points over 20 h 50 pi of the
LDL samples (0.1 mg ofapoB protein) were prepared in 0.5 ml volumes. 100
pi of 0.01% BHT was added to stop any further oxidation. 0.4 ml of 10%
aqueous trichloroacetic acid (TCA) was added to each tube, followed by 0.4
ml of 0.75% TBA in 0.1 M MCI. The tubes were then vortexed and incubated
at 70°C for 30 min. The development of a pink colour indicated the presence
of TBARS. The samples were spun in a microfuge to precipitate the protein.
The clear supernatant was removed and the absorbance at 532 nm was
measured against a reagent blank in a Beckman DU-70 spectrophotometer.
The assay was performed in triplicate. A typical standard curve is shown in
Fig. 2.5.

2.3.3 High Performance Thin Laver Chromatography

The composition of the various categories of lipid which occur in LDL
change as oxidation proceeds. Changes in the lipid composition of LDL
during a time course of oxidation are a different measure of the extent of
oxidation which can be related to structural changes in LDL (see section 2.4).
Quantitation of these changes can be achieved by using high performance
thin layer chromatography (HPTLC)

(Schmitz et al., 1984).

. The main

advantage of this system is that good reproducibility can be achieved which
is difficult using conventional TLC procedure. This method also uses only tiny
amounts of sample, where approximately 300 pg of LDL lipid (equivalent to
75 pg of apoB protein) is enough for a complete lipid analysis.

High performance thin layer plates, 10 x 20 cm from Merck (Silica gel
60) were used for the separation of the lipids. All chromatography plates were
prewashed before chromatography in a solvent with the same composition
as that used for the separation. Before sample application, the plates were
activated in an oven for 1 h at 110°C. This procedure markedly improved the
separation of the lipids. Diethyl ether, acetic acid, methyl acetate and n68
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Fiq. 2.5: A typical standard curve to determine the TBARS In LDL.
The absorbances at 532 nm are shown as a function of malondialdehyde
concentration. Each point was the mean of triplicates. A first order regression
line was fitted to the data with the resulting correlation coefficient of 0.998.
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propanol were laboratory grade. Chloroform, methanol, n-hexane and nheptane were HPLC grade.

Separation of Neutral Lipids

The separation of neutral lipids (cholesterol, triglycerides and
cholesterol esters) was performed as a one step procedure with a mixture of
n-hexane, n-heptane, diethyl ether and acetic acid (63; 18.5:18.5:1 v/v).

Separation of Phospholipids

Separation of phosphatidylcholine (PC), lysophosphatidylcholine (lysoPC) and sphingomyelin (PC and sphingomyelin being the two main
phospholipids in LDL) was done with a one step procedure with a mixture of
methyl acetate, n-propanol, chloroform, methanol and 43 mM KCI in distilled
water (25:25:25:10:9 v/v)

2.3.3.1 Standards

The external standards used for the neutral separation of lipids from LDL
were triolein, cholesterol and cholesterol linoleate. The standards used for the
phospholipid separation were 1,2 dipalmitoyl phosphatidylcholine, 1 palmitoyl
lysophosphatidylcholine and sphingomyelin (all standards from Sigma).
Standards were applied to the TLC plate in the range 0.2 -1.0 pg.

To assess the efficiency of the extraction procedure the standards
were put through the same extraction procedures as that employed for the
samples (section 2.3.5.4 ). 1 pg of the lipids were applied in triplicate on each
TLC plate. The peak area of the extracted standards were used to calculate,
from the standard curve, the percentage recovery of the extraction procedure.
The average percentage recovery for phosphatidylcholine was 79 ± 9 %,
lysophosphatidylcholine 27 ± 7 %, sphingomyelin 78 ± 10 %, cholesterol 82
± 1 0 %, cholesterol ester 76 ± 10 % and triglyceride 80 ± 12 % (n=6).
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2.3.3 2 Sample Preparation

Oxidation of LDL was initiated by the addition of a stated amount of
(6.4, 25.6 or 51.2 pmol of

/ g of apoB protein). LDL was at a

concentration of 2 mg apoB / ml and a temperature of 37°C. At various time
points over 44 h lipids from 250 pg of apoB were extracted by addition of
3.75 ml of 2:1 (v/v) CHCIgiCHgOH and vortexed for 15 s. 1.25 ml of CHCI3
was added and vortexed for 15 s, followed by 1.25 ml of HgO and vortexed
for 15 s. The extraction mixture was centrifuged for 5 min and 5000 rpm in
a bench top centrifuge. The (CHCIgiMeOH) lower layer was pipetted off and
blown to dryness under Ng. The lipids were reconstituted in 250 pi
CHCIaiMeOH (2:1, v/v), and stored at -20°C.

2.3.3 3 Sample and Standard Application

The standards, samples and extracted standards were applied to
prewashed activated high performance thin layer chromatography plates with
a Camag Linomat. The first five tracks were used for standards, with track 1
being situated 15 mm from the edge of the plate. Each application was 4 mm
long and a gap of 5 mm between each track was allowed. The samples were
applied at the rate of 1 pi / 5 s. Because of the small amounts of lyso-PC and
the relatively large amounts of PC present in lipids of LDL, two separate TLC
plates have to be run to allow for both of these compounds to fall within the
relevant standard curve. To quantitate lyso-PC, 100 pg of lipid (equivalent to
20 pg of LDL protein) was applied to the TLC plate. To quantitate PC 10 pg
of lipid (equivalent to 2 pg of LDL protein) was applied to the TLC plate. In
the case of the neutral lipids 5 pg of lipid (equivalent to 1 pg of LDL protein)
was applied to the TLC plate so that the three lipids fall within the range of
the relevant standard curves.

2.3.3.4 Detection of Separated Lipids

Following chromatography of the neutral lipids, the plates were dried
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in an oven at 110°C for 10 min. Lipids were detected using the manganese
chloride-sulphuric acid reagent containing 3.2 g of manganese chloride, 480
ml of methanol, 32 ml of concentrated sulphuric acid and 480 ml of deionised
water. The plates were immersed in a tank of manganese chloride-sulphuric
acid reagent for 20 s. The plate was then placed horizontally on a paper
towel to remove excess reagent from the back of the plate. The plates were
then placed in the oven at 110°C for precisely 35 min, which had the effect
of charring the lipid bands.

Following chromatography of the phospholipids the plate was dried at
room temperature. They were then sprayed with 1 mM toluidine naphthalene
sulphuric acid 50 mM TRIS pH 7.4. The plate was sprayed lightly every 10
min for 1 h. The lipids were visualised by their fluorescence under short
wavelength U.V. light (222 nm).

2.3.3.5 TLC Scanning and Quantitation

Quantitation of the lipids on the HPTLC plates was performed with a
automated Camag TLC scanner interfaced with a Hewlett Packard computer
with HPTLC analytical software. The plates with the phospholipids (Fig. 2.6)
were scanned for fluorescence at 222 nm. The plates used for separation of
neutral lipids (Fig. 2.7) were absorption scanned at 366 nm. The light source
was a mercury lamp. A scanning speed of 54 mm/min was used and gave
a good peak resolution. For each of the standards used, a standard curve
i was constructed (Fig. 2.8-2.9) from which the lipid content of a particular LDL

sample can be quantitated. A standard curve was constructed for each plate
used as there was slight differences in the effectiveness of the staining
procedure from plate to plate.

2.3.4 SDS-Polvacrylamide gels

To assess the purity of the LDL preparations (Fig. 2.10) and to
determine the structural stability of the apoB protein during oxidation, SDS72

Fiq. 2.6: High performance thin iayer chromatography of phosphoiipids
detected by fluorescence.

(a) HPTLC plate to quantitate PC and SPH. Lanes A - E contain three
standards PC, SPH and LPC (1,2,3 respectively), and contain 0.2, 0.4, 0.6,
0.8, 1.0 pg of each standard respectively. Lanes F - P contained lipid
extracted from 2 pg of LDL protein at time 0, 4, 8, 12, 16, 20, 24, 28, 36, 40
and 44 h respectively, after oxidation was initiated with 6.4 pmol Cu^" / g
apoB. Lanes Q - 8 contained standards which have undergone the same
extraction procedure as LDL. This allows extraction efficiency to be
ascertained. Each lane Q - 8 contained a calculated 1 pg of each standard
PC, 8 PH and LPC.

(b) HPTLC plate to quantitate LPC content. Lanes A - E contain three
standards PC, 8 PH and LPC (1,2,3 respectively), and contain 0.2, 0.4, 0.6,
0.8, 1.0 pg of each standard respectively. Lanes F - 0 | contained lipid
extracted from 20 pg of LDL protein at time 0, 4, 8, 12, 16, 20, 24, 28, 36, 40
and 44 h respectively, after oxidation was initiated with 6.4 pmol Cu^^ / g
apoB. Lanes P - RI contained standards which have undergone the same
extraction procedure as LDL. This allows extraction efficiency to be
ascertained. Each lane Q - 8 contained a calculated 1 pg of each standard
PC, 8 PH and LPC.
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Fig 2.7: High performance thin layer chromatography showing neutral lipid
separation.

Lanes A - E contain three standards CE, TG and OH (1,2,3 respectively), and
contain 0.2, 0.4, 0.6, 0.8, 1.0 pg of each standard respectively. Lanes F - P
contained lipid extracted from 2 pg (for photographic purposes) of LDL
protein at time 0, 4, 8, 12, 16, 20, 24, 28, 36, 40 and 44 h respectively, after
oxidation was initiated with 6.4 pmol Cu^ / g apoB. Lanes Q - S contained
standards which have undergone the same extraction procedure as LDL. This
allows extraction efficiency to be ascertained. Each lane Q - S contained a
calculated 1 pg of each standard CE, TG, and CH.
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Fig. 2.8: Typical standard curves to measure the phospholipids in LDL by
HPTLC.
The amount of phospholipid is shown as a function of integrated peak area.
A first order regression line was fitted to each standard curve with resulting
correlation coefficients of > 0.994.^ sphingomyelin, # lysophosphatidylcholine,
■ phosphatidylcholine.
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Fig. 2.9: Typical standard curves to measure the neutral lipids in LDL by
HPTLC.
The amount of lipid is shown as a function of integrated peak area. A second
order regression line was fitted to each standard curve with resulting
correlation coefficients of > 0.99.^ triglyceride, # cholesterol, ■ cholesterol
ester.
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PAGE analysis was carried out. 2.5-16% linear gradient polyacrylamide gels
in Tris borate buffer pH 8.3 (Isolab) were used in conjunction with a
Pharmacia Mini Gel apparatus.

Solutions Used :
Sample Buffer
30 mM Tris
3 mM EDTA (Di-sodium salt)
3% (w/v) sodium dodecyl-sulphate (SDS)
15% (v/v) glycerol
15% (v/v) 2-mercaptoethanol
Trace amount of bromophenol blue
pH 8.0 with 0.1 M HCI

Electrophoresis Tank Buffer

A Tris glycine electrophoresis buffer was prepared at 5x the final
concentration.

1.5% (w/v)

Tris

7.2% (w/v)

glycine

0.5% (w/v)

SDS

This was stored at 4°C until ready to use, when 200 ml was diluted five fold
and added to the electrophoresis tank. This buffer was at a pH of 8.3

2.3.4.1 Sample Preparation

Oxidation of LDL was initiated by the addition of a stated amount of
Cu^" (6.4, 25.6 or 51.2 pmol of Cu^^ / g of apoB protein). LDL was at a
concentration of 2 mg apoB / ml and a temperature of 37°C. At various time
points over 20 h LDL (equivalent to 100 pg protein) in a volume of 50 pi was
pipetted into a micro-centrifuge tube and 25 pi of sample buffer was added.
The sample was denatured by incubation at 80°C for 15 min. before
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application to the gel.

2.S.4.2 Standards

A Pharmacia high molecular weight calibration kit was used containing;

Mol. Wt.

Subunit Mol. Wt.

Source

Thyroglobulin

669000

330000

hog thyroid

Ferritin

440000

18500/220000

horse spleen

Cataiase

232000

60000

beef liver

Lactate dehydrogenase

140000

36000

beef heart

Albumin

67000

67000

bovine serum

2.3.4.3 Running the Gel

The electrophoresis tank (GE-2/4 LS, Pharmacia) was filled with
running buffer and the cooling system (16°C) and the circulation of the buffer
was started. The gel or gels were loaded into the tank and subjected to 150
volts for 1 h to remove the storage buffer. The sample loader was then
inserted into the gel. Using a Hamilton syringe, the desired amount of protein
(normally 2 pg) was added to each well. To run the samples and standards
into the gel matrix, 250 V was passed through the gel for 10 min. The voltage
was then reduced to 150 V until the tracking marker ran to the bottom of the
gel.

2.3.4.4 Coomassie Blue Stain

After the gel had been removed from the tank it was added to
Coomassie Blue stain (50 % (v/v) methanol 5% (v/v) acetic acid 0.2% (w/v)
Coomassie blue R-250 44.8% HgO) for 1 h at 37°C. The gel was then
transferred to destain solution (20% methanol 5% acetic acid 75% HgO) on
an orbital shaker. The destain was changed regularly until the protein bands
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showed up clearly on a pale background.

2.3.5 Macrophage Uptake of

Oxidised LDL

An important event in the progression of atherosclerosis is the
formation of foam cells. These are formed by the unregulated receptordependant uptake of oxidatively modified LDL by the scavenger receptor.
This receptor is expressed by activated macrophages in the sub-endothelial
space, which are attracted and held there by products of oxidation such as
lyso-PC.

To measure uptake of LDL by macrophages, ^^^l-labelled LDL was
used. The procedure for preparing ^^®l is based on Bilheimer's modification
(Bilheimer et al., 1972) of the iodine monochloride method of MacFarlane
(McFarlane, 1958). The method described below produces biologically active
^^^l-LDL that has the following properties: (a) <1 atom of iodine incorporated
into each 100000 Da of LDL (b) >97% of the ^^^1 radioactivity is precipitated
with 10% (v/v) trichloroacetic acid (c) <6% of the ^^®l radioactivity is extracted
into chloroform-methanol (2:1, v/v).

2.3.5.1 Iodine Monochloride Stock Solution

150 mg of sodium iodide was dissolved in 8 ml of 6 M HCI together
with 108 mg of NalO^ HgO dissolved in 2 ml of distilled water. The iodate
solution was forcibly injected from a 2 ml syringe and needle into the iodideHCI solution in order to avoid precipitation of iodine. This mixture was diluted
with distilled water to a final volume of 40 ml and shaken vigorously in a
glass-stoppered separating funnel with 5 ml of carbon tetrachloride. If the
lower organic phase had a red colour, owing to the presence of free iodine,
then the lower layer was run off from the aqueous layer and discarded. The
extraction was repeated with further 5 ml aliquots of carbon tetrachloride until
the organic phase was colourless. The aqueous phase was transferred to a
glass tube and any residual carbon tetrachloride was blown off under a
80

nitrogen stream. The volume was then adjusted to 45 ml with distilled water.
The solution was 33 mM with respect to iodine monochloride and
approximately 1 M with respect to HCI. This stock solution was stored at 4°C
in an amber bottle.

2.3 5.2 lodination

The iodine monochloride stock solution was diluted with 2 M NaCI to give a
0.33 mM ICI solution. Approximately 5mg of protein diluted to 500 pi with Tris
buffer was added to 200 pi of 2 M glycine buffer pH 9.5 in a round bottomed
Quick-Fit tube and placed on ice. Using a Hamilton syringe set aside for ^^^1
work, 1 mCi of Na^^^l (Amersham IMS30) was pipetted into the Quick-Fit
tube. The Quick-Fit tube was swirled to mix gently the contents. 300 pi of ICI
was drawn into a Gilson pipette and rapidly injected into the quick fit tube. 10
pi of the iodination mixture was pipetted into 990 pi of buffer and mixed. 100
pi aliquots were counted in a gamma counter. The number of cpm obtained
was equivalent to that amount of radioactivity present in 1 pi (out of a total
of 1010 pi) of the iodination mixture.

2.3 5.3 Separation of free and bound ^^*1 using a G-25 PD-10 Sephadex
column

25 ml of dialysis buffer (140 mM NaCI 12.5mM Tris pH 7.4) was run
through a G-25 PD-10 Sephadex column (Pharmacia) to equilibrate it with the
buffer.The iodination mixture was added to the top of the column using a
Pasteur pipette and allowed to run into the matrix. 3.5 ml of buffer was then
pipetted on top of the column. The eluent was collected when yellow and the
collection finished when the orange colour had disappeared from the column.
The volume of the eluent was estimated using a 10 ml measuring cylinder.
A 10 pi aliquot was added to 990 pi of buffer and 100 pi aliqouts of this were
counted in a gamma counter.
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2.3.S.4 Separation of Free and Bound ^^*1 by Dialyses

Further separation of free and bound

was required as the PD-10

column was unable to remove the non-incorporated ^^®l that adheres very
tightly to the LDL. Dialysis overnight in a large volume of buffer was therefore
necessary. The ^^^l-LDL was added to a length of dialysis tubing (previously
boiled in 10 mM NagEDTA, pH7.4) and dialysed against 5 I of 140 mM NaCI,
12.5 mM Tris pH 7.4 overnight at 4°C. The dialysate was filter-sterilized with
a 0.45 pm sterile filter and transferred to a sterilin container. The volume of
the dialysate was estimated using a 10 ml measuring cylinder. 10 pi was
added to 990 pi of buffer and 100 pi aliqouts counted in a gamma counter.
The incorporation of ^^®l can be calculated from this. This LDL was then
diluted down with cold LDL to approximately 40 - 50 cpm / ng LDL protein.

2.3.5.5 Incorporation of ^^*1 into LDL protein

50 pi ^^^l-LDL, 500 pi 0.5% (w/v) bovine serum albumin (BSA) and
1000 pi of 15% (w/v) TCA was pipetted into 4 polystyrene Sarstedt tubes and
vortexed well. The protein was spun down by centrifuging at 4500 rpm for 15
min in an MSE coolspin. The supernatant was decanted off into four
polystyrene Sarstedt tubes . Another four 50 pi aliquots of ^^^l-LDL was added
to polystyrene Starstedt tubes and all eight tubes were counted in a gamma
counter. From this the percentage of ^^®l that had been incorporated into LDL
protein can be calculated.

2.3.5.6 Isolation and Culturing of Mouse Peritoneal Macrophages

Resident peritoneal macrophages were isolated and cultured from GDI
mice weighing about 20 - 30 g by lavage with 3 ml per mouse of Dulbecco's
phosphate buffered saline without Ca^^ or Mg^\ Cells were spun down at
1000 rpm for 15 min in an lEC Centra-4X bench top centrifuge and
resuspended in Dulbecco's Modified Eagle Medium (Gibco) (with sodium
pyruvate and 1000 mg/l glucose) supplemented with foetal calf serum (Gibco)
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(10%, v/v) and 50 |jg/ml gentamicin. Cells were then seeded in 22.6 mm
diameter wells in 12-well cluster plates (Costar) at 2 million cells / ml / well.
Plates of cells were incubated at 37°C in a humidified atmosphere of 95% air
/ 5% COg for a minimum of 4 h, after which time the cells were washed with
culture medium to remove any non-attached cells. These cells were then
ready to receive the Ox-LDL.

2.3.S.7 Oxidation of LDL bv Cu2 +

Oxidation of LDL was initiated by the addition of a stated amount of
Cu^^ (6.4, 25.6 or 51.2 pmol of Cu^"^ / g of apoB protein). LDL was at a
concentration of 2 mg apoB / ml and a temperature of 37°C. At various time
points over 24 h 32.5 pi (65 pg LDL protein) of modified or control LDL was
added to 2 pi of 100 pM EDTA in order to prevent further oxidation. These
were stored at 4°C until the oxidation series was complete. The LDL was
diluted down to 10 pg/ml by the addition of DMEM containing foetal calf
serum (10%, v/v) and gentamicin (50 pg/ml). This is a medium in which
macrophages are unable to modify LDL (Rankin et al., 1988). LDL was then
incubated (1 ml per well) for 24 h with the target macrophages or cell free
wells. At the end of the incubation 0.9 ml of medium from each well was
transferred to tubes placed on ice. To each tube was added 100 pi of ice cold
30 mg/ml bovine serum albumin (as carrier) 250 pi of ice cold 3M TCA and
250 pi of ice cold 700 mM silver nitrate (to precipitate free radioiodide ions),
vortexing between each addition. The tubes were then centrifuged for 10 min
at 1500 g at 4°C. The radioactivity in 1 ml of the supernatant was then
determined using a gamma counter. The degradation products of cell free
wells were subtracted from those of the medium from the corresponding
target macrophages.

After the medium had been removed from the wells, the macrophages
were washed twice with 3 ml of ice cold PBS containing Ca^^ and Mg^^ and
solubilised in 750 pi of 200 mM NaOH for 20 min at room temperature. After
shaking 500 pi was taken for a protein determination by the modified Lowry
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procedure (Schaterle & Pollack, 1973). This enables the degradation of LDL
by macrophages to be normalised for amount of protein in each well which
will differ slightly by the fact that each well will not contain the same amount
of cells.

2.3.5 8 Typical Values for Incorporation of '^*1 in LDL at various stages during
the lodination Procedure.

10 pi of the iodination mixture (section 2.3.5.2) was added to 990 pi of buffer.
100 pi aliquots of this was counted in a gamma counter for 5 min (equivalent
to counting 1 pi of the iodination mix). The iodination mixture contained 627
uCi

After the idination mixture was passed through a PD10 column (section
2.3.5.3) the volume was estimated to be 2800 pi. Average cpm of 100 pi
aliquots (after 10 pi of the eluent from PD10 was added to 990 pi of buffer)
was 211551. % counts retained after the PD10 column = 43%

After dialysis (section 2.3.5.4) the volume was estimated to be 2600 pi.
Average cpm of the 100 pi aliquots (after 10 pi of the eluentfrom dialyses
was added to 990 pi of buffer) was 200115. % countsretainedafter dialysis
= 37%. (i.e. 232 uCi)

Incorporation of

into Protein

Average cpm for the precipitated protein = 395359
Average cpm for the protein and lipid = 411116
Therefore 395359 / 411116 x 100 = 96.2% incorporation into the protein

Specific Activity of the iodinated LDL

The concentration of the iodinated LDL was established by means of a Lowry
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protein assay as 1.88 mg/ml. There was 2.6 ml of this, which corresponds to
4.9 mg of LDL protein.
5.2

X

10® counts / 4.9 x 10'® g of protein = 106 cpm/na protein

This is diluted down to 40 - 60 cpm/ng protein with 'cold' LDL
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Section B: Structural Determination

All biological macromolecules are composed of a specific arrangement
of any one or more of the following; amino acids,

nucleic acids,

carbohydrates and lipids. These are organised to produce a unique three
dimensional structure which has a particular functional role in the living
organism. The spatial arrangement and structure are very important for the
functioning of any particular macromolecule.

There are a number of biophysical techniques available that can give
details of structural arrangements. All have their advantages and drawbacks.
Fourier transform infra red spectroscopy and circular dichroism give details
of the secondary structure of proteins and minimal information on any lipid
present. Concentrations above the physiological level are needed for this
technique to give accurate results. Electron microscopy does not give any
details of fine structure, only the gross overall shape of macromolecules are
seen. Again the macromolecule under question is not in its physiological
environment. NMR has the ability of looking at detailed structure, but the
concentration of the molecule needs to be very high. Some useful information
however has been gained about the surface and core interactions (see
Chapter 1).

Solution scattering has several important advantages over the methods
outlined above. Firstly the LDL is in solution at concentrations comparable to
physiological levels and no special preparation is necessary (see section 2.1).
Neutron scattering primarily looks at the lipid core of LDL and gives details
of the gross overall shape of the molecule. It also has the advantage that
polydispersity of the LDL sample can be assessed. X-ray scattering is a
complementary method to neutron scattering as it also gives details of the
internal structure of LDL at conditions comparable to those in vivo. Both
these methods can be used to follow the changes which occur during the
oxidative modification of LDL.
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2.4 Neutron Solution Scattering

2.4.1 ILL Grenoble

Neutron scattering studies were carried out at the high flux reactor at
the Institute Laue-Langevin (ILL) in Grenoble, France. High energy neutrons
were produced by the fission of

The thermal neutron flux was

moderated by either a hot (graphite) or a cold (deuterium at 25K) source to
enhance neutron intensities at low wavelengths (0.04 < X < 0.08 nm) or at
the longer wavelengths used for solution scattering of 1 > 0.4 nm,
respectively. Neutron guides transferred the neutrons from the reactor core
to the external instruments in the guide hall (Fig. 2.11). The small angle
scattering instrument used was D17 (Fig. 2.12) on beamline H17 with a
maximum sample to detector distance of 3.5 m and a Q range (scattering
angle Q = 47t sin 9 / À, ; 20 = scattering angle; X = wavelength ) of 3 x 10'^
to 10 nm'L At D17, the incident beam was made monochromatic using a
velocity selector. This consisted of a rotating drum with a helical slot which
allowed only those neutrons with a specified velocity (and hence wavelength
range) to pass through. Collimation was achieved by changing the apertures
at either end of a 2.5 m boron carbide composite tube. Diaphragms of size
20 mm at the reactor end and 14 mm at the detector end of the collimator
were used in all D17 experiments.

Allowable sample to detector distances for D17 ranged from 0.8 m to
3.5 m and the detector could be rotated from 0° to 90° about the sample (Fig.
2.12). Typical configurations of 3.4 m 0°, 1.4 m 0° and 1.4 m 20° were used,
and gave a total Q range of approximately 0.05 to 3.25 nm’V The BF3 multi
detector on D17 has dimensions 64 x 64 cm^ and is composed of 4096 cells
each of area 1 x 1 cm^ Both the incident and diffracted beam were in vacuo.
The direct beam was prevented from hitting the detector centre by an 8 cm
by 6 cm cadmium beam stop. The position of the beam stop was determined
using a 1mm thick strip of Teflon inserted into the sample holder, which is a
very high scatterer of neutrons. CAMAC standard electronics and a Vax 1187

Schematic Arrangement of Beam-Tubes
and Instruments at the HFR (90)
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Fiq. 2.11: Schematic arrangement of beam-tubes and instruments at the High Flux Reactor, ILL, Grenoble, 1990.

High energy neutrons are produced by the fission of

and the flux is modified either by the inclusion of a hot source (MS)

or a cold source (CS). Neutron guides transfer the neutrons from the reactor core to the external instruments. The small-angle
solution scattering camera D17 is found at the end of cold neutron guide H17.

Neutron
beam
Multidetector

Fiq. 2.12: Photograph and schematic diagram of D17 set up for small angle
solution scattering, ILL, Grenoble.

The sample to detector distance can be set to be 0.8m, 1.4m or 2.8 - 3.5m.
The detector can be rotated horizontally about the sample from 0° to 90°.
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730 minicomputer controlled the instrument and data acquisition.

Prior to measurement, the samples were extensively dialysed against
their buffer (in DjO) and the final dialysate was used for buffer background
subtraction. Samples were measured in quartz Hellma cuvettes of path
thickness 2 mm (volume 400 pi). Up to 12 cuvettes were placed in an
automatic, temperature-controlled cell holder. A dilution series for a number
of samples were carried out to asses the interparticle interference effects.
The concentration series can be extrapolated to zero concentration, for a
more reliable assessment of

and l(0)/c. Counting times were dependent

on the sample to detector distance, namely 1 - 2 min at 3.5 m position and
7 - 1 4 min at the 1.4 m and 20° positions. The transmission was calculated
as the ratio of the intensity of the attenuated direct beam through the sample
to the intensity through the empty cell. The beam was attenuated with a 5
mm polymethylmethactylate sheet and the beam stop was moved out to the
edge of the detector. All transmission measurements were counted for 2.6
min to get sufficient counts for statistically significant results.

The

transmission from at least one sample in the dilution series was obtained to
ensure the dialyses ran correctly. Since the measured transmissions of
different samples gave approximately the same value, these were averaged
together for the final data analyses.

2.4.1.1 Preliminary Data Reduction

A number of calibration and normalisation measurements were
performed during the processing of any sample (Ghosh, 1989) as shown in
Fig. 2.13. DETEC listed the raw counts from the detector cell by cell and was
used to calculate the position of the beam stop. RNILS listed and stored the
radial intensity function l(Q) of the detector. Individual cells were averaged
at a given radial step length spacing of 1 cm to give a mean Q at that step
and intensity 1(0). SPOLLY (Fig. 2.14) normalised and combined individual
spectra and listed and stored the output. All spectra were normalised with
respect to the monitor counts (counting time). The role of the cadmium
90

DETEC

RNILS

SPOLLY

RPLOT

RCARD

RGUIM

Fiq. 2.13: Flow diagram showing the data reduction procedures for neutron
scattering at D17.
DETEC Lists the raw counts from the detector cell by cell.
RNiLS Calculates the radial intensities function l(Q) of the detector.
SPOLLY Corrects and normalises the sample spectrum l(Q).
RPLOT Plots out two spectra on the same graph.
RCARD Produces a card image disc file of formatted data.
RGUiM Calculates the Guinier plot.
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SPOLLY

CADMIUM
name ext. cnts

WATER
name ext. cnts.

EMPTY CELL
name ext. cnts.

TRANSMISSION
OF WATER

BUFFER
name ext. cnts.

SAMPLE + BUFFER
name ext. cnts

TRANSMISSION
OF SAMPLE

TITLE

END

Fig. 2.14: Detailed flow chart of SPOLLY.
Name ext. cnts. refer to the individual run number, its extension number and
the monitor counts (proportional to the time in the beam). The transmission
of the sample plus buffer and buffer alone are assummed to be equal and the
default value of one is used.
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sample was to block the direct beam of neutrons and hence to provide an
estimation of the neutron and electronic background counts in the guide hall
which was subtracted from each spectrum. Each sample spectrum was
normalised by subtracting the buffer background. Preliminary Rq and 1(0)
values were calculated using RGUIM during data aquisition to check the
samples had been counted for a sufficient amount of time, and again after full
data reduction. RPLOT was a general graphics program and could plot two
spectra together. This was used to ensure spectra of the same sample from
two different instrument configurations overlapped sufficiently in regions of
similar Q. RCARD produced output containing Q, l(Q) and error of l(Q) on
magnetic tape for transfer to London. The spectra were reanalysed more
carefully in London using the FORTRAN interactive graphics program,
SCTPL.

2.4.2 ISIS. Rutherford Appleton Laboratory

Neutron scattering studies were also carried out at the pulsed neutron
source ISIS at the Rutherford Appleton Laboratory, Didcot, UK. At ISIS, the
pulsed neutron beam is emitted from a uranium or tantalum target after
proton bombardment at 50 Hz and is moderated by a liquid

cold source

on station LOQ (Fig. 2.15 - Fig. 2.16). This cools down the neutrons and so
increases the number of neutrons at longer wavelengths, which is important
for Guinier measurements. The wavelength of the neutrons is kept between
0.2 - 1.0 nm by a supermirror bender which cuts out the wavelengths of lower
than 0.2 nm, and an overlap mirror which removes neutrons with wavelengths
greater than 1.0 nm. The resulting polychromatic pulsed beam was resolved
into wavelengths in the range 0.2 - 1.0 nm using time of flight techniques to
achieve monochromatisation. A BF3 LETI scintillation detector or an ^He
ORDELA detector was employed to record neutron scattering patterns at a
fixed sample to detector distance of 4.3 m. The faster neutrons of shorter
wavelengths result in data at a higher Q range, whilst slower neutrons result
in data at low Q. Samples and their corresponding buffers in ^HgO were
measured in 2 mm thick rectangular quartz Hellma cells positioned in a
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Fig. 2.15 : Schematic arrangement of neutron production at the pulsed neutron source ISIS at the Rutherford Appleton Laboratory.
Protons are produced in the linac hall and passed into the proton synchrotron. From the synchrotron, the protons pass down an
external proton beam line and bombard a uranium target to produce neutrons.
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Fig. 2.16: Schematic representation of the experimental set up on LOQ at the Rutherford Appleton Laboratories.

temperature controlled rack for a fixed total of 0.5 to 1.5 x 10® monitor counts
in runs lasting 30 - 35 min each (50 pA beam; U target) or 9-18 mins (110
pA beam; Ta target) at LDL protein concentrations of 1 - 6 mg/ml. Spectral
intensities were normalised relative to the scattering from a standard
calibrated partially deuterated polystyrene sample provided by Professor G.D.
Wignall. Transmissions were measured at all temperatures used for all the
samples and buffers, together with the standard polymer and the empty beam
position.

2.4.2.1 Preliminary Data Reduction

Data reduction of the raw data collected in 100 time frames of 64 x 64
cells utilised the standard ISIS software package COLETTE (Heenan et ai.,
1989) (Fig. 2.17). Scattered intensities were binned into individual diffraction
patterns based on wavelengths of 0.22 - 1.0 nm in linear steps of 0.02 nm
or logarithmic steps of 0.08%, and corrected for the wavelength dependence
of the transmission measurements. These patterns were merged to give the
full scattering curve in a Q range between 0.05 - 2.2 nm '\ The Q range was
based on 0.04% or 0.08% logarithmic increments which was optimal both for
Guinier Rq and 1(0) analyses at low Q and better signal noise ratios at large
Q.

2.5 X-ray Solution Scattering

X-ray solution scattering studies were carried out at the Synchrotron
Radiation Source (SRS) at Daresbury, Warrington, U.K. Electrons were
emitted from a hot cathode and accelerated to 12 million electron volts (12
MeV) in a linear accelerator (LINAC). The electrons were further accelerated
in a booster synchrotron to 600 MeV and from there, injected into the storage
ring and finally accelerated to 2000 MeV (2 GeV, 99.999997% of the speed
of light) by a high power radio-frequency accelerating system. This also
maintained the energy at this level. The beam current varied in the range of
119- 284 mA. The main beam intensity continually decreased between beam
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Fig. 2.17: Detailed flow diagram of COLLETTE,
The diagram follows the stages of data reduction from the raw data files to
the final transfer of ASCII files to London. @MASK executes a file
(mask.com), which is frequently updated by the instrument scientists to
account for fluctuations in the behaviour of the detector.
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fills and was refilled every 12 h. The electrons travelled round the 96 m
circumference 3.12 million times a second and can remain in orbit for up to
30 h. The path followed by the electrons was bent into a circle by 16 dipole
magnets. Synchrotron radiation was emitted by the electrons when they
were deflected by the magnetic field. The radiation was transmitted
tangentially down beamlines to different experimental stations (Fig. 2.18). The
small angle X-ray scattering instrument was situated at station 8.2 (Fig. 2.19).
The beam was monochromated to a wavelength of 0.154 nm and focused
horizontally by a ^^^Ge crystal and focused vertically with a curved mirror.
Sets of slits positioned before and after the monochromator and mirror were
used to collimate the beam. Wavelength spread is negligible as a result of
the monochromatisation. The beam is passed through a front ion chamber,
used for qualitative monitoring of the beam, through the sample and then
through a back ion chamber, used for normalisation of the scattering and
equivalent to the sample transmission measurements of neutron scattering.

As for neutron experiments, the samples were dialysed against their
buffer for 36 h and the final dialysate was used for buffer

subtraction

procedures. Samples were placed in round perspex cells with mica windows
approximately 12 pM thick, held in place with Teflon inserts. The sample
volume was 20 pi and the path length was 1 mm. The cell holder was made
of brass and the temperature was controlled by means of a thermostatted
water bath. The sample holder was aligned in the beam by using 'green
paper' which turns red on exposure to X-rays. The counting times were 10
min in all cases and data were collected in 10 equal time frames. The time
frames could be plotted individually to assess radiation damage to the
sample. No radiation damage was seen in any sample analyzed in this way.
The LDL samples were measured alternately with their buffer using equal
collection times to reduce background subtraction errors.

The sample to detector distance was between 3.23 - 3.54 m in all
cases which gave a Q range of 0.04 to 2.2 nm'L A quadrant detector was
used for all scattering experiments. This detector measured the intensity in
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Fig. 2.18: Schematic representation of the beamlines at the SRS, Daresbury.
Electrons are am

itted from a hot cathode and accelerated in a linear

accelerator (LINAC). The electrons are futher accelerated in a booster
synchrotron and then injected into the storage ring. The path followed by the
electrons in the storage ring is bent into a circle by 16 dipole magnets and
has a 96 m circumference. Synchrotron radiation is emmitted by the electrons
when they are deflected by the magnetic field and is transmitted tangentially
down beamlinesto the different experimental stations. The small angle
scattering instruments are located on beamlines 2, 7 and 8.
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Fig. 2.19: Photographs of the sample area and quadrant detector at station
8.2, SRS, Daresbury.

The

upper

photograph

shows

the

sample

area.

The

X-rays

are

monochromated and collimated and pass through the front ion chamber
before reaching the sample. The scattered beam goes through a back ion
chamber onto the detector. The air gap between the sample and the front
and back ion chambers should be as small as possible. The sample to
detector distance can be varied from 0.3 to 4.5 m.

The lower photograph shows the quadrant detector. The scattered beam is
guided to the detector along an evacuated beamline. The quadrant detector
measures the scattering intensity in a 76° arc over 150 mm. The beam is
aligned with the centre of the circle.
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a 76° arc over a radial length of 150 mm. The main beam was aligned with
the centre of this arc and the increase in circumference with increasing
scattering angle compensated for the decrease in scattering intensity at
higher angles, hence achieving better counting statistics at high Q. To
characterise the detector response, a uniform radioactive source of ®®Fe was
measured over several hours.

2.5.1 Preliminary Data Reduction

Data reduction at Daresbury utilized the FORTRAN software OTOKO
Fig. 2.20 (Bendell, P., Bordas, J., Koch, M.H.C. and Mant, G.R., EMBL
Hamburg and SERC Daresbury Laboratory, unpublished software) running
on a Vax 11-750. The DIN procedure normalised all the spectra to the
counts in the back ion chamber. This corrected for beam flux, transmission
of the sample and exposure times. The buffer background was subtracted
from the sample spectra using ADD to give the scattering curve due to the
sample only. The resultant spectra were normalised with the detector
response using the .DIV and finally the 10 time frames were averaged
together with AVE. The spectra could be plotted with the .FLO (plots out
average spectrum) or .PL3 (plots out individual time frames). The x-axis
contained an artificially produced gap due to the electronics (Fig. 2.21). This
was removed using the program .XSH by specifying the position of the
beginning of the gap and the size of the gap in pixels. The Q-axis was
calibrated using XAX from the diffraction pattern of wet slightly stretched rat
tail collagen. The spectrum consisted of a series of peaks of diffraction
spacing 67 nm and the major peaks were the 1st, 3rd, 5th, and 9th peaks.
The position in pixels of all the peaks was determined. Since the number of
pixels between any two peaks was approximately the same, the position of
the 0th order peak (Q=0) could be extrapolated. The pixel position and Q
value (Q=27c x order/67) of another peak, usually the ninth order, was
calculated. The pixel position and Q value of these two peaks were used by
XAX to produce a Q axis file. RECONV converted the binary OTOKO files
to card image files for transfer to London via KERMIT. DOTKO combined the
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Fig. 2.20: Flow diagram of the data reduction procedures for X-ray scattering.
The .DIN procedure normalises all the spectra to the counts measured in the
back ion chamber. The buffer background is subtracted from the sample plus
buffer spectra using .ADD. The resultant spectra are normalised to the
detector response using the DIV and the 10 individual time frames are
averaged together with the .AVE. The spectra are plotted either with the .PLO
(averaged spectrum) or .PL3 (individual time frames). The detector gap is
removed using .XSH (Fig. 2.20). The Q axis is calculated using XAX from
the diffraction pattern of wet, slightly stretched collagen. .RECONV converts
the binary OTOKO files to card image files for transfer via KERMIT to
London. DOTKO combines the Q axis file with the spectrum intensity files for
final analyses using SCTPL.
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Fig. 2.21: Collagen diffraction pattern.
A total of 21 diffraction peaks are visible here, each of which is 2tc/67 nm'^
apart. The channel numbers are converted into Q values using .XAX. The
gap between peaks 11 and 12 is artificial and is removed during data
reduction by determining the position of the beginning of the gap and the size
of the gap in pixels.
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Q axis file with the spectrum intensity files for final analysis using SCTPL4.

2.6 Analyses of Scattering Data

2.6.1 Guinier plots

Plots of l(Q) against

(Guinier plots) were performed on neutron data

measured at 3.4 m on D17 using the ILL program RGUIM and on all ISIS
and X-ray data using the Fortran program SCTPL4. Guinier analyses at low
Q gives the radius of gyration Rq and the forward scattering 1(0) (Glatter and
Kratky, 1982).

lnJ((?) = In J(0) -R^ i?V3
For a spherical macromolecule this expression is valid in a Q range
extending to a Q.Rq of 1.3. The program calculated the Rq from the gradient
of the line, where the Rq is a measure of particle elongation and the internal
arrangement of different scattering densities, i.e. the arrangement of protein
and lipid within LDL. l(0)/c (c = sample concentration) which is calculated
from the Y-axis intercept is proportional to the molecular weight M^. The
is calculated as an absolute value for neutron data, since it is referenced to
the incoherent scattering from water as a known standard on D17, or to the
forward scattering 1(0) of the standard polymer on LOQ. The

is calculated

as a relative value from X-ray data (i.e. referenced to l(0)/c measured from
other samples in the same beamtime session, and normalised with the same
®®Fe detector response). The l(0)/c parameters have marked concentration
dependences which can be seen by plotting

l(0)/c against protein

concentration using SIGMAPLOT 4.1. The line through the concentration
series was regressed to zero using the spreadsheet program EXCEL 4.0 and
this value was used for further analyses.
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2.6.2 Distance Distribution Function

Clatter's (1982) Indirect Transformation Procedure (versions ITP-81
and ITP-91) was used to transform the scattering curves l(Q) in reciprocal
space into the nuclear pair or electron pair distance distribution function P(r)
in real space (Laggner and Müller, 1978)

P(r)

f I{Q)

8in (Or) dQ

The P(r) curve corresponds to the distribution of distances r between any two
volume elements within one particle weighted by the product of their
respective nuclear/electron densities relative to the solvent density. The
calculation of P(r) from D17 necessitated joining together the scattering
curves from the three instrumental set-ups (3.4 m 0°, 1.4 m 0° and 1.4 m
20°). This gave 87 l(Q) data points with a Q range of 0.08 - 3.06 nm'V The
full l(Q) curve was fitted using 20 splines. The number of splines used is a
trial and error procedure, in which too many splines will result in over
interpretation of the experimental data and too few in under-interpreted data.
The assumed maximum dimension

of native LDL for the P(r)

transformation was 30 nm, which is 30% larger than the anticipated

of

23 nm for LDL (Bellamy et al., 1989). Müller and Glatter (1982) state that this
assumed value need only be 20% larger. The correct D,^^x was indicated by
stable Rq and 1(0) values over a suitable range of Lagrange multipliers. An
incorrect choice of D^^^x would not yield stable

values over a range of

Lagrange multipliers. Criteria for the correct choice of parameters for the P(r)
calculation were; (1 ) P(r) should be zero at zero Q (2) the Rq from ITP should
agree with Rq from Guinier analyses (3) P(r) is stable and reproducible for
different experimental l(Q) curves. The maximum particle dimension L was
determined from P(r) when it became zero at large r although errors in L can
be significant as a result of the low intensity of P(r) in this region. The P(r)
calculation from LOQ data was based on 1(0) data in the Q range 0.06 - 2.00
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nm'^ with 99 l(Q) data points in linear steps of Q or 88 l(Q) points in
logarithmic steps of Q. The dilution series of six l(Q) curves from LOQ were
normalised and extrapolated to zero concentration assuming a linear
relationship using PDH-91 (the Primary Data Handling routine in the ITP-91
package), fitted using 20 splines, and transformed assuming a maximum
dimension of 30 nm. The X-ray P(r) curve from station 8.2 synchrotron data
using the quadrant detector contained about 430 1(0) data points. Using
PDH-91, these were funnelled to give 290 - 301 data points (the maximum
allowed for ITP) over the same Q range, normalised, and extrapolated to zero
concentration. The final 1(0) curve in the 0 ranges 0.05 - 2.48 nm'^ or 0.04 2.21 nm’’’ was fitted using 20 splines, and transformed using a maximum
dimension of 30 nm.

2.6.3 Radial Nuclear and Electron Density Profiles

The neutron and X-ray P(r) curves were converted using DECON-91
into the radial nuclear or electron density functions p(r) on the assumption
that the LDL molecules were spherically symmetric and monodisperse (see
2.4.3.4).

P (r) =

^

^0

where:

A (Q) = ± l/T (S?) I
The neutron P(r) curves from D17 and LOO were transformed into the
p(r) curves using 20 radial nuclear density steps, each of width 0.65 nm,
which assumed an LDL radius of 13 nm. The X-ray P(r) curves from station
8.2 were also transformed using the same parameters. Criteria for the correct
choice of parameters for p(r) calculations were: (1) the p(r) should be zero
or close to zero when r is at its maximum; (2) back calculation of the p(r)
curve calculation to give P(r) and 1(0) curves should give curves similar in
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appearance to the starting P(r) and l(Q) curves; (3) p(r) should be stable and
reproducible for different l(Q) curves obtained under similar experimental
conditions.

2.6.4 Size Distribution Function

The Indirect Transformation Procedure was also applied to the study
of polydispersity in LDL by determining the size distribution functions D^(r)
(Glatter 1980). This method was readily applied to the LDL neutron data
measured in

gO buffers, as the high negative contrast in effect means that

LDL molecules are well approximated by a spherical shape of uniform density
with a range of radii about a mean value. The D^(r) calculation is a
complementary approach for l(Q) data analyses, and visualises the LDL
macromolecules in terms of size polydispersity based on a known P(r) curve.
Simulations of polydispersity were carried out assuming that LDL was a
sphere of uniform density from which l(Q) was calculated based on a
Gaussian normal distribution of LDL radii r:

y = vT2ico) exp [ - (r-.M)^/2a^ ]
The most frequently occurring radius is denoted by M, and the standard
deviation of the distribution is denoted by a. The full width half maximum of
the normal distribution is given by 2.3548 a.
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CHAPTER THREE

THE COMPOSITION OF LOW DENSITY
LIPOPROTEINS AND THE BIOCHEMICAL CHANGES
WHICH OCCUR DURING OXIDATION
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3.1 Introduction

The main object of this chapter is to provide a detailed account of the
biochemical changes in the components of LDL (lipids and protein) that occur
during a time course of oxidation. Some of the techniques used to follow
oxidation discussed in this chapter have been reported previously in the
literature (for an extensive review, see Esterbauer et al., 1992). This study is
the first to follow the oxidation of LDL in as much detail, combining
biochemical analysis with solution scattering techniques. It is important to
have a detailed analyses of biochemical changes carried out under the exact
conditions used for solution scattering work, so that comparisons can be
made between the two approaches. The biochemical results, in conjunction
with the structural changes observed using solution scattering techniques, will
be used to provide a fuller understanding of the events which occur during
oxidation and will be discussed further in Chapter 6.

Each of the biochemical assays discussed below were performed with
three different Cu^^ concentrations (6.4, 25.6 and 51.2 pmol / g apoB) to
assess any differences in oxidation products or structure which have occurred
at different Cu^^ concentrations (i.e. with increasingly more aggressive
oxidative conditions). All solution scattering experiments were done at these
same concentrations of Cu^\ All biochemical and solution scattering oxidation
experiments were carried out using a 12.5 mM Tris, 140 mM NaCI, pH 7.4
buffer. All oxidations were incubated at a physiological temperature of 37°C.

3.2 Measurement of Lipoprotein Oxidation

The methods used to follow the process of oxidation of LDL involve
several steps: (1) Depletion of endogenous antioxidants. (2) Oxidation of fatty
acids. (3) The breakdown of phospholipids and sterols. (4) The modification
of apolipoprotein B^oo- These are not totally discrete processes and there may
be considerable overlap between them. For convenience, they have been
categorised this way to follow some logical order of events.
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3.2.1 Antioxidant Depletion of Cu

oxidised LDL

Depletion of antioxidants from LDL has been reported to be the first
step in the biochemical sequence of events which lead to oxidative
modification of LDL (Jessup et al., 1990). The period during which the
antioxidants are depleted is known as the lag phase, which proceeds the
propagation phase (rapid formation of primary oxidation products of fatty
acids). Two important antioxidants found in LDL are a-tocopherol and pcarotene. a-Tocopherol is the primary antioxidant defence and may protect
the other antioxidants as well as the fatty acids. The tocopherols are likely to
be situated in the phospholipid monolayer of the lipoprotein. p-Carotene is
primarily located in the lipid core, and is the last antioxidant to disappear
(Esterbauer eta!., 1989b).

The concentration of p-carotene in native LDL measured by HPLC.
(see Chapter 2) was in the range of 0.06 - 0.11 mol / mol apoB with a mean
value of 0.091 ± 0.026 mol / mol apoB (0.091 ± 0.026 molecules of pca rote ne per LDL molecule; n=3). Each determination was made in triplicate.

The concentration of a-tocopherol in native LDL measured by HPLC
(see Chapter 2) was in the range of 0.163 - 2.2 mol / mol apoB with a mean
value of 1.73 ± 0.76 mol / mol apoB (1.73 ± 0.76 molecules of a-tocopherol
per LDL molecule; n=3). Each determination was made in triplicate.

Fig. 3.1 shows the depletion of a-tocopherol and p-carotene as a
function of time during oxidation of LDL in the presence of a Cu^^
concentration of 6.4 pmol / g apoB. a-Tocopherol was completely depleted
after 40 min while p-carotene was not depleted until after 80 - 120 min.
These depletion times agreed well with data published by other groups
(Kalyanaraman at a!., 1990; Sato at a!., 1990; Bowry at a/., 1992). The
quantities of a-tocopherol and p-carotene were lower than previously reported
for Austrian subjects (Esterbauer at a!., 1991a). This may be due to the
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Fig. 3.1: Loss of antioxidants in LDL during oxidative modification with cupric
ions.
Data are expressed as the percentage of the initial concentrations ± SD (n=3) '
of two antioxidants, a-tocopherol,

and p-carotene, ■, as a function of time.
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relatively small number of LDL samples analyzed in this way, and the dietary
habits of the British subjects which results in lower intake of a-tocopherol and
p-carotene. No antioxidant depletion studies were carried out on LDL in which
oxidation had been initiated with 25.6 and 51.2 pmol Cu^Vg apoB, since
these would have been even more rapid and difficult to follow.

Conclusion

The results outlined above give an insight into the susceptibility of the
LDL preparations to oxidation. Care must be taken when interpreting these
results as the quantities of a-tocopherol and p-carotene fluctuate quite
considerably between different LDL samples. Nevertheless the values are
comparable to those found by others (Jessup et al., 1990).

3.2.2 Oxidation of Fatty Acids In LDL

After the lag phase corresponding to antioxidant depletion, the lipid
peroxidation reactions can occur at a maximal rate to form conjugated
dienes, lipid hydroperoxides and thiobarbituric acid reactive substances
(TBARS). Conjugated dienes are formed as a result of the molecular
rearrangement of atoms in polyunsaturated fatty acids after abstraction of a
hydrogen atom by a free radical. Lipid hydroperoxides are the result of the
reaction between molecular oxygen and the conjugated diene structure.
Aldehydes and ketones are breakdown products of lipid hydroperoxides.
Malondialdehyde is predominantly formed as the breakdown product of
arachidonic acid, and was measured by the TBARS assay.

3.2.2.1 Coniuqated Diene Formation

The time-course of conjugated diene formation, was measured by
following the increase in the absorbance at 234 nm in an LDL sample at 3
different Cu^^ concentrations (Fig. 3.2). A total of twelve independent
experiments were carried out. The maximum absorption (steady state
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Fig. 3.2: Conjugated diene formation in a sample of LDL at three different

Increase in absorption at 234 nm is shown as a function of time. 0.1 mg L D L ,
0.1 mg LDL + 2.56 nmol

, 0.1 mg LDL + 5.12 nmol Cu^'’, -------- -------

concentrations

, 0.1 mg LDL + 0.64 nmol Cu^^-

between formation and breakdown of lipid hydroperoxides) was not
significantly different between the different
LDL

preparations.

The

maximum

concentrations or the different

absorption,

irrespective

of

concentrations ranged between 1.4 and 2.0 for 0.1 mg of LDL protein. Fig.
3.3 (b) shows there was no significant change in maximum absorption due
to different Cu^"^ concentrations. The presence of an initial small peak during
the formation of conjugated dienes in the presence of 6.4 pmol Cu^^ / g apoB
was observed in most cases (Fig. 3.2 and 3.4) and may be due to different
subfractions of LDL being oxidised preferentially (Degraaf et al., 1991). The
same initial small peak was not observed at higher concentrations of Cu^"',
as the formation of conjugated dienes was too rapid.

To quantify the differences in the rate of diene formation between LDL
samples, the time taken to reach half maximal absorption level, described as
half time (T^^^), and lag time (time before maximal formation of dienes was
observed) were chosen as two measures of susceptibility to oxidation. There
was a marked difference in the

between different Cu^^ concentrations.

The mean ± standard deviation

obtained with oxidations of LDL initiated

with 6.4, 25.6 or 51.2 pmol Cu^^ / g apoB were 249 ± 52 min (range of 85 385 min), 128 ± 23 min (range 95 - 175 min) and 92 ± 21 min (range 60 125 min) respectively. Fig. 3.3 (a) shows a strong correlation between Cu^^
concentration and

Lag times showed a similar difference in the presence

of different Cu^^ concentrations. The mean lag time obtained with oxidations
of LDL initiated with 6.4, 25.6 or 51.2 pmol

i g apoB were 222 ±117 min

(range 75 - 470 min), 97 ± 28 min (range 50 - 140 min) and 70 ± 19 min
(range 45 - 100 min) respectively. The largest spread in lag times and
values occurred with a Cu^^ concentration of 6.4 pmol / g apoB. An example
of the differences between LDL taken from different donors can be seen in
Fig. 3.4 showing the extremes and average
preparations. Differences in lag times and

times from six LDL
values indicated the

differences that exist in the susceptibility of different LDL preparations to
oxidative modification. To assess the differences between the oxidation of
LDL in DgO (neutron scattering) and HgO (X-ray scattering) buffer a
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Fig. 3.4: Profile of conjugated diene formation measured at 234 nm from 6 independent LDL samples on oxidation with 6.4
pmol Cu^Vg apoB.
Increase in absorption at 234 nm is shown as a function of time. Different symbols represent different LDL preparations.

conjugated diene assay on three separate LDL samples was performed. The
results (not shown) show no significant differences and so oxidation
monitored by neutron and X-ray solution scattering can be directly compared.

Conclusion

Rates of oxidation vary according to the individual donor of the LDL.
Increasing concentrations of Cu^^ decrease the lag time and

values. The

T^^^ value and lag time gives an indication of the susceptibility of a particular
LDL sample to undergo oxidation. The values are comparable to those shown
in the literature and confirm that this process occurs after the disappearance
of the antioxidants had occurred.

3.2 2.2 Lipid Hydroperoxide Formation

Fig. 3.5 shows the mean profile of lipid hydroperoxide formation
measured spectrophotometrically (see Chapter 2) from 9 independent LDL
samples at three different Cu^^ concentrations. Initial quantities of lipid
hydroperoxide found in native LDL were 18.9 ± 7.2 nmol / mg LDL protein
(n=9). The maximum lipid hydroperoxide content obtained with oxidations of
LDL initiated with 6.4, 25.6 or 51.2 pmol Cu^'’ / g apoB were 331.6 ± 57.2
nmol/mg LDL protein (range 246 - 418 nmol / mg LDL protein), 226.4 ± 46.9
nmol / mg LDL protein (range 167 - 293 nmol / mg LDL protein), and 138.2
± 39.0 nmol / mg LDL protein (range 94 - 189 nmol / mg LDL protein)
respectively. The maximum lipid hydroperoxide concentrations were reached
at 12 h. The time taken to reach the maximum concentration of lipid
hydroperoxides in individual LDL samples was the same at all three different
Cu^'’ concentrations. This indicated that the only effect of varying the
concentration of Cu^^ was to alter the lag phases at the early steps in
oxidative modification (i.e. antioxidant depletion and the

for conjugated

dienes). The higher the Cu^^ concentration used to initiate oxidation, the
lower the maximum value of lipid hydroperoxide formed. It was also observed
that the higher the Cu^^ concentration the longer the lag phase before lipid
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Fig. 3.5: Mean lipid hydroperoxide formation from nine LDL preparations at
three concentrations of Cu^*.
Lipid hydroperoxide content (nmol/mg protein) is shown as a function of time.
Each point represents a mean of nine experiments (n=9), each determination
was made in triplicate. O no Cu^^ addition, # 6.4 pmol
pmol Cu^^/ g apoB, ^ 51.2 pmol Cu^^/ g apoB.
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/ g apoB, ■ 25.6

hydroperoxide formation. This could be due to the breakdown of lipid
hydroperoxides into aldehydes and ketones occurr

more rapidly at higher

concentrations. At a concentration of 51.2 pmol Cu^^/ g apoB it is likely that
aldehydes were formed from lipid hydroperoxides nearly as rapidly as lipid
hydroperoxides were being formed from PUFA's.

Conclusion

The maximum lipid hydroperoxide concentration was reached at 12 h.
The time taken to reach the maximum for a particular LDL sample at all three
Cu^^ concentrations was the same. There was an inverse relationship
between Cu^"^ concentration and the lipid hydroperoxide concentration
reached. This can be explained by the faster breakdown of hydroperoxides
into aldehydes and ketones at the higher concentrations of Cu^\

3.2.2.3 Thiobarbituric Acid Reactive Substances Formation

Fig. 3.6 shows the profile of the formation of thiobarbituric acid reactive
substances (TBARS), measured spectrophotometrically (see Chapter 2), from
nine independent LDL samples at three different Cu^^ concentrations. The
mean quantity of TBARS in native LDL was 2.42 ± 1.92 nmol/mg protein
(n=9). The mean values of the maximum TBARS content obtained with
oxidations of LDL initiated with 6.4, 25.6 or 51.2 pmol Cu^"'/ g apoB were
28.35 ± 9.25 nmol / mg protein (range of 20 - 42.9 nmol / mg protein), 43.32
± 10.7 nmol / mg protein (range 27.5 - 63.5 nmol / mg protein) and 47.2 ± 9.8
nmol / mg protein (range 33 - 50.3 nmol / mg protein) respectively. The
maximum value of TBARS occurs at 8

h, after which they decline. The

maximum values are between 2 and 10 fold lower than the values of lipid
hydroperoxides formed depending on the concentration of Cu^" (see section
3.2.2.2). As the TBARS assay quantitates malondialdehyde (MDA), and MDA
is mainly derived from the catabolism of arachidonic acid, it is expected that
lower levels were formed when compared to lipid hydroperoxides levels.
There are on average 150 molecules of arachidonic acid per LDL molecule,
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Fig. 3.6: Mean TBARS formation from nine LDL preparations at three
concentrations of Cu^*.
TBARS nmol / mg protein is shown as a function of time. Each point
represents a mean of nine experiments (n=9), each determination was made
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addition, # 6.4 pmol Cu^^/ g apoB, ■ 25.6 pmol

/ g apoB, ^ 51.2 pmol Cu^^/ g apoB.
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which give rise to MDA, compared to approximately 1300 PUFA's contained
in an average LDL particle (see section 1.3.1) which give rise to lipid
hydroperoxides (Esterbauer et a/., 1990).

Conclusion

The maximum TBARS content was reached 8 h, which is 4 h earlier
than the formation of lipid hydroperoxides. As the TBARS assay measures
the malondialdehyde produced from arachidonic acid catabolism, this
indicates that the formation of MDA from arachidonic acid occurs faster than
the formation of aldehydes and ketones from lipid hydroperoxides other than
arachidonic acid (i.e. arachidonic acid is preferentially oxidised). The
maximum value of TBARS was proportional to the Cu^^ concentration.

3.2.3 The Degradation of Lipid Classes in LDL During Oxidation with Cu2 +

j The previous assays have focussed on measuring formation of products
formed during the oxidative process. Analyses of the initial content of the
major lipid classes of LDL and the changes which occur during the time
course of oxidation were made by HPTLC. This may indicate which lipid class
gave rise to the oxidation products that were measured in the previous
section.

Representative scans of the three different HPTLC plates used to
analyze a typical LDL sample for six different lipid classes are shown in Fig.
3.7 - 3.9. These classes are cholesterol (OH), triglycerides (TG), cholesterol
ester

(CE),

phosphatidylcholine

(PC),

sphingomyelin

(SPH)

and

lysophosphatidylcholine (lyso-PC). Fig.3.7 (a) represents the lipid profile
before
oxidation, while Fig. 3.7 (b) represents the lipid profile after 44 h oxidation.
Fig. 3.7 shows the separation of the neutral lipids, CM, TG and CE. Lipids
extracted from 1 pg of LDL protein were applied to each lane . Because of
the small amounts of lyso-PC and the relatively large amounts of PC present
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Fig. 3.7: Trace from a scanned HPTLC plate used to separate neutral lipids.
(a) Neutral lipid profile of native LDL.
(b) Neutral lipid profile from oxidised LDL initiated with 6.4 pmol Cu^Vg apoB
after 44 h oxidation at 37°C .
(------- ) indicates integration limits.
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in LDL, two HPTLC plates had to be used for the phospholipid quantitation.
Lipids extracted from 20 pg of LDL protein was applied to each lane when
lyso-PC was quantitated. At this concentration lyso-PC was within the
standard curve and PC was in excess of its standard curve. Lipids extracted
from 2 pg of LDL protein were applied to each lane when PC was
quantitated. At this concentration PC was within its standard curve and lysoPC was not detected. Fig. 3.8 illustrates a separation of phospholipids to
quantitate SPH and PC levels. Fig. 3.9 illustrates a separation of
phospholipids to quantitate lyso-PC levels.

Fig. 3.10 shows the changes in the composition of phospholipid and
neutral lipids in LDL over a 44 h time course when oxidation was initiated
with 6.4 pmol Cu^Vg apoB. Parallel control incubations without Cu^'' are
shown in Fig. 3.11. Table 3.1 shows the absolute and final concentrations of
lipids in the three LDL samples which were described in Fig. 3.10 and 3.11
in the normalised form.

In Fig. 3.12 the influence of different Cu^" concentrations affect the
formation of lyso-PC and degradation of CE and PC during oxidation of LDL.
Fig. 3.12 (a) shows the fate of CE at varying Cu^^ concentrations. All three
curves follow the same pattern of change during oxidation. The rate of
degradation of lipids was the same irrespective of the concentration of Cu^''.
The same observation applies to Fig. 3.12 (b) i.e. that there was no
significant difference in the rates of depletion of PC (or formation of lyso-PC)
at different Cu^^ concentrations.

Fig. 3.10 (a) shows the time course changes for SPH, PC and lyso-PC
during oxidation. For the first 10 - 12 h SPH levels remained constant. After
this a modification occurred which rendered the product undetectable with the
staining procedure used. At 44 h oxidation SPH had been depleted by 55%
as compared to 62% of PC (see Table 3.1). Because PC was degraded with
no observable lag time it would suggest that PC was the primary site of
oxidative modification. The fall in PC levels is matched by an increase in the
125

Fiq. 3.10: Changes in the composition of lipid classes during a 44 h oxidation
time course initiated with 6.4 pmoi Cu^Vg apoB.
(a) Normalised quantities of phospholipids during the oxidation time course.
# phosphatidylcholine, ■ sphingomyelin, ^ lysophosphatidylcholine. (n=3)
(b) Normalised quantities of neutral lipids during the oxidation time course.
# cholesterol, ■ cholesterol ester, ^ triglyceride. (n=3)
Data points are shown as normalised values ± SEM. (Initial values of PC +
LPC taken as 100%).
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Fiq. 3.11: Changes in the composition of iipid ciasses over a 44 h incubation
at 37°C without Cu^*.
(a) Normalised quantities of phospholipids during the incubation.
phosphatidylcholine, ■ sphingomyelin, ^

#

lysophosphatidylcholine. n=3

(b) Normalised quantities of neutral lipids during the incubation. # cholesterol,
■ Cholesterol ester, ^ triglyceride. n=3
Values are shown as normalised values ± SEM.

% of Initial Value

to

INITI AL LIPID

Phosphatidylcholine

0.60 ± 0.11

0.49 ± 0,05

0.23 ± 0.02

- 18

6.4 pmol Cu^* / g
aooB
- 62

Lysophosphatidylcholine

0.04 ± 0.02

0.06 ± 0.01

0.37 ± 0.09

+ 50

+ 925

Sphingomyelin

0.33± 0.08

0.28 ± 0.04

0.15 ± 0.01

- 15

- 55

Cholesterol

0.48 ± 0.09

0.40 ± 0.08

0.31 ± 0.07

- 17

- 35

Triglyceride

0.37 ± 0.08

0.30 ± 0.07

0.09 ± 0.05

- 19

- 75

Cholesterol ester

2.69 ± 0.25

2.22 ± 0.09

0.59 ± 0.11

- 17

- 88

CONTROL

H»
to
00

% change

F I NAL (44 h) LIPID C O M P O S I T I O N (mg/mg apoB)

(mg / mg apoB)

6.4 pmol Cu^* / g apoB

CONTROL

Table 3.1: Absolute quantities of lipids in LDL (n = 3) at time points zero and 44 h after initiation with 6.4 pmol Cu Vg apoB
and a control incubation without Cu^*.
Values are expressed as mg/mg apoB protein.

Fiq. 3.12: Comparison of different Cu^* concentrations on iipid composition
from a single LDL preparation.

(a) Choiesteroi ester Single LDL preparation throughout a 44 h time course
of oxidation initiated with 3 different Cu^^ concentrations ( # 6.4 pmol Cu^Vg
apoB, ■ 25.6 pmol Cu^Vg apoB, ^ 51.2 pmol Cu^Vg apoB.) showing
normalised values of degradation of cholesterol esters ± SEM.

(b) Phosphatidyichoiine and iysophosphatidyichoiine. Single LDL preparation
throughout a 44 h time course of oxidation initiated with 3 different Cu^'’
concentrations ( # 6.4 pmol Cu^Vg apoB, 0 25.6 pmol Cu^Vg apoB, ^ 51.2
pmol

Cu^Vg

apoB.)

phosphatidylcholine (

showing

normalised

values

of degradation

of

) ± SEM and appearance of lysophosphatidylcholine

( --------- ) ± SEM
Each point is the mean of a triplicate assay.
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levels of lyso-PC, indicating conversion of PC to lyso-PC. Fig. 3.10 (b) shows
the fate of the neutral lipids contained in LDL during the same oxidative
modification experiment as Fig. 3.10 (a). CH remained stable for 10 - 12 h
and then apparently degraded. TG and CE remained unmodified for the first
10 h, but then underwent a very rapid change, falling to a level of 25% (TG)
and 12% (CE) of their initial values after 28 h. Fig. 3.10 indicated that
oxidation was initiated at the periphery of the LDL molecule, starting with
modification of PC to lyso-PC. It was only after 10 - 12 h that the other lipid
classes began to become oxidatively modified, including the neutral lipids at
the core of LDL. The results shown by Fig. 3.10 (a) and (b) and Table 3.1
are, in general, in good agreement with previously

reported values, a

summary of which are given below in Table 3.2. Only one study has been
reported on the fate of sphingomyelin (Van Hinsbergh et a i, 1986). This was
carried out at 4°C and was not therefore comparable with the values in the
current study.

The initial lipid content of LDL has been quantitated by many others
(Esterbauer ef a/., 1990; Yla-Herttuala at a i, 1988; Hoff at a i, 1982; Sattler
at a i, 1991; Laggner at a i, 1981; Steinbrecher 1987 and Barenghi at ai,
1990.) and the mean values are shown in Table 3.3 compared to the values
obtained in this study. All values are within error of each other except the
cholesterol ester values. This was the lipid class with the biggest spread of
values (1.68 - 2.2 mg/mg apoB). There may be differences in the methods
of isolation of LDL from whole blood, which may lead to variations in the
density profile of the isolated LDL. This density profile of LDL can have a
profound effect on the lipid content of the sample (DeGraaf at a i, 1991).

Conclusion

From the results it is clear that the oxidation follows a clearly defined
order in which the lipids become oxidatively modified. The oxidative
modification is initiated on the phospholipid monolayer with the hydrolysis of
phosphatidylcholine at an early stage. After 12 h sphingomyelin is lost from
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Table 3.2: Summary of previously reported values for lipid depletion from LDL
and under what conditions these were achieved.

Phosphatidylcholine

Depleted 35 - 45%

(1,3)

Lysophosphatidylcholine

Increased 250 - 300%

(1,2,3)

Sphingomyelin

No significant change

Ü1

Triglycerides

Depleted 25 - 48%

(1,2,3)

Free Cholesterol

Depleted 10%

(2,3)

Cholesterol esters

Depleted 52%

m

(1) Van Hinsbergh et al. (1986). LDL oxidised by 25 pM

in PBS buffer

for 48 h at 4°C.
(2) Steinbrecher at ai. (1987). LDL oxidised by endothelial cells for 20 h at
37°C or by 5 pM

in PBS buffer for 20 h at 37°C.

(3) Barenghi at al. (1990). LDL oxidised by 5 pM Cu^^ in PBS buffer for 29
h at 37°C.
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Table 3.3: Comparison between this study and previously reported values for
various lipid classes contained in LDL
All values are means ± standard deviation.

Mean Reported Values

Total Phospholipid 1 ± 0.17mg / mg apoB

Values for this Study

0.97 ± 0 .07mg I mg apoB

*62 - 66% PC

62% PC

*24 - 28% SPH

34% SPH

*7 - 7.4% LPC

4% LPC

*2.3% others

N/A

Triglyceride

0.26 ± 0.12 mg/mg apoB 0.37 ± 0.08 mg/mg apoB

Free cholesterol

0.44 ± 0.03 mg/mg apoB 0.48 ± 0.09 mg/mg apoB

Cholesterol ester

1.90 ± 0.18 mg/mg apoB 2.6 ± 0.25 mg/mg apoB

*Yla-Herttuala et al. (1988) and Laggner at al. (1981)
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the phospholipid monolayer and at the same time the neutral lipids
cholesterol esters and triglycerides are degraded in the core of LDL. The
cholesterol ester and triglyceride lipids of the core are completely modified
after 28 - 30 h. The lipid class most resistant to oxidation appeared to be
unesterified cholesterol.

It would seem that the early oxidation products observed within 12 h
(the conjugated dienes, lipid hydroperoxides and TBARS (section 3.22))
originate mainly from the phosphatidylcholine of LDL.

3.2.4 Modification bv Apolipoprotein B

3.2.4.1. SDS-PAGE Analyses

To assess the stability of apoB during an oxidative attack, SDS-PAGE
analysis were used. At various time points during an oxidation, 2 pg of LDL
protein was used to analyze the integrity of apoB.

Fig. 3.13, 3.14 and 3.15 show Coomassie blue stained SDS-PAGE
gels of LDL protein obtained from oxidations of LDL initiated with 6.4, 25.6
or 51.2 pmol Cu^"^ / g apoB respectively. Fig. 3.13 shows apoB as a single
discrete band up to 4 h oxidation. From 4 h onwards, smaller molecular
weight fragments became visible. The calculated molecular weights of these
two bands are between 180 and 260 KDa and is therefore in good agreement
with previously reported values (Sattler et a/., 1991). After 16.5 h oxidation,
the intact apoB band had disappeared and replaced by a broad smeared
band. Similar events take place with the oxidations at higher Cu^"
concentrations but at a faster rate. In Fig. 3.14 and 3.15 the intact apoB band
had been replaced by a broad smear by 6 h. Smaller molecular weight
fragments (180 - 260 KDa) are produced in all oxidations at all Cu^^
concentrations. In Fig. 3.14 and Fig. 3.15 large molecular weight products
can be seen which appear at the top of the gel, indicating that aggregation
of the apoB protein may have occurred. It appears that more aggregation
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Fiq 3.13: Integrity of apoB during oxidation of LDL initiated with 6.4 pmol Cu2+
I g apoB.
Lane S represents molecular weight markers with molecular weights marked
to the right of the figure. Lane A - H shows 2 pg of LDL protein after 0, 2, 4,
6, 8, 12.5, 16.5 and 20.5 h oxidation respectively.
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Fiq 3.14: Integrity of apoB during oxidation of LDL initiated with 25.6 pmol
I g apoB.

Lane S represents molecular weight markers with molecular weights marked
to the right of the figure. Lane A - H shows 2 pg of LDL protein after 0, 2, 4,
6, 8, 12.5, 16.5 and 20.5 h oxidation respectively.
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Lane S represents molecular weight markers with molecular weights marked
to the right of the figure. Lane A - H shows 2 pg of LDL protein after 0, 2, 4,
6, 8, 12.5, 16.5 and 20.5 h oxidation respectively.
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occurs at a

concentration of 51.2 jjmol / g apoB than 25.6 pmol

/

g apoB, although this cannot be quantitated as the aggregates do not appear
to run completely into the gel matrix. Degradation and formation of high
molecular mass forms of apoB were seen by Bellamy et al. (1989).

Conclusions

The incubation of LDL with a free radical generating system results in
the degradation and formation of high molecular mass forms of apoB. Higher
concentrations of Cu^^ resulted in faster breakdown of apoB. In all cases a
broad smear of lower molecular weight fragments were produced. These
changes appeared to parallel the formation of fatty acid oxidation products,
but preceded the degradation of the major lipid classes with the exception of
phosphatidylcholine.

3.2.4 2 Macrophage Uptake of

Oxidised LDL

Monocytes and macrophages have few high affinity receptors for LDL
but readily take up LDL which have been chemically modified through the
scavenger receptor (Goldstein et al., 1979; Steinbrecher at a!., 1989). This
receptor also recognises the oxidatively modified LDL and is responsible for
the internalisation of the lipoproteins as they become decreasingly recognised
by the Brown and Goldstein receptor.

Fig. 3.16 shows the formation of trichloro-acetic acid (TCA) soluble
products from macrophage-degraded oxidised LDL at three different Cu^'’
concentrations. The higher the Cu^'’ concentration, the greater the quantity
of LDL that was degraded as measured by TCA soluble products. The
maximum uptake and degradation for LDL initiated with Cu^" concentrations
of 6.4 and 25.6 pmol / g apoB occurred at 10 h while for oxidation initiated
with 51.2 pmol

/ g apoB, maximum uptake and degradation occurred

after 5 h. The maximum degradations obtained with oxidations of LDL
initiated with 6.4, 25.5 and 51.2 pmol Cu^^ / g apoB were 17.4 ± 1.6, 21.6 ±
137

c
'ô>

1â
O)
E

25
20

O)
O
_l
Q
S

0

5

10
15
Oxidation time (h)

20

25

Fiq. 3.16: Degradation of ^^®i-LDL by mouse peritoneal macrophages.
Measurement of TCA soluble LDL protein / mg macrophage as a function of
2+
time. O LDL without Cu^^, # LDL initiated with 6.4 pmol Cu^^/g
apoB, ■ LDL

2+
initiated with 25.5 pmol Cu^^ / g apoB, ^ LDL initiated with 51.2 pmol Cu^^
/

g apoB. (n=3)
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1.7 and 33.1 ± 1.3 |jg LDL / mg protein respectively.

TCA soluble products from the degradation of oxidised LDL initiated
with 6.4 and 25.6 pmol Cu^Vg apoB are detected after 2 h. For LDL initiated
with 51.2 pmol Cu^Vg apoB the lag time is reduced to 1 h.

SDS-PAGE analysis was performed on the iodinated LDL to assess
for any degradation of the apoB protein due to the iodination procedure. The
results (not shown) indicate no visible degradation of the apoB protein.

Conclusion

Free radical oxidation of LDL is required before levels of TCA soluble
products increased above the background levels. The higher the Cu^'’
concentration the greater the maximum TCA soluble products formed. The
changes occur at relatively early stages indicating that only partial
modification of apoB was necessary before macrophage uptake and
degradation of the modified LDL was achieved. The maximum degradation
was however achieved when the lipid oxidation was at its peak.

3.3 Discussion

3.3.1 Antioxidant Depletion of LDL

a-Tocopheroxyl free radicals may initiate further peroxidation
chain reactions unless they are converted back to a-tocopherol. Thus for
prevention of lipoprotein oxidation it is essential that any a-tocopheroxyl
radicals produced are reduced by reagents which will yield radicals incapable
of continuing the peroxidation chain reaction. In vivo this would appear to be
achieved by two endogenous antioxidants, i.e. ascorbate (vitamin C) in
plasma (Fig. 3.17) and ubiquinol-10 in LDL (Bowry at ai., 1992). In the
current study there was no antioxidant contained in the buffer, therefore only
ubiquinol-10 would be capable of converting a-tocopheroxyl radical to a139
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Fig. 3.17: Mechanism by which water soluble antioxidants protect LDL
LOOM lipid hydroperoxide; LOO" peroxyl radical; LO" alkoxyl radical;
tocopheroxyl"

tocopheroxyl radical; Ascorbate"

ascorbate (vitamin 0 ).
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is a radical form of

tocopherol. What is clear from the results is that there is a lag phase in the
maximal conjugated diene formation (see section 3.2.2.1) that corresponds
to the time taken for the depletion of a-tocopherol and p-carotene (see
section 3.2.1).

3.3.2 The Oxidation of Fatty Acids

The occurrence of the lag, propagation and decomposition phases
were monitored by the formation of conjugated dienes. In the lag phase
minimal increase in the conjugated diene formation was observed during the
time taken for depletion of a-tocopherol and p-carotene. The time for
depletion of antioxidants to zero quantity and the lag time for conjugated
diene formation were linked. Maximal rate of formation of conjugated dienes
only began after the depletion of endogenous antioxidants. When oxidation
of LDL was initiated with 6.4 pmol Cu^^ / g apoB, p-carotene was depleted
to zero quantity at between 8 0 - 120 min and the mean conjugated diene lag
phase was 222 ±118 min.

Peroxidation of lipids in isolated LDL by Cu^^ requires the presence of
preformed peroxides or conditions capable of converting the metal ion to the
active reduced form. The data described in section 3.2.2.2 indicates the
presence of preformed lipid hydroperoxides in freshly isolated native LDL,
and the principal step of Cu^^- initiated LDL oxidation could be as follows.

(1)

LOOM + Cu" --------------> LO" + O H - + Cu^"

There would have to be a reducing agent to convert the Cu^" back to Cu". It
has been suggested that the system is analogous to the reduction of Fe^" by
a-tocopherol incorporated in phospholipid liposomes (Yamamoto etal., 1988).
In that process the iron was reduced and the antioxidant lost. Since the
majority of the surface of LDL is made up of phospholipids which readily
attract Cu^" (Hauser ef a/., 1979), a similar reaction between the Cu^" and atocopherol could occur. This has as yet not been tested experimentally.
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(2)

LOOM + Cu'" --------------> L 0 0 "+ H" + Cu"

An alternative mechanism is shown above (2) where the reducing reagent
could be the lipid hydroperoxide. This reaction however is thermodynamically
unfavourable and is thought to occur slowly or not at all.

After the propagation phase comes the decomposition phase, where
the rate of decomposition of hydroperoxides exceeds their rate of formation
and as a consequence the absorption at 234 nm is decreased. The maximal
formation of lipid hydroperoxides occurred after 12 h while the maximal
formation of TBARS occurred after 8 h. As almost 100% of MDA (substrate
measured in TBARS assay) is the product of arachidonic acid catabolism, the
conclusion reached is that arachidonic acid is preferentially oxidised to its
breakdown product MDA. This is supported by published data showing that,
in the presence of Cu'" ions, the content of arachidonic acid in LDL is
completely degraded within 3 h while linoleic acid is not completely degraded
until 12 h (Esterbauer etal., 1988,1990).

Various lines of research suggest that a number of important changes
that occur in oxidised LDL during the decomposition phase result from
reactions of aldehydes with amino acid residues of the apoB protein (for
reviews see, Jurgens at a/., 1987; Esterbauer at a/., 1990). This will be
discussed in section 3.3.4.

3.3.3 The degradation of lipid classes in LDL during oxidation with Cu2

*

Fig. 3.1 iDshows how the quantities of different lipid classes changed
as oxidation proceeded. The two staining procedures bind to the lipids via the
double bonds situated in polyunsaturated fatty acids. As oxidation proceeded
the double bonds are eliminated by radical action and therefore detection of
lipid is reduced.

Fig. 3.10 (a) shows a decrease in PC levels was combined with a
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similar increase in lyso-PC levels. Both these observations shov^ no
observable lag time. The conclusion to be drawn from this is that PC is being
modified to lyso-PC. Other groups (Steinbrecher ef a/., 1984b; Parthasarathy
& Barnett, 1990) have reported degradation of PC to lyso-PC in a cell free
environment. They concluded after a|radiolabel study that the 2-position fatty
acid and not the 1-position fatty acid was cleaved during modification of PC
to lyso-PC. This specificity suggests thata phospholipase-Ag-like activity may
be involved (Witztum & Steinberg, 1991). Because the fatty acid was labelled
at the carbonyl carbon, loss by non enzymatic scission of the acyl chain at
a peroxidised double bond can be excluded. There is no precedent for loss
of the entire fatty acyl chain by nonenzymatic oxidative degradation
(Steinbrecher etal., 1984b). The intrinsic phospholipase-Ag-like activity must
be contained in the apoB protein amino acid sequence as no other protein
is found in LDL by SDS-PAGE analysis (see section 3.2.4.1; ! Steinbrecher
etal., 1984b). A histidine modifier, p-bromophenacyl bromide, which inhibits
oxidative modification of LDL, also substantially inhibits the phospholipase-Aglike activity by covalently binding to the histidine residues at the active site
of phospholipase-Ag (Parthasarathy & Barnett, 1990). The presence of
phospholipase-Ag-like activity may have biological implications. If LDL surface
lipids underwent oxidative modification in the plasma, a phospholipase-Ag-like
activity may serve the function of eliminating the potentially toxic fatty acid
products by generating lyso-PC. This lyso-PC could then be reesterified by
the mechanism described by Subbaiah & Bagdade, (1978). A comparison
between phospholipase Ag amino acid sequence and the apoB amino acid
sequence could be carried out to ascertain if any homology exists.

The modification of phosphatidylcholine would occur by peroxidation
of double bonds in the fatty acyl chains at positions 1 and 2 of the glycerol
moiety. After these products have been formed the phospholipase-Ag-like
activity converts the peroxidised PC to lyso-PC by cleavage of the carbonyl
carbon at the 2 position. It has been demonstrated that the phospholipase
activity is more active on peroxidised fatty acids as opposed to the non
oxidised fatty acid (Parthasarathy et al., 1985). A phospholipase-Ag-like
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"^1 Piatlet-activating factor acetylhydrolase has also been implicated in this process
1(Steinbrecher & Pritchard 1989).

activity has been clearly demonstrated to exist in isolated LDL with no protein
contaminants.

The oxidation products of the conjugated diene, lipid hydroperoxide
and TBARS assay would seem to come from the modification of the
phosphatidylcholine molecules, as no other lipid is appreciably degraded in
the first 10 h of oxidation. The TBARS assay in conjunction with the HPTLC
analysis would indicate that the arachidonic acid molecules are primarily
situated on the phosphatidylcholine moiety.

Other lipid classes contained in the LDL particle, including those in the
phospholipid monolayer, have a lag time of approximately 12 h before they
become significantly modified. This would seem to be in direct opposition to
the published results of Noguchi et al. (1993), who suggests that cholesterol
esters are oxidised much faster than to hydroperoxides than phospholipids.
My analysis do not measure lipid hydroperoxide content of different lipid
classes. HPTLC analysis looks at the conversion of PC into lyso-PC and the
disappearance of CE by oxidation of the double bonds in the fatty acid side
chains and cholesterol. In this respect the results are not directly comparable.
Even so the results of Noguchi et ai. (1993) show only a small proportion of
the cholesterol esters are converted into cholesterol ester hydroperoxides, i.e.
possibly those in close proximity to the phospholipid monolayer.

3.3.4 Modification of apolipoprotein B.»»

3.3.4.1 SDS-PAGE analyses

Modification of apoB were seen at relatively early stages of oxidation.
It is known from radiolabelled studies (Steinbrecher et a!., 1987) that
aldehydes from the breakdown of lipid hydroperoxides are located in the
apoB protein of oxidised LDL. The covalent binding of aldehydes to positively
charged lysine residues causes a net increase in negative charge as seen by
an increased relative electrophoretic mobility (Steinbrecher et a/., 1989;
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Bedwell et al., 1989). This change in net charge may bring about a
conformational change which could enable a new epitope to be formed or
exposed causing a phospholipase-Ag-like activity to become active. A
phospholipase-Ag-like activity has been shown to occur due to the conversion
of phosphatidylcholine to lysophosphatidylcholine (see section 3.2.3). This
conversion occurs with no observable lag time. It would be anticipated that
the expression of the phospholipase-Ag-like activity would occur at an early
stage in the modification of apoB. The fragmentation of apoB as seen in the
SDS-PAGE analyses could be as a direct oxidation of apoB by bound Cu^+
ions or by oxidative attack by lipid alkoxyl radicals. There was also an
indication of aggregates of apoB protein which had not run into the gel. This
suggested that crosslinks were forming between apoB proteins or fragments
of apoB proteins.

3.3.4.2 Macrophage Uptake of Cu^* Oxidised LDL

The smaller peptides produced on oxidation of LDL (see section
3.2.4.1) together with the covalent binding of aldehydes to parts of the apoB
protein create new epitopes which do not bind to the B/E receptor but to the
scavenger receptor expressed on macrophages. The scavenger receptor
leads to the unregulated uptake of oxidised LDL in vivo. Charge modification
may also play an important role in scavenger receptor recognition as the
receptor has a broad specificity for large polyanionic macromolecules (Brown
et al., 1980b; Krieger, 1992).

The greater the Cu^^ concentration, the higher the degradation of LDL
to TCA soluble degradation products. A common maximum value would have
been expected as variation of the Cu^^ concentration does not seem to have
effects other than speeding up the oxidation process in the early stages (lag
and propagation phase). It is known that a modification of LDL with HNE, a
oxidation product of lipid peroxidation, leads to the formation of aggregates
of LDL. These aggregates are not taken up by the scavenger receptors but
facilitated via phagocytosis. Tertov at si. (1989) has reported that lipoprotein
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aggregation is an essential condition for intracellular lipid accumulation. They
show a direct and strong correlation (r = 0.86) between the degree of
lipoprotein aggregation and the amount of cholesterol esters accumulated in
cultured cells. Avogaro et al. (1988) reported that a tendency to aggregate is
seen in LDL with an increased negative charge. An increased negative
charge occurs due to covalent binding of breakdown products of lipid
hydroperoxides to positively-charged lysine residues. Whether aggregation
of LDL occurs in vivo has not been demonstrated but it is a potentially
plausible explanation for uptake of oxidatively modified LDL. Indeed this may
explain why LDL which had been oxidatively modified by 51.2 pmol of Cu^Vg
apoB gave a higher value of macrophage degradation as compared to LDL
oxidation initiated with 6.4 or 25.6 pmol Cu^Vg apoB. The excess may be
explained by the aggregates forming immune complexes and therefore being
taken up by the macrophage Fc receptor (Klimov at a/., 1985) or by non
specific endocytosis. The ultrastructural appearance of aggregated LDL in
vitro is remarkably similar to the appearance of extracellular lipid deposits in
atherosclerosis (Guyton at ai., 1991) The formation of aggregates during
oxidative modification of LDL will be discussed in more detail in Chapter 5.

3.4 Summarv

From the results outlined above, it is clear that a single assay does not
prove useful in describing in detail the oxidative state of any particular LDL
sample. It is therefore vital that a complete range of measurements was
made so that a complete understanding of the biochemical changes which
occur during oxidative modification was available. Fig. 3.18 summarises
diagrammatically the complete biochemical analysis of LDL. The events
which occurred during oxidative modification of LDL is as follows:

(1)

Antioxidant depletion of a-tocopherol as the primary defence was

achieved within 40 min. p-Carotene is reported to be the final antioxidant and
had been depleted by 80 - 120 min. This phase is known as the lag phase.
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Fig. 3.18: Summary of the average sequence of events which occur during
oxidation of LDL initiated with 6.4 pmol Cu^* / g apoB as a function of time.
Bold shading indicates maximum amount of that particular product (marked
at the end of the bar). Decreased intensity of shading indicates decreased
amount of product.
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(2) The lag phase was followed by the propagation phase, which is
characterised by rapid accumulation of lipid peroxidation products, conjugated
dienes and lipid hydroperoxides. The change from lag phase to propagation
phase was seen most clearly by the conjugated diene assay. There were
marked differences in the lag times and V'^ values for LDL oxidised at
various Cu^^ concentrations. The conjugated diene formation reached its
maximum at 5 - 10 h of LDL oxidation with 6.4 pmol Cu^Vg apoB. The
maximum lipid hydroperoxide content was reached after 12 h of LDL
oxidation with 6.4 pmol Cu^Vg apoB. ^

(3) Only the lag phase and propagation phase are affected by variation
in the Cu^^ concentration. Once these phases have passed, oxidation
appears to proceed at a rapid pace.

(4) The propagation phase was followed by the decomposition phase,
which was characterised by the breakdown of peroxidation products to
aldehydes. The reactive aldehyde species often form Schiff base pairs with
positively charged lysine residues. The TBARS assay measured the
breakdown product of arachidonic acid which forms 40% of the aldehydes
produced during oxidation. The maximum quantities of TBARS are reached
4 h before maximum formation of lipid hydroperoxides which indicates
arachidonic acid was preferentially oxidised to MDA.

(5) HPTLC analyses shows that the primary site for oxidative
modification was the phosphatidylcholine component in the phospholipid
monolayer. All the early oxidation products are formed from this compound.
68% of arachidonic acid is incorporated in phospholipids, therefore the
formation of MDA is likely to come from breakdown products of arachidonic
acid from phosphatidylcholine. The other lipid classes found in LDL do not
start to become oxidatively modified until approximately 10 -1 2 h. Evidence
of an intrinsic phospholipase-Ag-like activity is observed with the conversion
of phosphatidylcholine to lysophosphatidylcholine.
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i^T h e different time for maximal formation of the product could be due to the different
concentration of LDL used for each assay (2 mg / ml for hydroperoxide assay, 0.1 mg
/ ml for the conjugated diene asay).

(6) SDS-PAGE analyses indicates strongly that the degradation and
aggregation of apoB is obligatorily linked to oxidation of LDL lipids and
probably to direct or indirect oxidation of the polypeptide chain. The binding
of

to the apoB protein could have the effect of cleaving the apoB chain.

The modification of the apoB protein could reveal new epitopes due to
conformational or charge distribution changes which may reveal the intrinsic
phospholipase-Ag-like activity needed for the conversion of PC to lyso-PC.
This must happen soon after oxidation is initiated as there appears to be no
lag time involved in the conversion of PC to lyso-PC. There appears to be a
link between the concentration of Cu^^ used to initiate oxidation and the
formation of aggregates which will be discussed in Chapter 6 .

(7) TBARS and macrophage degradation data indicate that, as TBARS
were increasing, uptake and degradation of LDL by macrophages was also
increasing. The binding of the aldehydes and ketones released during the
decomposition phase to the positively charged lysine residues of the apoB
protein alters the charge distribution and possibly the conformation of the
apoB. This change is necessary for recognition of oxidised LDL by the
scavenger receptor. There was also possible implications for the uptake of
aggregated LDL via phagocytosis. At increasing Cu^'' concentrations there
was an increased value of ^^^l-LDL TCA soluble degradation products. This
indicated that Cu^^ may play a role other than initiation in the oxidation of
LDL (this will be discussed in more detail in Chapter 6).
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CHAPTER FOUR

STRUCTURAL CHARACTERISATION OF NATIVE
LDL BY X-RAY AND NEUTRON SOLUTION
SCATTERING TECHNIQUES
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4.1 Introduction

The structure of native LDL has been investigated by several physical
techniques. The LDL structure has been frequently studied by electron
microscopy with negative staining to show that this is spherical with mean
diameters ranging between 19.7 nm to 28.5 nm (Shen etal., 1981; Zechner
et al., 1984; Phillips & Schumaker, 1989; Bard at a/., 1991; Guyton at a!.,
1991; Chatterton at a!., 1991; Chappell at a!., 1991; Nenseter ef a/., 1992;
Singh at a!., 1992; Rumsey at a!., 1992). In particular, it was shown that the
diameter of LDL depends on the LDL subfraction under study, and the
method of sample preparation. Similar sizes have also been reported from
photon correlation spectroscopy (Nenseter at a/., 1992), sedimentation
coefficients

from

ultracentrifugation

(Chatterton

at

a/.,

1991),

and

nondenaturing gradient gel electrophoresis (Chapman at a!., 1988; Nigon at
a/., 1991; Tribble at a/., 1992). X-ray solution scattering, together with less
extensive neutron scattering, has also been used to characterise the
spherical structure of native LDL (Laggner & Müller, 1978; Luzzati & Tardieu,
1980; Laggner, 1984; Perkins, 1988). From X-ray scattering, the maximum
diameter of LDL was found to be between 23 and 25 nm (Laggner, 1984). Xray scattering is able to investigate the internal structural organisation of LDL,
and this was found to be a core of cholesterol esters and triglycerides in two
concentric shells which is surrounded by a monolayer of phospholipids, free
cholesterol and protein on the surface (Laggner ef a/., 1976, 1977; Atkinson
at a/., 1977; Müller at a/., 1978; Baumstark at a/., 1990a,b). A lipid transition
point between 17 - 41°C is observed on heating LDL (Deckelbaum at a/.,
1975,

1977;

Laggner at a/.,

1977; Baumstark at a/.,

1990a).

LDL

polydispersity has been examined using X-rays by Baumstark at ai. (1990a)
in which differences in the internal shell diameters of cholesterol esters and
triglycerides could be measured in different LDL subtractions. A more
comprehensive account of the biophysical techniques used to study LDL is
given in Chapter 1 (see section 1.6).

For the first time, improved facilities on LOQ at ISIS and station 8.2 at
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the SRS permits the routine rapid measurement of full neutron and X-ray l(Q)
curves for native LDL with good counting statistics. These yield the Guinier
Rq and 1(0) parameters (Rq, radius of gyration; 1(0), intensity of forward
scattering at zero angle), the distance distribution function P(r) and the
nuclear or electron radial density distribution curve p(r). A detailed study of
the structure of native LDL based on many neutron and X-ray l(Q), P(r) and
p(r) curves is now described. The neutron experiments using 100%
buffers investigate primarily the overall structure of LDL, since both the lipid
and protein components of LDL are visualised in a high negative solutesolvent contrast which masks the differences between them. The effect of
variable lipid contents in LDL can be quantified using size distribution
functions D^(r) calculated from the neutron scattering data. The X-ray
experiments investigate primarily the internal structure of LDL, since the lipid
and protein components are viewed in relatively low negative and positive
solute-solvent contrasts respectively, and can be distinguished from each
other. The effect of variable lipid contents on the P(r) and p(r) curves can be
assessed. The joint use of neutrons and X-rays enables a full study of the
solution structure of native LDL to be carried out in near-physiological
conditions. This opens the way for the characterisation of the structural
changes seen in LDL during Cu^" induced oxidation.

4.2 Results

4.2.1 Continuous Neutron Scattering of Native LDL on D17 at ILL

4.2.1.1 Guinier Analyses

Native LDL preparations in 100%

buffers were first characterised

by neutron scattering using Instrument D17 at the continuous high-flux
reactor at the ILL. The scattering l(Q) data were first analysed using Guinier
Rq and 1(0) plots at the lowest Q values up to Q = 0.20 n m '\ A total of 17
preparations of native LDL in

buffers were successfully analysed in four

separate sessions on D17 at the ILL in Grenoble. The Rq and 1(0) analyses
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of a representative dilution series in Fig. 4.1 were linear in a satisfactory Q.Rq
range of 0.7 to 1.7. Even in

buffers which is a known promoter of

aggregation, none of the samples exhibited non-specific aggregation
phenomena as would be evidenced by Guinier plots that are curved upwards
at low Q. Between 15°C to 50°C, no significant differences were observed in
either the Rq or 1(0) parameters for a given sample at a given concentration.
For all LDL samples, pronounced concentration dependences for the Rq and
1(0) data were observed (Mateu et a/., 1978; Müller et al., 1978; Laggner et
al., 1984; Bellamy et al., 1989). This is visible in the Guinier fits of Fig. 4.1,
where the intercepts increase with dilution. These effects are attributable to
the high negative charges found on phospholipid headgroups on the surface
of LDL, which cause repulsive interparticle effects between different LDL
molecules.

Figs. 4.2 summarises the neutron Rq and l(0)/c Guinier data from
dilution series for six different LDL samples. The concentration effect was
linear in the LDL protein concentration range of 0.5 - 6 mg / ml. Different
gradients were observed for different LDL samples. This is interpreted to
correspond to different degrees of interparticle interference effects between
molecules of LDL, most probably doe to different charged phospholipid
contents at the surface of LDL. At zero concentration, the Rq values vary
between 8.3 - 9.6 nm, and the corresponding l(0)/c values vary across a
range. This variation is interpreted also in terms of the polydispersity of LDL,
in which the amount of lipid associated with apoB is not fixed.

The 17 pairs of Rq and l(0)/c values show a linear relationship with
each other (Fig. 4.3a), where an increase in the l(0)/c value (which is
equivalent to the M, value of LDL) corresponds to an increased Rq value.
This relationship was valid for LDL in both modified Tyrodes buffer and
phosphate buffer saline. Linear regression resulted in an R-square coefficient
of 71.9%. Even though scatter is observed, the variation in the Rq and l(0)/c
values can be attributed to the presence of different amounts of lipid in the
LDL preparation. The slope of Fig. 4.3a corresponds well with the expected
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Fig. 4.1: Neutron Guinier plots for a native LDL concentration series.
The l(Q) data points used for Guinier fits are denoted by straight lines, and
the Q.R q ranges are arrowed.
(a) A neutron dilution series at LDL protein concentrations of 0.7, 1.2, 1.9,
3.1, 3.8 and 5.1 mg/ml for one LDL sample (from bottom to top) is shown,
measured at 20°C in Tyrodes Modified Buffer in 100% ^H^O, using Instrument
D17 at the ILL high-flux reactor. The Guinier data were fitted in the Q range
0.08-0.20 nm \
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Fig. 4. 2: Concentration dependence of the Rq and l(0)/c parameters for
native LDL.
Neutron

and l(0)/c data measured on D17 in two different sessions for

LDL in 100% ^H^O. Six independent preparations were used, denoted by the
symbols V, ▼, □, ■, O and # . Each point corresponds to the average of four
Rq and 1(0) values measured between 20 °C - 50 °C (□, ■, O and # ) or of two
measured at 15 °C and 40 °C ( V and ▼). Statistical error bars are shown only
when large enough to be visible.
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Fig 4. 3: Correlations between the neutron Guinier anaiyses and distance distribution functions for native LDL measured on
□17.
(a) A total of 17 pairs of l(0)/c and Rq values extrapolated to zero concentration for samples measured in four independent
D17 sessions are shown (Modified Tyrodes buffer, ■ and □; phosphate buffer saline, # and O). The data were fitted using
MINITAB to the regression line: l(0)/c = 22 (± 4) Rq -149 (± 32); with a correlation coefficient of 0.848. For comparison, four
further pairs of l(0)/c and

R q

values measured from LOQ data

(a ;

Tris buffer saline) are shown also; these data leave the

regression line almost unchanged.
(b) A total of 34 values of r at the maximum M in the P(r) curves at total LDL concentrations of 15 to 20 mg/ml are compared
with the corresponding l(0)/c values extrapolated to zero concentration. The correlation coefficient of the line is 0.691.
(c) The 34 values of M as in (b) are correlated with the corresponding observed Rq values extrapolated to zero
concentration. The correlation coefficient of the line is 0.615.
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increase in diameter of LDL if this is spherical. It is seen that when the Rq
value increases from 8.32 nm to 10.62 nm (a factor of 1.28), the l(0)/c (or the
Mr) value is increased by a factor of 2.49. If LDL is assumed to be spherical,
an increase in the

by this factor of 2.49 would lead to an increase in the

physical radius of LDL (and in turn the Rq of LDL) by a factor of 1.36. This
is close to the observed increase in the Rq value. Literature determinations
of the composition of LDL show that the apolipoprotein B content (M^
512,000) can vary by as much as 14.6 ± 2.3% to 30.3 ± 1.8% in different
LDL subfractions (Chapman et al., 1988; Baumstark et al., 1990a; Tribble et
al., 1992). Using this range of protein compositions, the

of LDL is seen to

range between 1.77 x 10® to 3.67 x 10®, i.e. a factor of 2.07. Different donors
vary in the relative amounts of buoyant, intermediate and dense LDL
subfractions (deGraaf et a i, 1991 ; Krauss & Burke, 1982; Krauss & Blanche,
1992). In conclusion, the Guinier analyses for LDL can be interpreted in
terms of variable amounts of lipids bound to the protein within a spherical
LDL structure.

4.2.1.2 Indirect Transformation Procedure

The second stage of LDL data analysis considers the full l(Q) curve
of LDL to a maximum Q of 3.1 nm'^ (Fig. 4.4(a)). The curves are similar in
appearance at 15°C and 40°C, which are respectively below and above the
lipid transition temperature of LDL. Conversion of the scattering curve l(Q)
into the density distribution function P(r) provides information on the overall
dimensions of LDL and the variation of scattering density within the structure
in this high negative solute-solvent contrast (Fig. 4.4(b)). A total of 46 P(r)
curves were calculated for data obtained at 15° - 20°C and at 40° - 50°C for
22 different LDL preparations in a Q range of 0.07 to 3.1 nm'L For the
majority of samples, a stable transformation from l(Q) to P(r) was obtained
(Fig. 4.4(b)). However at large r of 23 - 25 nm, the P(r) curve showed a
negative feature which increased in size as the concentration increased from
1 mg / ml to 4 mg / ml of LDL protein. This feature is characteristic of
interparticle interference effects (Müller & Glatter, 1982), and complements
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Fig. 4.4: Full scattering curves l(Q) for native LDL by neutron solution
scattering at two temperatures, with the corresponding distance distribution
functions P(r).
In (a), the D17 neutron data for LDL in

buffer are shown, at a protein

LDL concentration of 1.0 mg/ml, measured at 15°C and 40°C. In (b), the P(r)
calculated from (a) are compared, and are displaced on the vertical axis for
clarity. Statistical error bars are shown in (a) when these are large enough
to be visible; these are small in the P(r) curves of (b). The position in the
maximum of the P(r) is denoted by M and the maximum dimension by L.
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observations of the concentration dependence seen in the Guinier analyses
of Figs. 4.2(a) and 4.2(b). The Rq and 1(0) data calculated from P(r) were in
reasonable agreements with those obtained from the Guinier fitting to within
17% ± 14% and 8% ± 6% respectively (32 values). The maximum dimension
L of LDL at which P(r) initially becomes zero at large r ranged from a
minimum L of 20.3 nm at 4 mg/ml LDL protein to a maximum L of 24.9 nm
at 1 mg/ml LDL protein. The mean of 11 good determinations of L when
interparticle interference effects were minimal was r = 23.1 ±1 . 2 nm. The
position of the maximum M in the P(r) curve was located at r = 9.1 nm to
10.9 nm, which is just under half the value of L. The form of P(r) is symmetric
about this maximum M as expected for a spherical structure.

Further examination of the P(r) curves showed evidence for structural
polydispersity in LDL to parallel the observations in Fig. 4.3(a). If changes in
the size of LDL affect the Rq and l(0)/c parameters, increases in these
parameters should be reflected also in increased values of M in the P(r)
curves. For LDL protein concentrations between 3 - 4 mg/ml, the analysis of
34 P(r) curves showed that such a correlation could be detected for both the
Rq and l(0)/c values when the

and l(0)/c data were either extrapolated to

zero concentration (Figs. 4.3(b) and 4.3(c)) or taken from the individual
Guinier analysis for each l(Q) curve in question. That both the Guinier and
P(r) data analyses show concentration and polydispersity effects illustrates
the consistency of the data analyses.

4.2.1.3 Nuclear Density Function

The third, final stage of data analysis involves the transformation of the
P(r) curves into the nuclear radial density function p(r) (Fig. 4.5). This
assumes that the LDL structure is spherically symmetric. Calculations were
carried out for 42 l(Q) curves. Satisfactory p(r) curves were reproducibly
obtained when it was found that both the initial P(r) curve used to calculate
p(r) and the back-calculated P(r) curve from p(r) were in close agreement
(Fig. 4.5(b)). This occurred for 14 l(Q) curves out of the 42 that were used.
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Fiq. 4 .5 : Calculation of the radial nuclear density function p(r) for native LD L

This analysis was based on the l(Q) curve at 15°C and 1.0 mg/ml protein LDL concentration as measured on D17.
(a) The starting l(Q) curve (# ) with error bars is compared with the back-calculated l(Q) curve obtained from the final p(r) curve
(

)•

(b) The starting P(r) curve (----------------) with error bars is likewise compared with the back-calculated P(r) curve (O). The
position of the maximum in P(r) is denoted by M and the maximum dimension by L.
(c) The final p(r) curve is shown in 20 steps of 0.65 nm, together with associated error bars.

For these 14 curves, the final p(r) curves were stable when the number of
splines to fit the l(Q) curve and the assumed maximum dimension and radius
of LDL were varied, and good agreement between the starting and backcalculated l(Q) curves was found also (Fig. 4.5(a)). The final curve fits shown
in Fig. 4.5(a), 4.5(b) and 4.5(c) were based on 20 splines and a maximum
dimension of 30 nm to obtain P(r), and 20 steps and a radius of 13 nm to
obtain p(r), all of which were optimised using stability plots. The p(r) curves
exhibited a high positive region of nuclear density between r values of 0 - 4
nm, which decreased steadily to r of 11 nm. While the observed form of the
curve between r of 11-13 nm depended on the stabilisation applied to the
transformation, p(r) then levelled out to reach the outer radius of 13 nm.

The p(r) curve provides information on the internal radial distribution
of lipid and protein within LDL. The initial part of the p(r) curve at low r
corresponds to the high negative solute-solvent nuclear density of lipids in
100%

buffers (shown as positive in Fig. 4.5(c)), from which it is inferred

that the lipid hydrocarbons occupy the centre of the LDL core. The low values
of p(r) for r between 11 nm to 13 nm is attributed to the interpenetration of
protein with phospholipid headgroups.

4.2.2 Pulsed Neutron Scattering of Native LDL on LOQ at ISIS

Additional neutron scattering curves were collected in two sessions on
the LOQ Instrument at the intense pulsed neutron source at ISIS for
comparison with the D17 data. One LOQ session was 9 days after a D17
session. This timing permitted use of the same seven LDL preparations that
were used on D17. Half of each of these preparations were used on D17,
while the other half were used on LOQ and were stored at 4°C in the dark
under Ng in the presence of 300 pM DTPA as an anti-oxidant preservative.
The DTPA was dialysed out immediately prior to the LOQ measurements.
LDL stored with a metal chelator is thought to be stable under these
conditions (Singh & Lee (1986); Rumsey et al., (1992)). The second LOQ
session utilised four LDL preparations which were used to establish a full
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dilution series between 1 to 6 mg/ml LDL protein.

4.2.2.1 Guinier Analyses

Typical Guinier plots for the LOQ data are summarised in Fig. 4.6,
from which it is seen that the quality of the data is similar to the equivalent
Q range measured on D17 in Fig. 4.1. Comparison of the Guinier Rg
analyses in Fig. 4.7 show that the Rg data on LOQ are slightly decreased
when measured at both 20°C and 50°C when compared with the same data
measured on D17. The average of 22 pairs of Rg values measured at the
same LDL concentration and temperature shows that the Rg on LOQ was
0.941 ± 0.021 of that measured on D17. The small difference from unity is
not considered to be significant. If real, this can be attributed either to
systematic instrumental error on LOQ at the lowest Q values, whereby a
resolution function will be required to correct the l(Q) data for wavelength and
beam divergence effects (Mildner et al., 1986; Heenan & King, 1993), or to
possible degradation of LDL between the two data collection sessions (Singh
& Lee, 1986; Rumsey et a/., 1992). The Guinier analyses from the full
concentration series of four LDL samples showed similar effects to those
seen with data collected on D17 at the ILL Grenoble (Figs. 4.2(a) and 4.2(b)),
1.e. different linear concentration dependences with different gradients which
result in different Rg and 1(0) values (data not shown). The total of four data
points is not sufficient to establish whether or not any trends corresponding
to Fig. 4.3 can be observed. In conclusion, it is nonetheless seen that both
D17 and LOQ instruments are comparable in their ability to measure LDL
scattering curves.

4.2.2.2 Indirect Transformation Procedure

In the full Q range out to 0.22 nm '\ the advantage of LOQ over D17
is that the full scattering curve l(Q) is obtained simultaneously for each
sample, unlike D17 when three subcurves for each sample have to be
individually measured, then merged. No significant difference was observed
162

6—

5 a

c

3

0.00

0.05

0.10

0.15

Q2 (nm'2)

Fiq. 4.6: Neutron Guinier piots for a native LDL concentration series.
The l(Q) data points used for Guinier fits are denoted by straight lines, and
the Q.Rg ranges are arrowed.
A neutron dilution series at LDL protein concentrations of 1, 2, 3, 4, 5 and 6
mg/ml (from bottom to top) for an LDL sample is shown, measured at 15°C
in Tris buffer in 100% ^HzO, using the LOQ Instrument at the ISIS spallation
source. The Guinier data were fitted in the Q range 0.08-0.19 nm '\
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Fiq. 4.7: Comparison of the Rq Guinier anaiyses performed at the iLL and
iSiS using six native LDL preparations.
The neutron Rq data were measured on D17 (# ) and LOQ (O) at both 20°C
and 50°C, which were then averaged. For clarity, the data points are shown
as a function of LDL protein concentration.
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in the data between 15°C and 40°C (Fig. 4.8(a)). These full l(Q) curves permit
calculation of P(r) at each concentration. The P(r) calculations were found to
work best when the Q increment used to calculate l(Q) from the 100 time
frames of each LOQ raw spectrum is logarithmic in 0.04% steps rather than
in linear steps (Fig. 4.8(a)). Signal-noise ratios improved at large Q, while
providing sufficient data at low Q for the Guinier analyses. The agreement
between the Guinier Rq and l(0)/c values and those obtained from the P(r)
analyses was 5% ± 1% and 3% ± 3% respectively (LOQ session 1, using 30
values) and 9% ± 8% and 3% ± 4% respectively (LOQ session 2, using 32
values). This is improved compared to D17, and may reflect the advantage
of simultaneous measurement of the full l(Q) curve on LOQ.

The complete set of P(r) curves for 6 LDL concentrations in Fig. 4.9
exhibits pronounced interparticle interference effects, where the negative
feature seen at r of 20 to 25 nm is increased with increased concentration.
These features mirror those reported by Müller & Glatter (1982) for theoretical
calculations based on a single-density sphere that exhibited interparticle
interference effects. The key result from Fig. 4.9 shows that LDL protein
concentrations of 1 and 2 mg/ml exhibited negligible interparticle interference
effects, and the P(r) curves also exhibit satisfactory signal-noise ratios.
Instrument LOQ is thus most suitable for biochemical time course studies of
structural changes in LDL during oxidation (see Chapter 5).

Six P(r) curves extrapolated to zero concentration were calculated
using 32 P(r) curves from four different LDL samples measured at 15°C and
40°C. It was deduced that r at the maximum M of the P(r) curve was 9.9 10.2 nm. This agrees well with the M values of 9.1 - 10.9 nm from the D17
neutron data. The maximum dimension L of the LDL structure was
determined to range between 22.8 nm to 25.2 nm (defined to be when P(r)
became 1% of its value at the maximum of the P(r) curve). This agreed well
with L determinations of up to 24.9 nm from the D17 neutron data.
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Fiq. 4.8: Fui! scattering curves l(Q) for native LDL by neutron solution
scattering at two temperatures, with the corresponding distance distribution
functions P(r).
In (a), the LOQ neutron data for LDL in

buffer are shown, at an LDL

protein concentration of 4.2 mg / ml, measured at 20°C and 50°C. In (b), the
P(r) calculated from (a) are compared, and are displaced on the vertical axis
for clarity. Statistical error bars are shown in (a) and (b) when these are large
enough to be visible; these are small in the P(r) curves. The maximum in the
P(r) curve is denoted by M and the maximum dimension by L.
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Fig. 4.9: Concentration dependence of the neutron P(r) curves for native LDL measured on LOQ.
Six P(r) curves from the same native LDL sample are shown, (a) The P(r) curves were calculated using neutron data in
buffers for LDL protein concentrations of 1,2, 3, 4, 5 and 6 mg/ml as indicated, (b) The P(r) curves at 2, 4 and 6 mg/ml were
normalised for different concentrations, and are compared with the P(r) curve extrapolated to 0 mg/ml as indicated. Note
that the negative feature in P(r) at r of 20-25 nm has been eliminated at zero concentration, (c) The six p(r) curves
corresponding to those given in (a) are shown. The line types denoting the different concentrations in (a), (b) and (c) are
the same.

4.2.2.3 Nuclear Density Function

The six P(r) curves extrapolated to zero concentration were used to
determine the radial nuclear density function for LDL. Fig. 4.10(b) shows that
the initial and back-calculated P(r) curves were in good agreement. This was
found to be so for all six P(r) curves, and even the 32 individual experimental
curves used for the extrapolation gave back calculated curves in good
agreement, unlike the situation with D17 when only 14 of the 42 P(r) curves
could be used. The final curve fit of Fig. 4.10(a), 4.10(b) and 4.10(c) was
based on 20 splines and a maximum dimension of 30 nm to obtain P(r), and
20 steps and a radius of 13 nm to obtain p(r). The resulting p(r) curve
exhibited a plateau of positive nuclear density out to an r value of 5 nm, after
which the p(r) curve decreased to zero at a r value of 12 nm. Experience with
different stabilisation parameters used for the transform showed that the
general form of the p(r) curve was closely similar to that obtained from D17,
and its interpretation is as that above for the D17 p(r). The full concentration
dependence of p(r) can be followed with the LOQ data. Fig. 4.9(c) shows that
on increasing dilution a feature of negative intensity in the p(r) curves
between r of 11.7 t o i 3.0 nm is steadily diminished in size until it is no longer
apparent at a LDL protein concentration of 1 to 2 mg/ml. This is consistent
with Figs. 4.9(a) and 4.9(b).

4.2.3 Polvdispersitv Analysis

An alternative analysis of LDL neutron scattering using

buffers

provides information on lipid polydispersity in LDL. The P(r) and p(r) analyses
show that LDL is well approximated as an object of high uniform scattering
density, where the limit of the approximation occurs at the surface of LDL in
the form of a reduced scattering density due to protein and phospholipid
headgroups. If each LDL molecule is now assumed to be a sphere of uniform
density, and the LDL sample is taken to be a polydisperse mixture of spheres
of different radii, the population distribution of LDL radii can be assessed
either by simulations (Fig. 4.11) or by the Indirect Transformation Procedure
(Fig. 4.12).
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Fig. 4.10: Calculation of the radial nuclear density function p(r) for native LDL
The l(Q) curve at 15°C was measured on LOQ and extrapolated to zero concentration.
(a) The starting 1(0) curve ( • ) with error bars is compared with the back-calculated 1(0) curve obtained from the final p(r) curve
(
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(b) The starting P(r) curve (----------------) with error bars is likewise compared with the back-calculated P(r) curve (O). The
position of the maximum in P(r) is denoted by M and the maximum dimension by L.
(c) The final p(r) curve is shown in 20 steps of 0.65 nm, together with associated error bars.
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Fig. 4.11: Comparison of a LOQ neutron scattering curve with four theoretical
curves for a uniform density sphere of radius 10.0 nm.
In (a-d), the theoretical curves (0) correspond to a Gaussian-weighted
population of 13 spheres with radii 7.0 nm to 13.0 nm (in increments of 0.5
nm) with standard deviations a of 0.5 nm, 1.0 nm, 1.5 nm and 2.0 nm as
shown. The a values correspond respectively to full-width-half-maxima of
1.18 nm, 2.35 nm, 3.53 nm and 4.71 nm in the Gaussian population. The four
curves are compared with an experimental LDL curve extrapolated to zero
concentration ( • ) .
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Fig 4.12: Particle-size distribution functions D^(r) for LDL in 100% ^HgO
buffers from neutron scattering data.
Representative calculations using D17 and LOQ data are shown in (a-b) and
(c-d) respectively. These were based on 30 splines (from which the innermost
7 were removed) and a maximum radius r of 17 nm. The D17 curve was
measured at a protein concentration of 1.0 mg/ml at 15°C. The LOQ curve
was measured at 15°C and extrapolated to zero concentration. In (a) and (c),
experimental l(Q) data with error bars (0) are compared with the fitted l(Q)
curve (P) back-calculated from the Dy(r) curves in (b) and (d) respectively.
The maximum r values in the D^(r) curves are denoted by M in (b) and (d);
the o values are 1.68 nm and 1.30 nm respectively (corresponding to fullwidth-half-maxima of 4.0 nm and 3.1 nm in that order) and represent the two
extremes of the range of a values observed in all the D^(r) calculations for
both 017 and LOQ.
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In polydispersity simulations, the LDL scattering curve is represented
by the weighted summation of 13 scattering curves for spheres of uniform
scattering density and different radii r between 7.0 nm to 13.0 nm in 0.5 nm
steps and centred at a mean r of 10.0 nm. The use of other mean r values
gave poorer fits. The 13 curves were weighted on the basis of a Gaussian
normal distribution with standard deviations (a) ranging from 0 nm to 4.5 nm.
Figs. 4.11(a) and 4.11(b) show that a values of 0.5 nm and 1.0 nm
correspond to predicted LDL curves with subpeaks that are too pronounced
(i.e. the population of LDL radii is too narrow). A a value of 1.5 nm in Fig.
4.11 (c) gives good agreement with the experimental curve out to a maximum
Q of 0.9 nm '\ The use of a values of 2.0 nm or greater (Fig. 4.11(d)) lead to
predicted LDL curves in which the clear sub-peak seen experimentally at Q
of 0.55 nm'^ is no longer seen. Despite the simplicity of the assumption that
LDL has a high uniform scattering density, Fig. 4.11(c) shows that the
experimental neutron curve in

buffers can be largely explained by

polydispersity effects based on a spherical structure. A measure of the
approximation involved in assuming a uniform scattering density is shown by
the apparent small decrease in the radius of LDL from 24.9 / 2 nm (see the
P(r) data from D17) and 22.8 / 2 nm - 25.2 / 2 nm (from the P(r) data from
LOQ) to 10.0 nm in the D^(r) calculation.

The Indirect Transformation Procedure was used to determine the size
distribution function D^(r) from the D17 and LOQ data measured for LDL in
^HgO buffers. For the D17 data, the mean r at the maximum M in D^(r) was
determined to be 9.90 ± 0.18 nm for 38 D^(r) curves for LDL protein
concentrations between 1.0 to 4.4 mg/ml (Fig. 4.12(a)). The mean full-widthhalf-maximum of the 38 D17 curves was 3.96 ± 0.26 nm, and corresponds
to a a of 1.68 ± 0.11 nm. For the LOQ data, the mean r at M in D^(r) was
determined as 9.64 ± 0.24 nm from the D^(r) curves from six l(Q) curves,
each of which was extrapolated to zero concentration. Here, the mean fullwidth-half-maximum was 3.46 ± 0.44 nm, and corresponds to a a of 1.47 ±
0.19 nm. Both of these are within error of the values obtained from D17. The
maximum range of a values in these determinations falls between 1.30 nm
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to 1.87 nm (Fig. 4.12(b) and 4.12(d))

The two experimental determinations of a from the D17 and LOQ data
are close to the o value estimated from the curve simulations assuming a
Gaussian normal distribution. The curve simulations can therefore be used
to assess the molecular weight range of lipid bound within single molecules
in a conventional LDL preparation. From the normal distribution, it is
calculated that 14.0% of LDL exists at r = 10.0 nm, and that 1.9% of LDL
exists at r = 7.0 nm or 13.0 nm at the extremes of the Gaussian curve. The
mean apparent volume of an LDL molecule is thus 4189 nm^. The volume of
a single LDL molecule can range at most from 1437 nm^ to 9202 nm^, i.e. a
6.4-fold increase from r = 7.0 nm to r = 13.0 nm. The molecular weight range
of 2.49 found for different preparations of LDL deduced from the D17 analysis
of l(0)/c and

values in Fig. 4.3 falls within this range. Fig. 4.3 is consistent

with this analysis in the sense that different LDL samples will contains
different relative amounts of the buoyant and dense LDL subtractions (Krauss
& Blanche, 1992).

4.2.4 Svnchrotron X-rav scattering of native LDL on Station 8.2 at the SRS

Native LDL preparations were characterised by synchrotron X-ray
scattering using buffer solutions in 0% ^H^O. This solvent contrast views the
protein component in a positive solvent-solute contrast, while the lipid is
viewed in a low negative solvent-solute contrast. This difference in scattering
density between the protein and lipid contrasts enables the internal structure
of lipid and protein within LDL to be studied, and fully complements the study
of the overall LDL structure by neutrons.

4.2.4.1 Guinier Analyses

A total of 17 different native LDL samples were studied at 4°C, 15°C
and 40°C in 21 dilution series between 0.9 - 10.9 mg / ml LDL protein
concentrations in six separate beamtime sessions. Using the scattering 1(0)
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data at the lowest Q values, satisfactory linear Guinier fits in a Q.Rq range
between 0.7 to 1.7 (Fig. 4.13) could be obtained for 187 native LDL
scattering curves. The Q.Rq range is similar to that used with the neutron Rq
data as required, but the fits were based on a much-reduced Q range for
reason of the larger Rg values in this solute-solvent contrast, which was
mostly 0.06 to 0.13 nm '\ and sometimes 0.10 to 0.13 nm'V The larger Rq
values is the result of the solute-solvent contrast in which the electron-rich
protein and phospholipid component at the LDL surface furthest from the
centre of LDL contributes maximally to the Rq value. The Rq is low by
neutron scattering in 100%

buffers because this corresponds to a large

negative solute-solvent density difference in which the contribution of the lipid
hydrocarbons at the centre of LDL is maximal.

Fig. 4.14 shONAsthat larger statistical errors are associated with the Xray Rq and l(0)/c data compared to the neutron data in Figs. 4.2(a) and
4.2(b). Such errors are attributed to the need to work at low Q values close
to the main beam where the buffer background level is significantly
increased, unlike the case with neutron scattering. Linear extrapolation of the
Guinier data to zero concentration by regression analyses was nonetheless
successful for all LDL samples. The extrapolated Rq values exhibited a range
between 12.1 nm to 11.6 nm, with an overall mean of 13.9 ± 1.0 nm. No
obvious temperature dependence was observed in the Rq values when this
was measured. These Rq data are consistent with previously reported X-ray
Rq values between 14 nm to 18 nm (Laggner ef a/., 1978; Müller ef a/., 1978;
Bellamy et al., 1989). The observed range of Rq values is attributed to
structural polydispersity in LDL. The extrapolated l(0)/c values also varied
from sample to sample in a large range in a given beamtime session (Fig.
4.14(b)), which is also attributed as the result of variable lipid compositions
in different LDL samples. Unlike the case with the neutron data, a clear
correlation between the Rq and l(0)/c values could not be established (as in
Fig. 4.3(a) for neutrons) for reasons of (i) the inability to normalise the l(0)/c
values between the six different beamtime sessions, and (ii) the relatively
small number of LDL samples that could be measured in each of these
sessions.
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Fig. 4.13: X-ray Guinier plots for a native LDL concentration series.
The l(Q) data points used for Guinier fits are denoted by straight lines, and
the Q.R q ranges are arrowed.
An X-ray dilution series at total LDL concentrations of 2.2, 4.4, 6.5 and 8.7
mg/ml (from bottom to top) for one LDL sample is shown, measured at 15°C
in phosphate buffer saline, using Station 8.2 at the SRS. The Guinier data
were fitted in the Q range 0.08-0.12 nm'V Here, because the X-ray Rq is
approximately doubled, the range of
Fig. 4.1 and Fig. 4.6.
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Fig. 4. 14: Concentration dependence of the Rq and i(0)/c parameters for
native LDL.
X-ray Guinier Rq and l(0)/c data measured on Station 8.2 for six independent
preparations of LDL in four beamtime sessions. Each point corresponds to
the mean of four values measured at 15°C and 40°C (□) or two values
measured at 15°C ( a ,

O, # , ■). Linear regression was applied as shown

to derive Rq and l(0)/c values at zero concentration, where solid lines
correspond to the filled symbols, and dashed lines to open symbols. Four
l(0)/c graphs are shown in (b) with symbols corresponding to those in (a).
Only these four samples were measured in the same beamtime session, thus
permitting direct comparison of the l(0)/c values on the same scale.
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4.2.4.2 Indirect Transformation Procedure

The full X-ray scattering curve can be measured out to Q of 2.46 nm"'*
(Fig. 4.15a). Since the internal structure of LDL is reflected in the scattering
curves, the lipid phase transition in LDL can be monitored. This is evidenced
by the disappearance of the large submaximum at Q of 1.77 nm'^ at 25 30°C. The availability of the full X-ray curves permits calculation of the
distance distribution function P(r) for each of the 187 LDL scattering curves,
and also the extrapolation of the P(r) curves to zero concentration. Provided
that the Q range extended down to 0.08-0.10 nm '\ calculation of the Rq and
1(0) values from the Guinier fits agreed well with those from the P(r) curves.
Similar statistical scatter to those from the Guinier fits was observed, as in
Figs. 4.14(a) and 4.14(b), and linear regressions of the data as a function of
concentration were performed. Comparison of the 22 extrapolated Rq and
l(0)/c values showed that these agreed respectively to within 5% ± 9% and
7% ± 19% of the expected value of unity. Similar agreements were observed
for the 187 individual runs. The Rq values ranged between 12.4 nm to 14.4
nm with a mean Rq of 13.2 ± 0.7 nm. The extent of agreement between the
X-ray Guinier and P(r) analyses is similar to that seen with the LOQ and D17
neutron P(r) curves. No advantage in the use of either the Guinier or P(r)
methods was noticed. This control demonstrates the internal consistency of
the full X-ray scattering curve with the Guinier region at low Q.

Figs. 4.16 shows the X-ray P(r) curves calculated from the scattering
1(0) data extrapolated to zero concentration at 4°C and 40°C. In 4.16(b) and
4.16(e) the effect of the lipid transition is clearly visible in the P(r) curve
between r of 0-15 nm (Müller et al., 1978) where three distinct positive
submaxima (r of 1.7 nm, 4.5 nm and 7.5 nm) and one negative submaximum
(r of 13.5 nm) at 4°C are transformed into a broad featureless negative
submaximum at 40°C. These features can thus be assigned to arise
predominantly from vectors between the lipid components within LDL, in
particular the cholesterol ester and triglyceride core which comprises about
50% of LDL by weight. The maximum at r of 19.5 nm is relatively unaffected
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Fig. 4.15: Full scattering curves l(Q) for native LDL by X-ray solution
scattering at two temperatures, with the corresponding distance distribution
functions P(r).
In (a), X-ray data measured between 15 °C and 40 °C using the quadrant
detector at Station 8.2 at the SRS and a protein LDL concentration of 10.9
mg/ml are shown. In (b), the two P(r) curves are superimposed to show the
extent of changes between 15 °C (------------------- ) and 40 °C (........... )
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Fig. 4.16: Calculation of the radial electron density function p(r) from the X-ray data for native LDL.
(a,d) The starting l(Q) curve (# ) with error bars is compared with the back-calculated l(Q) curve obtained from the final p(r)
curve (----------------).
(b,e) The starting P(r) curve (----------------) with error bars is likewise compared with the back-calculated P(r) curve (O). The
position of the maximum in P(r) is denoted by M and the maximum dimension by L.
(c,f) The final p(r) curve is shown in 20 steps of 0.75 nm.

(a,b,c) This analysis was based on the X-ray l(Q) curve at 4°C extrapolated to zero concentration.
(d,e,f) The corresponding X-ray analysis at 40°C and extrapolated to zero concentration is shown.
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by the temperature change, and is assigned to vectors predominantly arising
between the protein and phospholipid headgroups at the surface of LDL. A
good determination of 0 ^ ^ from the X-ray P(r) curves was not possible for
reason of small oscillations in P(r) at r values of 25 - 27 nm corresponding
to the maximum dimension L (Figs. 4.16(b) and 4.16(e)). These r values are
slightly larger than the neutron L values of 23-25 nm (Figs. 4.4 and 4.8). This
increase in L corresponds to the surface location of the electron-dense
protein and phospholipid moieties in LDL, which are more readily detected in
high positive contrasts than in high negative contrasts.

4.2.4.3 Electron Density Function

Calculation of the radial electron density function p(r) for LDL shows
that, at 4°C, there are four distinct positive and negative peaks centred at r
values of 0.8 nm, 3.0 nm, 4.5 nm and 6.0 nm from the centre of LDL. These
correspond to a well-ordered lipid core structure in LDL. At 4°C, two further
peaks at r values of 8.3 nm and 11.3 nm are visible (Fig. 4.16), although at
15°C these have become less clear (Fig. 4.17(b)), despite reports to the
contrary in Laggner et al. (1977) and Baumstark et al. (1990a). These are
assigned to the electron-rich outer shell of protein and phospholipid
headgroups at r of 11.3 nm and the phospholipid lipid chains at r of 8.3 nm.
At 40°C, these four lipid peaks in p(r) are replaced by a broad negative
maximum occurring between r of 0 - 9 nm and a positive maximum occurring
between 9 - 13 . 5 nm. This shows that the lipid structure in LDL has become
disorganised. At 40°C, the protein and phospholipid headgroup component
at r between 9 - 1 3 . 5 nm is more readily visualised in the p(r) curve than at
4°C. X-ray scattering is thus able to monitor the internal organisation of lipid
and protein within LDL.

Study of the concentration dependence of the X-ray P(r) and p(r)
curves for LDL in the LDL protein concentration range of 6.3 mg / ml to 1.3
mg / ml showed that minimal changes are observed. This is emphasised in
plots of the P(r) curves after normalisation for concentration (not shown).
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Fig 4.17: Comparison of the X-ray distance distribution function P(r) and radial electron density function p(r) for four
independent LDL samples measured at Daresbury.
The l(Q) data used for these were obtained using the same camera set-up in the same beamtime session, and were
extrapolated to zero concentation, using 8 curves measured at 4 different LDL protein concentrations between 2.5 mg/ml
to 10.0 mg/ml.
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when only slight differences in the heights of the maxima and minima are
observed. A similar result was obtained for the p(r) plots, all of which
exhibited similar profiles. Normalisation of these curves also showed only
slight differences in the heights of the maxima and minima. These results
show that relatively low concentration effects are observed with the X-ray P(r)
and p(r) curves, as opposed to the neutron case (Fig. 4.9). This facilitates the
use of the X-ray curves in monitoring structural events in LDL.

4.2.4.4 Variation in P(r) and gfr) curves from different LDL samples

A total of 16 X-ray P(r) and p(r) curves extrapolated to zero
concentration were calculated from l(Q) data for the different LDL samples
at 4°C or 15°C. Each of the four P(r) and p(r) curves shown in Fig. 4.17 was
the average of at least 8 different l(Q) curves measured at 15°C, and these
were measured in the same beamtime session; this increases confidence in
the following results. The positions of the peaks in the P(r) curve are wellconserved in the four LDL samples at 1.7 nm, 4.5 nm, 7.5 nm, 13.5 nm and
19 - 20 nm (Fig. 4.17). If the height of the most intense peak at r = 19 nm in
P(r) is normalised to unity, the relative intensity of the maximum at r = 4.5 nm
is seen to vary between 0.64 to 0.72, while that of the minimum at r = 13.5
nm varies between -0.54 to -0.83. In the radial electron density profiles p(r),
differences in the ratio of intensities of the peaks at 0.0 - 0.8 nm, 2.3 - 3.0
nm, 3.8 - 4.5 nm and 5.3 - 6.0 nm are visible. The largest difference in the
P(r) curve in the bottom left panel of Fig. 4.11(a) at r = 13.5 nm is matched
by the smallest minimum of -0.09 at r = 4.5 nm in the corresponding p(r)
curve of Fig. 4.17(b). Analyses of the dependence of these peak intensities
in the P(r) and p(r) curves with the cholesterol and triglyceride contents
measured in 14 LDL samples did not show any unequivocal or statistically
significant trends for LDL cholesterol contents ranging between 0.8 to 5.0
mmol/litre, LDL triglyceride contents ranging between 0.6 to 5.4 mmol/litre,
or their sum (accuracy of ± 1%). The best correlation was found with the p(r)
peaks at r of 2.3 - 3.0 nm and 3.8 - 4.5 nm, which appear to become more
intense with increased cholesterol and triglyceride contents (regression
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coefficients of 0.24 to 0.53). In these samples, the intensities of the two
peaks shown in Fig. 4.17(a) varied in ranges of 0.46 to 0.77 and -0.26 to 0.97, and those in Fig. 4.17(b) varied likewise in ranges of 0.13 to 0.77, -0.09
to -0.35, and -0.02 to 0.51. It is noteworthy that the peak positions are
unchanged in Fig. 4.17; this shows that the shell-like structure in the different
LDL preparations is maintained, and that the variations in intensities are the
consequence of different chemical compositions. While these effects may
possibly result from different degrees of lipid disorganisation or deviations
from sphericity of shape in the different LDL preparations, it is more likely that
these variations reflect the packing of different lipid constituents into a
standard concentric lipid core structure in different LDL preparations.

4.3 Discussion

4.3.1 Neutron Solution scattering

Detailed scattering curve measurements for native LDL preparations
exhibit the characteristic phenomena of sample polydispersity as well as
interparticle interference effects. Recent improvements in instrumentation and
software for data collection and analyses enable both these factors to be
considered in a full joint analysis of the solution scattering curves of LDL.

Neutron scattering of LDL in 100%

buffers characterises primarily

the overall shape of LDL for reason of the high solute-solvent contrast. Both
the D17 and LOQ scattering cameras resulted in similar structural analyses
for LDL. The use of the new LOQ instrument at the ISIS pulsed neutron
source for these structural investigations is advantageous in that the full
scattering curve of LDL can be measured simultaneously with a time
resolution of 10 - 20 minutes between runs. Concentration effects in the LDL
scattering curves are minimal at 2 mg/ml protein LDL concentrations or less,
and this concentration should be used for structural work. It is useful that the
concentration range of 0.5 - 2.0 mg/ml of LDL protein corresponds to its
physiological and pathophysiological values. The neutron data analysis of the
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spherical LDL structure with a protein surface and a lipid core turned out to
be sensitive to the amount of lipid bound to apolipoprotein B in LDL, which
can vary in a molecular weight range between 2 - 3 x 1 0 ® . This was most
readily monitored using the Guinier Rq and l(0)/c parameters. Neutron
scattering of LDL in 100% ^HgO buffers is thus a useful monitor of the overall
monomeric condition (or aggregation state) of the LDL particles. Since
different LDL samples vary in M^, an important control in time-course studies
of oxidation is the measurement of the unmodified LDL sample. Further
useful information on the polydispersity of the LDL sample is obtained by the
analysis of the particle size distribution function D^(r). This indicates the
population range of LDL sizes present in the sample, and this can be
calculated for each time-point in an oxidation study.

4.3.2 X-rav Solution Scattering

Synchrotron X-ray scattering leads to a complementary picture of the
LDL structure. Station 8.2 at Daresbury is able to measure the full scattering
curves l(Q) without detectable radiation damage effects with a time resolution
of 10 minutes (and less if required). For reason of the relatively low difference
between the scattering densities of the buffer with the protein and lipid
structure of LDL, the l(Q), P(r) and p(r) curves are now sensitive to the
internal arrangement of lipid and protein within LDL. Previously it has been
shown that the lipid phase transition between 17 - 41°C can be followed by
this means, as well as the effect of proteolysis of apolipoprotein B
(Deckelbaum et a i, 1975, 1977; Laggner ef a/., 1977, 1978; Zechner ef a/.,
1984). Previous studies have been made using conventional anode X-ray
sources, as the result of which LDL concentrations and data counting times
were increased. Laggner et al. (1977) quote typical X-ray accumulations not
exceeding 5 hours of data acquisition for LDL protein concentrations between
2-12 mg/ml, Atkinson et a i (1977) used 30-50 mg/ml LDL protein
concentrations,

while

Baumstark

et al.

(1990a)

used

LDL

protein

concentrations of up to about 15-20 mg/ml. The present X-ray study shows
that concentration effects in LDL are minimal at 2 mg/ml of LDL protein or
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less (and this concentration is thus preferred), and the full l(Q) curve at this
concentration can be routinely measured by synchrotron X-ray scattering with
good statistics. Polydispersity effects were again readily detected from the
Guinier Rq and 1(0) parameters. Again measurements of the unmodified LDL
samples are required in time course studies of structural changes to set an
accurate base-line. Interestingly, it has been shown that the internal lipid
structure of LDL is also variable from one sample to the next. At present, it
is not known if this can be correlated with the individual or total amount of the
phospholipid, triglyceride, free cholesterol and cholesterol ester components
in LDL. Further work is required to clarify this aspect and its implications for
the packing of lipids within the LDL structure in the context of the role of LDL
as a cholesterol transporter in plasma.

4.3.3 Structural implications for LDL

A polydisperse range of sizes for the spherical LDL structure is
consistently observed by solution scattering, electron microscopy and other
related physical techniques (see section 1.6.1 and Table 1.2). The size of the
LDL particle may be of clinical relevance in that it defines different
biochemical affinities (Rudel etal., 1986). The neutron data are unique in that
the relative

of the LDL sample can be measured simultaneously with the

Rq value. The resulting linear correlation between the Rq and l(0)/c values
(Fig. 4.3) is strong evidence for the existence of a structure whose size varies
with Mr in the manner expected for an increase in the diameter of a spherical
macromolecule. Further evidence that LDL is best represented as a spherical
object is provided by the analysis of polydispersity by simulations in terms of
modelling with uniform spheres with a Gaussian population range of
diameters (Fig. 4.11(c)) and by the particle size distribution analysis D^(r)
which was based on the assumption of a sphere of uniform diameter (Fig.
4.12). It is of course possible that the appearance of the neutron curve can
be explained by significant deviations from spherical symmetry to result in an
ellipsoidal structure. There is however no evidence to support this viewpoint.
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The internal structure of LDL is best represented by a core of
triglyceride and cholesterol ester arranged as two concentric shells, which is
surrounded by a third concentric shell which contains apolipoprotein B,
phospholipid and cholesterol.

The present solution scattering data shows that the 4536-residue apoB
has the remarkable property of being able to accommodate different amounts
of lipid within LDL that range between 2 x 10® to 3 x 10® in M^. This
polypeptide chain must possess properties of acting as a nucléation site for
phospholipid and cholesterol to maintain the structural integrity of LDL as a
spherical macromolecular complex. The polypeptide must also possess a
high degree of conformational flexibility that will permit the free flow of large
amounts of lipid to and from LDL, and LDL to vary in size from =20 nm to
=30 nm in diameter. Indeed the use of monoclonal antibodies suggest that
the conformation of apoB changes with the size of the LDL particle (Teng et
a/., 1985).
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CHAPTER FIVE

STRUCTURAL CHARACTERISATION OF CU^"
OXIDISED LDL BY X-RAY AND NEUTRON SOLUTION
SCATTERING TECHNIQUES.
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5.1 Introduction

Structurally, native LDL has been fully characterised by both neutron
and X-ray solution scattering techniques, as discussed in Chapter 4. This
formed a basis which allowed structural changes which occurred in LDL
during oxidation to be described. The use of high flux neutron and X-ray
sources (LOQ at ISIS, and Station 8.2 at the SRS) which have become
available in the last few years has

allowed rapid measurement of LDL

samples in relatively dilute solutions in conditions close to physiological. This
rapid measurement is necessary to follow the time sequence of structural
changes during oxidation. The use of a quadrant detector on Station 8.2 at
the synchrotron radiation source allowed measurement out to a Q range
which is comparable with that obtained by neutron scattering on LOQ.
Oxidations were carried out at an LDL protein concentration of 2 mg/ml
incubated at 37°C and were initiated with either 6.4, 25.6 or 51.2 pmol Cu^Vg
apoB. The buffer used in all cases was 12.5 mM Tris 140 mM NaCI pH 7.4.
All biochemical analyses were carried out under identical conditions (Chapter
3).

Using both neutron and X-ray solution scattering allows differing
structural aspects of oxidised LDL to be studied. Neutron scattering in 100%
^HgO buffers investigates primarily the overall structure of LDL, while X-ray
scattering investigates primarily the internal structure of LDL viewing protein
and lipid separately. Solution scattering also allows molecules to be studied
in a near physiological environment and will facilitate a direct comparison with
the biochemical data discussed in Chapter 3. This is the first study to use
biophysical and biochemical analyses to study jointly the structural changes
of oxidised LDL.

Because there is no temperature dependence of the neutron scattering
curves of LDL, it was not important for structural work whether the oxidised
LDL data were obtained at 15 or 40°C in the neutron beam. The temperature
was altered by means of a thermostatted sample holder. As there is a
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considerable temperature dependence involved in X-ray scattering of LDL,
the LDL oxidations were carried out using incubations at 37°C and aliquots
of the LDL samples were assessed in the X-ray beam at 15°C or 4°C by
means of a thermostatted sample holder. Both these temperatures are below
the phase transition temperature of the cholesterol esters, and therefore
looked at the internal structure of LDL in conditions that would ordinarily
represent a characteristic ordered structure of lipids in the native LDL
molecule.

5.2 Results

5.2.1 Pulsed Neutron Scattering of Oxidised LDL on LOQ at ISIS

Neutron scattering curves of oxidised LDL using buffer solutions in
100% ^H20 were collected in four sessions on the LOQ instrument. A total
of 15 individual LDL preparations were analysed from 8 male and 7 female
donors aged between 20 and 45. All 15 preparations were measured during
a time course in which oxidation had been initiated with 6.4 pmol Cu^Vg
apoB, four of these were measured using 25.6 and 51.2 pM Cu^Vg apoB. All
oxidations were analysed over a time period of up to 39 - 70 h. In all
oxidation experiments, the data were collected at 15°C (two sessions) or
40°C (two sessions).

5.2.1.1 Guinier Analyses

A typical series of neutron Guinier plots from a single LDL preparation
in which oxidation had been initiated with 25 pmol Cu^Vg apoB is shown in
Fig. 5.1 (a). At time points between 0 - 49 h, the Guinier region of the full
scattering curve becomes increasingly steep. The resulting change in the
apparent Rq and l(0)/c parameters are seen in Fig. 5.1 (b) and (c). As stated
in Chapter 4, both of these parameters are apparent values based on an
average of the total range of LDL protein-lipid ratios present in the LDL
sample. Both Rq and l(0)/c parameters increase over the time course of
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Fiq. 5.1: Neutron Guinier analysis for an LDL oxidation over 49 h initiated with 25.6 pmol Cu^* / g apoB.
(a) Guinier plots for an LDL sample at various points in a time course of oxidation. The first and last time points are noted.
The Guinier data were fitted in the Q range 0.08 - 0.12 nm '\ The l(Q) data points used for Guinier fits are denoted by
straight lines, and the Q.Rq range is arrowed. Each curve is displaced from the next time point on the vertical axes by 1 unit.
(b) The Rq values ( • ) measured by Guinier analyses in (a) are plotted as a function of time. Incubations of the same LDL
sample without Cu^"" (O) are also shown.
(c) The l(0)/c values ( • ) measured by Guinier analyses in (a) are plotted as a function of time. Incubations of the same LDL
sample without Cu^^ (O) are also shown.

oxidation. This increase in the size of the LDL particle (apparent Rq) and its
molecular weight (apparent l(0)/c) can only be attributed to aggregation of
LDL particles.

The effect on the neutron Guinier analyses of different Cu^^
concentrations on four LDL preparations, measured in the same session on
LOQ, is shown in Fig. 5.2. Higher Cu^^ concentrations used to initiate LDL
oxidation resulted in larger final apparent Rq and l(0)/c values in

cases.

Also seen with increasing Cu^'’ concentrations was a larger increase after the
first time point, in the two Guinier parameters (seen clearly in Fig. 5.3). This
could be due to the more harsh oxidative conditions of 25.6 and 51.2 pmol
Cu^Vg apoB. These results indicated that aggregation of LDL had occurred
in all LDL samples undergoing oxidation. At the higher Cu^^ concentrations
used to initiate LDL oxidation, the increase in apparent Rq and l(0)/c is faster,
and the final values are larger. The apparent l(0)/c values for oxidations
initiated with 51.2 pM Cu^Vg apoB (see Fig. 5.3) showed an initial increase
up to between 10 - 20 h, then these decreased in value. This finding is
somewhat contradictory to the Rq values which increased over the time
course of oxidation.

Fig. 5.4 shows that the increase in apparent Rq for LDL in which
oxidation was initiated with 6.4 pM Cu^Vg apoB between the four sessions
on LOQ, is very similar. This indicated that all LDL preparations behaved in
a similar way i.e. reproducible results could be obtained using the LOQ
instrument. Similar time courses were also observed using the other Cu^"
concentrations in independent LOQ sessions.

5.2.1.2 Indirect Transformation Procedure

For native LDL, ITP analyses on LOQ was achieved by using a D^ax
of 30 nm, i.e. the maximum dimension was constrained to 30 nm in all cases,
which gave a maximum dimension (L) of 22.8 - 25.2 nm. From Fig. 5.1 it was
concluded that aggregation was taking place in oxidised LDL due to the
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Fiq. 5.2: Neutron Guinier analyses from four Cu^* oxidised LDL samples as a function of time and LDL donor.
The top panel of graphs (a,b,c,d) show the apparent Rq value as a function of time. Each graph represents one sample of
LDL at three Cu^^ concentrations (O LDL without Cu^^ # , ■,

a

LDL in which oxidation was initited with 6.4, 25.6 and 51.2

pmol Cu^Vg apoB respectively). The panel below shows the corresponding apparent l(0)/c values.
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Fiq. 5.3: Neutron Guinier analyses from four Cu^* oxidised LDL samples as a function of time and Cu^* concentration.
The top panel of graphs show the Rq value as a function of time. Each graph represents four samples of LDL in which
oxidation had been initiated at the same marked Cu^^ concentration. The graph below shows the corresponding l(0)/c values.
The four symbols in separate top and bottom graphs represent individual LDL samples.
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increase in apparent Rq and l(0)/c parameters. This requires the changing of
the

parameter for ITP analyses. After values of 30, 40, 50, 60, 70, 80,

and 90 nm had been tested on both the native and oxidised LDL scattering
curves, it was decided that a value of 60 nm was optimal. This gave wellbehaved calculated P(r) curves for both native and oxidised LDL samples out
to a maximum dimension of 60 nm. The correct choice of parameters for a
good P(r) curve is indicated by: (1) The P(r) should be zero at zero Q. (2)
The apparent Rq from ITP should agree with the Rq from Guinier analyses.
(3) The M and L value (r at which maximum intensity occurs, and maximum
dimension respectively) in the recalculated P(r) curve for native LDL would
have to be similar to the values for a P(r) curve fitted with a D^^^x of 30 nm.
As the apparent Rq and l(0)/c values did not double over any time course of
oxidation a D^^^^ of 60 nm was a suitable choice for analysing structural
changes in oxidised LDL.

Fig. 5.5 - 5.7 show typical scattering curves and ITP calculations for
oxidation of LDL initiated at three different Cu^^ concentrations of 6.4, 25.6
and 51.2 pmol Cu^Vg apoB respectively. In each of Fig. 5.5 - 5.7, (a) shows
the structural disintegration of the LDL scattering curve over a time course of
oxidation. The characteristic shape of the scattering curve from native LDL
was transformed to a less well defined scattering curve during oxidation. In
particular the submaxima which occurred at 0.55 nm'^ (arrowed) and which
indicates an ordered spherical structural feature disappeared over the time
course. The changing nature of the Guinier region at the lowest Q values has
been discussed earlier in section 5.2.1.1. This structural disintegration
occurred at a faster rate as the Cu^^ concentration was increased. In each of
Fig. 5.5 - 5.7, the corresponding ITP calculations are shown in (b). The
structure of the P(r) curves change over the time course to indicate a more
polydisperse system of oxidation products in which aggregation has occurred.
This is indicated by the growth of intensity in the P(r) curve beyond 25 nm,
such that the maximum dimension (L) increased up to 60 nm as oxidation
proceeded. This was visible within a few hours of starting the oxidation. Fig.
5.5 - 5.7 show that the changes observed in the l(Q) scattering and P(r)
195

6.4 umol Cu^Vg apoB

10

20

Q (nm-^)

30
40
r (nm)

50

60

Fiq. 5.5: Fui! scattering curves l(Q) (at stated time points) for a sampie of
LDL in which oxidation was initiated with 6.4 pmol Cu^*lg apoB with the
corresponding distance distribution functions P(r).
(a) LOQ neutron data for LDL at a protein concentration of 2 mg/ml are
shown at time points in an oxidation time course initiated with 6.4 pmol
Cu^Vg apoB. The submaximum at Q = 0.55 nm'^ is arrowed. The curves are
displaced on the vertical axis for clarity.
(b) Indirect transformation of the full scattering curves in (a) are shown. The
position of the maximum in P(r) curves are denoted by M and the maximum
dimension by L. The curves are displaced on the vertical axis for clarity.

Statistical errors are shown in (a) and (b) w here they are large enough to be
seen.
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Fig. 5.6: Full scattering curves l(Q) (at stated time points) for a sample of
LDL in which oxidation was initiated with 25.6 pmol Cu^Vg apoB with the
corresponding distance distribution functions P(r).
(a) LOQ neutron data for LDL at a protein concentration of 2 mg/ml are
shown at time points in an oxidation time course initiated with 25.6 pmol
Cu^Vg apoB. The submaximum at Q = 0.55 nm'’’ is arrowed. The curves are
displaced on the vertical axis for clarity.
(b) Indirect transformation of the full scattering curves in (a) are shown. The
position of the maximum in P(r) curves are denoted by M and the maximum
dimension by L. The curves are displaced on the vertical axis for clarity.

Statistical errors are shown in (a) and (b) w h e re they are large enough to be
seen.
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Fig. 5.7: Full scattering curves 1(0) (at stated time points) for a sample of
LDL in which oxidation was initiated with 51.2 pmol Cu^*/g apoB with the
corresponding distance distribution functions P(r).
(a) LOQ neutron data for LDL at a protein concentration of 2 mg/ml are
shown at time points in an oxidation time course initiated with 51.2 pmol
Cu^Vg apoB. The submaximum at Q = 0.55 nm'^ is arrowed. The curves are
displaced on the vertical axis for clarity.
(b) Indirect transformation of the full scattering curves in (a) are shown. The
position of the maximum in P(r) curves are denoted by M and the maximum
dimension by L. The curves are displaced on the vertical axis for clarity.

Statistical errors are shown in (a) and (b) w h e re they are large enough to be
s een .
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distance distribution curves occurred fa s te r at higher Cu^^ concentrations.

Fig. 5.8 and 5.9 summarise how the maximum (M) in the neutron P(r)
curves changed in intensity and position as oxidation proceeded for 4
samples of LDL at three different Cu^^ concentrations measured in the same
session on LOQ. The peak position of the maximum (M) increased to larger
values over a time course of oxidation as shown in Fig. 5.8. The increase in
peak position is largest at the higher Cu^^ concentrations. Oxidations which
had been initiated with 6.4, 25.6, and 51.2 pmol Cu^^ / g apoB the peak
position of the maximum (M) increased by 13% ± 2.9%, 26% ± 7.5% and
44% ± 7.5% respectively (n=4). LDL incubated without Cu^^ had an increase
in the position of the maximum (M) of 3% ± 3.4% (n=4). Fig. 5.9 shows the
corresponding change in P(r) intensity from the same LDL samples as
described in Fig. 5.8. The intensity of the peaks were decreased as oxidation
proceeded. The decrease in peak intensity is largest at the higher Cu^^
concentrations. Oxidations which had been initiated with 6.4, 25.6, and 51.2
pmol Cu^^ / g apoB the P(r) intensity of the maximum (M) decreased by 6%
± 3.6%, 20% ± 3.8% and 32% ± 4.8% respectively (n=4). LDL incubated
without Cu^^ had an increase the P(r) intensity of the maximum (M) of 0.85%
± 5.5% (n=4).

Fig. 5.5 - 5.7 show that, as oxidation proceeds, structural disintegration
occurs in the spherical native LDL structure. Fig. 5.8 - 5.9 show that there
was an increase in the position of the maxima (M) and decrease in the
intensity of the maxima in the neutron P(r) curves as shown above. The
maximum dimension of the particle (L) was also increased over the time
course of oxidation to nearly 60 nm. These results indicated a larger size
distribution of the LDL particles as oxidation proceeded, resulting in more
polydisperse oxidation products. This is consistent with the observation of
increased aggregation during oxidation from the Guinier apparent
l(0)/c analyses.
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Fig. 5.8: Position of the peak maximum M in the neutron P(r) curves as a
function of time for four LDL samples in which oxidation had been initiated
at three Cu^* concentrations.
Each panel represents an individual LDL sample. O, LDL without Cu^'". # , ■,
LDL in which oxidation had been initiated with 6.4, 25.6 and 51.2 pmol
Cu^Vg apoB respectively.
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Fig. 5.9: Intensity of the peak maximum M in the neutron P(r) curves as a
function of time for four LDL samples in which oxidation had been initiated
at three Cu^* concentrations.
Each panel represents an individual LDL sample. O, LDL without Cu^^. # , ■,
LDL in which oxidation had been initiated with 6.4, 25.6 and 51.2 pmol
Cu^Vg apoB respectively.
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5.2.1.3 Polvdispersitv Effects of Oxidation on LDL

As described in Chapter 4, neutron scattering provides information on
polydispersity in LDL. In an alternative analysis of the same neutron data, the
population distribution of LDL radii, within one LDL sample, can be assessed
by a reapplication of the Indirect Transformation Procedure. This calculation
makes the assumption that LDL can be represented as a sphere of uniform
scattering density i.e. that the p(r) curve of LDL is a one step function
(section 4.2.3). Fig.5.10 (c) shows how a typical indirect transformation
procedure of LDL in which oxidation was initiated with 51.2 pM Cu^Vg apoB
gave particle size distribution functions (Dv(r)) that changed over time. The
curves were based on 30 splines from which the innermost 3 in the range 0
< r < 3 nm were removed. Strong termination effects at r < 7 nm and r > 13
nm are seen due to limited constraints applied to the indirect transformation
procedure. These could not be satisfactorily eliminated by exploration of the
parameters used for the D^r) calculation. Fig. 5.10 (a) and (b) show a
comparison of the scattering curves l(Q) of a sample of LDL at time zero and
48 h after initiation of oxidation with its corresponding back calculated
scattering curve 1(0) from the D^(r) curve. The corresponding D^(r) curves are
shown in Fig. 5.10 (c). In both cases the back calculated curve agreed well
with the experimental scattering curve. The FWHM measured from curves
similar to those shown in Fig. 5.10 from 4 LDL preparations at three different
Cu^^ concentrations are shown in Fig. 5.11. The FWHM values are similar at
all Cu^^ concentrations until approximately 30 h when the FWHM increase
sharply, with a Cu^^ concentration of 51.2 pM leading to the largest increase
in FWHM values. These FWHM values converted to standard deviation
values (sigma) are shown in Table 5.1. From the normal distribution it was
calculated that native LDL contained 14% of LDL at a radius of 10 nm and
1.9% of LDL exists at a radius of 7 or 13 nm at the extremes of the Gaussian
curve. Table 5.2 shows the conversion of the a value at the end of oxidation
time course (48 - 52 h) for the three different Cu^^ concentrations into
percentage of LDL at a radius of 10 nm and at the extremes of the gaussian
distribution at 7 and 13 nm.
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Fiq. 5.10: Neutron particle-size distribution functions Dy,(r) for an LDL sample
in which oxidation had been initiated with 51.2 pmoi Cu^Vg apoB.
(a) Experimental neutron l(Q) data of native LDL with error bars (O) are
compard with the fitted l(Q) curve (------ ) back calculated from the time point
zero Dv(r) curve in (c).
(b) Experimental neutron l(Q) data of oxidised LDL with error bars (O) are
compard with the fitted l(Q) curve (------) back calculated from the time point
48 h Dv(r) curve in (c).
(c) Dv(r) calculations for a series of LDL neutron scattering curves in which
oxidation had been initiated with 51.2 pmol Cu^^/ g apoB. The calculation
was based on 30 splines (from which the innermost three were removed) and
a maximum radius of 30 nm.
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Fig. 5.11: Neutron Dy(r) FWHM calculations for four Cu^* oxidised LDL
samples as a function of time and LDL donor.
Each panel represents the time course of oxidation for an individual LDL
sample from donors 1 - 4. O LDL without Cu^^ # , ■,

LDL in which oxidation

had been initiated with 6.4, 25.6 and 51.2 pmol Cu^Vg apoB. The FWHM was
calculated from Dy(r) curves based on 30 splines and a maximum radius of
24 nm.
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Table 5.1: Conversion of FWHM values to standard deviation of the normal
distribution for an LDL sample in which oxidation had been initiated at three
different Cu^* concentrations.
Time (h)

FWHM(nm) Sigma (a)(nm)

0.0

3.64

1.55

8.0

3.64

1.55

31.8

3.73

1.59

51.8

3.93

1.67

6.4 pM Cu'" /

0.0

3.64

1.55

g apoB

5.5

3.64

1.55

12.0

3.83

1.63

24.5

3.93

1.67

34.2

4.12

1.75

42.0

4.98

2.11

50.5

4.79

2.03

25.6 pM Cu"" /

0.0

3.64

1.55

g apoB

4.25

3.64

1.55

10.3

3.83

1.63

14.6

3.93

1.67

23.3

4.02

1.71

33.0

4.21

1.79

40.8

5.27

2.24

49.5

5.94

2.52

51.2 pmol Cu^* /

0.0

3.64

1.55

g apoB

3.0

3.64

1.55

9.25

3.64

1.55

13.5

3.93

1.67

21.8

4.12

1.75

30.6

4.04

1.87

39.5

5.75

2.44

48.0

6.13

2.60

Without Cu^*
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Table 5.2: Table showing the standard deviation of the normal Gaussian
distribution at the end point of oxidation.
Standard deviation values for a sample of LDL in which oxidation was
initiated at 6.4, 25.6 and 51.2 pmol Cu^Vg apoB and the percentages of LDL
at the mean radius of 10 nm at the extremes of the Gaussian distribution at
7nm and 13 nm.

% LDL r = 10 nm

% LDL r =

uM Cu"'

a

0

1.67*

12.6

2.5

6.4

2.03

11.1

3.6

25.6

2.52

9.9

4.8

51.2

2.60

9.7

5.0

Within range of native LDL calculations (1.3 - 1.87 nm).
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This analyses shows that the changes are not as large as the neutron
Guinier analyses might have suggested. There was a small decrease (12%,
21 % and 23% at oxidations initiated at 6.4, 25.6 and 51.2 |jmol Cu^"^ / g apoB
respectively) in the content of LDL with a radius of 10 nm. This indicates that
the scattering curves of oxidised LDL can still be primarily treated in terms
of a sphere with a radius of 10 nm. Only a small proportion of LDL molecules
became aggregated. These nonetheless contribute a large change in the
apparent Rq and l(0)/c parameters when analysed from Guinier analyses, and
also to the P(r) curves when analysed in the original indirect transformation
of the 1(0 ) data.

5.2.1.4 Nuclear Density Function

Conversion of the P(r) curves into the nuclear radial density distribution
p(r) posed several problems when calculated using oxidised LDL data. The
first of these problems is that an assumption of spherical symmetry had to be
made. Secondly because the maximum dimension of the P(r) curves was set
at 60 nm, the diameter of the p(r) curve was automatically set at 30 nm i.e.
20 steps of 1.5 nm. This resulted in the p(r) curve resembling that of native
LDL. There was a high region of nuclear density between r values of 0 - 4.5
nm, which decreased steadily out to an r of 11 - 13 nm. From an r value of
13 to 30 nm the nuclear density was zero. This shows that the p(r) curves are
insensitive to the structural changes occurring during oxidation.

5.2.2 Pulsed Neutron Scattering of Vortexed LDL on LOQ

It is known that vortexing LDL will induce aggregate formation (Guyton
et al., 1991). It was previously stated that oxidised LDL appeared to form
aggregates due to increases in the

and l(0)/c parameters. A comparison

of the scattering curves and P(r) curves of vortexed LDL and oxidised LDL
may give an indication that aggregation of oxidised LDL is occurring, due to
any similar changes that occur in the scattering curve analysis.
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A typical series of neutron Guinier plots from a single LDL preparation
which had been vortexed for periods of time between 0 and 300 s is shown
in Fig. 5.12 (a). At time points between 0 and 300 s, the Guinier region of the
full scattering curve becomes increasingly steep. The resulting change in the
apparent Rq and l(0)/c parameters are seen in Fig. 5.12 (b) and (c). Both Rq
and l(0)/c parameters increase with increasing vortexing time. It is known
from published data (Guyton et al., 1991) that even brief vortexing results in
aggregation of LDL, so an increase in apparent Rq and l(0)/c parameters is
indicative of aggregated LDL. The changes in the Rq and l(0)/c parameters
are more dramatic than the changes seen . ^ during oxidation of LDL
initiated with Cu^^ (see Fig. 5.1). A photograph of the resultant LDL after
vortexing is shown in Fig. 5.13

Fig. 5.14 shows the corresponding indirect transformation procedure.
The transformations were achieved by using a D^^^x of 60 nm i.e. the
maximum dimension was constrained to 60 nm to correspond to the
transformations achieved for oxidised LDL. Fig. 5.14 (a) shows the structural
disintegration of the LDL scattering curve after various periods of vortexing.
The characteristic shape of the scattering curve for native LDL was
transformed to a less well defined scattering curve after only brief vortexing.
In particular the submaxima which occurs at approximately 0.55 nm'^ and
which indicates an ordered spherical structure disappeared during the first
180 s. The corresponding ITP calculation is shown in Fig. 5.14 (b). The
structure of the P(r) curves changed over the time course to indicate a more
polydisperse system of LDL particles. The effects seen in the P(r) curves are
more severe than the changes seen during a Cu^^ initiated oxidation of LDL
(Fig. 5.5 - 5.7).

Conversion of the scattering l(Q) curves into a D^(r) population
distribution of LDL radii was not achieved satisfactorily due to extremely large
termination effects which could not be eliminated.
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Fiq. 5.12 Neutron Guinier analyses for an LDL sample vortexed for up to 300 s.
(a) Guinier plots for an LDL sample vortexed for up to 300 s. The first and last time points are noted. The Guinier data were
fitted in the Q range 0.09 - 0.12 nm'L The l(Q) data points used for Guinier fits are denoted by straight lines, and the Q.Rq
range is arrowed. The curves are displaced on the vertical axes for clarity.
(b) The Rq values (# ) measured by Guinier analyses in (a) are plotted as a function of time. Incubations of a different LDL
sample measured in the same session (O) are also shown.
(c) The l(0)/c values (# ) measured by Guinier analyses in (a) are plotted as a function of time. Incubations of a different LDL
sample measured in the same session (O) are also shown.

s

■J ♦'*.

Fiq. 5.13: Vortexed native LDL in quartz cuvettes.
From left to right, 8 samples of native LDL at a concentration of 2 mg/ml are
shown, which have each been vortexed for 0, 10, 30, 60, 90, 180, 240 and
300 s in that order.
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Fiq. 5.14: Fui! scattering curves l(Q) (at indicated time points) for a vortexed
sampie of LDL vrith the corresponding distance distribution functions P(r).
(a) LOQ neutron data for LDL at a protein concentration of 2 mg/ml vortexed
for various times shown. The submaximum at Q = 0.55 nm'^ is arrowed. The
curves are displaced on the vertical axis for clarity.
(b) Indirect transformation of the full scattering curves in (a) are shown. The
position of the maximum in P(r) curves are denoted by M and the maximum
dimension by L. The curves are displaced on the vertical axis for clarity.

Statistical errors are shown in (a) and (b) where they are large enough to be
seen.
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5.2.3 Synchrotron X-ray Scattering of Oxidised LDL on Station 8.2 at the SRS

X-ray scattering curves of oxidised LDL using buffer solutions in 0%
were collected in four sessions on station 8.2 at SRS. A total of 9
individual LDL preparations were analysed from 8 male and 7 female donors
between the age of 22 - 60. All 9 preparations were measured during a time
course in which oxidation had been initiated with 6.4 pmol Cu^Vg apoB. six
and four of these were measured using 25.6 and 51.2 pmol Cu^Vg apoB to
initiate oxidation respectively. All oxidations were analysed over a time period
of up to 29 - 64 h. In all cases the data was collected at 15°C (two sessions)
or 4°C (two sessions).

5.2.3.1 Guinier Analyses

It was noted in Chapter 4 that larger statistical errors are associated
with X-ray Rq and l(0)/c data compared to the neutron data. These errors
were attributed to the need to work at low Q values close to the main beam
where the buffer background is significantly increased. An increase in the
apparent Rq parameter (slope of the regression through data points at low Q)
would therefore be difficult to detect. This problem resulted in no observable
increase in the Rq parameter over an time course of oxidation, as seen in
Fig. 5.15 (b). There is however an increase in the l(0)/c parameter. This is
due to the calculated extrapolation of the scattering curve to zero angle which
also affects the data at Q ranges beyond that normally used for Guinier
analysis and indicates that aggregation has occurred. Fig. 5.16 shows
changes in the l(0)/c parameter for an LDL preparation in which oxidation had
been initiated at three different Cu^^ concentrations (6.4, 25.6 and 51.2 pmol
Cu^Vg apoB). The larger the oxidative challenge, the greater the increase in
l(0)/c which is an indication of aggregation of LDL particles during oxidation.
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Fig. 5.15: X-ray Guinier analysis for an LDL oxidation over 63 h initiated with 6.4 pmol Cu^*/g apoB.
(a) Guinier plots for an LDL sample at various points in a time course of oxidation initiated with 6.4 pmol Cu^'’/mg apoB. The
first and last time points are noted. The Guinier data were fitted in the Q range 0.09 - 0.13 nm'V The l(Q) data points used
for Guinier fits are denoted by straight lines, and the Q.Rq range is arrowed. The curves are displaced on the vertical axes
for clarity.
(b) The Rq values ( • ) measured by Guinier analyses in (a) are plotted as a function of time. Incubations of the same LDL
sample without Cu^^ (O) are also shown.
(c) The l(0)/c values ( • ) measured by Guinier analyses in (a) are plotted as a function of time. Incubations of the same LDL
sample without Cu^^ (O) are also shown.
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5.2.3.2 Indirect Transformation Procedure

Indirect transformation of the full X-ray scattering curve of LDL gives
a detailed account of the structure of the internal lipids. Because of this it was
decided not to use an increased

to look at the aggregation of LDL,

which had been studied in detail by neutrons. In justification of this, the
neutron study of aggregation showed that only a relatively small proportion
of LDL molecules became aggregated during an oxidation time course. The
D^^^x was kept to 30 nm in order to constrain the maximum dimension of the
particle to 30 nm so that the changes in the P(r) curve could be used to
monitor large changes in the internal lipid arrangement over a time course of
oxidation. This is a necessary approximation in order to analyse the data.

Fig. 5.17 - 5.19 showed the transformation of the full scattering curves
into a distance distribution curve P(r) for an LDL sample at three different
Cu^^ concentrations (6.4, 25.6 and 51.2 pmol Cu^Vg apoB). The three distinct
positive submaxima at r values of 1.7, 4.5 and 7.5 nm in the P(r) curves
represent the cholesterol ester core of LDL as discussed in Chapter 4. This
feature can be correlated with the large submaximum at a Q of 1.77 nm'^ in
the scattering curve. The negative features in the P(r) curves represent the
CHg chains of the phospholipids in the outer monolayer of LDL, and
correlates with the submaximum which appears at a Q of 0.75 nm'^ in the
scattering curves. The large submaximmat a r value of 20 nm in the P(r)
curve represents the protein and phospholipid head groups on the surface of
the LDL particle, and is seen in the scattering curve at a Q of 0.4 nm '\ Fig.
5.20 shows the peak numbering system for a typical LDL P(r) curve so that
an assessment of the peak positions and intensities during oxidation can be
reported. All indirect transformations of l(Q) curves to give P(r) curves
following oxidation of LDL show the same changes over time. The negative
feature in between peaks 3 and 4 is only seen at 4°C and not 15°C and so
is not included in the analyses. The negative feature in the P(r) curves (peak
5 in Fig. 5.20) increases over time. A change is also seen in the scattering
curves, with the submaximmat a Q of 0.75 nm'^ becoming less prominent
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Fig. 5.17: Full X-ray scattering curves l(Q) (at Indicated time points) for a
sample of LDL In which oxidation was Initiated with 6.4 pmol Cu^Vg apoB,
with the corresponding distance distribution function P(r).
(a) X-ray scattering curves for LDL at a protein concentration of 2 mg/ml
shown at time points in an oxidation time course initiated with 6.4 pmol
Cu^Vg apoB, measured at 4°C. The curves are displaced on the vertical axis
for clarity.
(b) Indirect transformation of the full scattering curves in (a) are shown. The
position of the maximum in P(r) curves are denoted by M and the maximum
dimension by L.
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Fiq. 5.18: Fui! X-ray scattering curves l(Q) (at indicated time points) for a
sample of LDL in which oxidation was initiated with 25.6 pmol Cu^Vg apoB,
with the corresponding distance distribution function P(r).
(a) X-ray scattering curves for LDL at a protein concentration of 2 mg/ml
shown at time points in an oxidation time course initiated with 25.6 pmol
Cu^Vg apoB, measured at 4°C. The curves are displaced on the vertical axis
for clarity.
(b) Indirect transformation of the full scattering curves in (a) are shown. The
position of the maximum in P(r) curves are denoted by M and the maximum
dimension by L.
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Fig. 5.19: Full X-ray scattering curves l(Q) (at stated time points) fora sample
of LDL In which oxidation was Initiated with 51.2 pmol Cu^*/g apoB, with the
corresponding distance distribution function P(r).
(a) X-ray scattering curves for LDL at a protein concentration of 2 mg/ml
shown at time points in an oxidation time course initiated with 51.2 pmol
Cu^Vg apoB, measured at 4°C. The curves are displaced on the vertical axis
for clarity.
(b) Indirect transformation of the full scattering curves in (a) are shown. The
position of the maximum in P(r) curves are denoted by M and the maximum
dimension by L.
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Fiq.5.20: Assigning peaks numbers to a typicai LDL X-ray P(r) curve.
Five positive peaks and one negative peak that are consistently observed in
LDL. P(r) peaks are numbered (1 - 6) as shown so that analyses of changes
in peak position and intensity could be calculated.
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during an oxidation time course. This was followed by changes in the lipid
core of LDL as evidenced by the submaximum at a Q of 1.77 nm'^ in the
scattering curve becoming less prominent. The corresponding peaks 2 and
3 in the P(r) curves at r values of 4.5 and 7.5 nm (Fig. 5.20) begin to merge
together.

Fig. 5.21 shows peak analyses from a sample of LDL in which
oxidation had been initiated with three Cu^^ concentrations (6.4, 25.6 and
51.2 pmol/g apoB). In all cases, the position of the peaks did not vary
significantly, whereas the intensity of the peaks were altered. In particular
peak 5, the negative features in the LDL P(r) curve become increasingly
positive over time. Peak 3 (LDL core lipids) only increased significantly at
Cu^^ concentrations over 6.4 pmol/g apoB. The intensity of the peaks were
altered in a Cu^'’ dependant manner, with the higher Cu^'’ concentrations
resulting in larger increases in intensity of peak 5 in particular. Peak 6 from
the LDL sample shown in Fig. 5.21 increased in intensity whereas other
samples including the one shown in Fig. 5.17 - 5.19 had peak 6 decrease in
intensity.

5.2.3.3 Electron Density Function

As the distance distribution function P(r) was calculated with a D^^^x of
30 nm calculation of the radial electron density function p(r) for oxidised LDL
limited the radius to 15 nm. This resulted in the p(r) curve resembling that of
native LDL. There were six distinct positive and negative peaks centred at an
r of 0.8, 3.0, 4.5, 8.3 and 11.3 nm from the centre of LDL. These did not
change at any time during oxidation.
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Fig. 5.21: Analyses in changes in peak position and intensity which occurred
in the X-ray P(r) curves from an LDL sample at three different Cu^*
concentrations.
(a), (c), (e) and (g) shows the changes in the peak intensities in an LDL
sample without

(a), and LDL in which oxidation had been initiated with

6.4, 25.6 and 51.2 pmol Cu^Vg apoB (c), (e) and (g) respectively.
(b), (d), (f) and (h) shows the changes in the peak position in an LDL sample
without Cu^^ (b), and LDL in which oxidation had been initiated with 6.4, 25.6
and 51.2 pmol Cu^Vg apoB (d), (f) and (h) respectively.
In each panel # peak 1, O peak 2, ■ peak 3, □ peak 4, ^ peak 5, A peak 6 .
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5.3 Discussion

5.3.1 Neutron Solution Scattering

Neutron scattering of LDL in 100%

buffers primarily characterises

the overall shape of LDL for reason of the high solute-solvent contrast, as
discussed in Chapter 4. Now for the first time a full neutron scattering curve
of oxidised LDL can be rapidly measured at various points in an oxidation
time course, using the new LOQ instrument at ISIS. Each complete scattering
curve can be measured simultaneously in 10 - 20 min. This enabled the
scattering curves to be measured at regular intervals over approximately 60h
thereby indicating how the LDL particles were changing with respect to shape
and size. By analysing the Guinier region of the scattering curve, it was found
that in all cases LDL became aggregated (based on large increases in the
apparent Rq and l(0)/c parameters) during oxidation, in proportion to the
amount of Cu^^ used to initiate oxidation. During the first few hours of
oxidation the effects of higher Cu^^ concentrations are clearly seen. There is
a large initial increase in both apparent Rq and l(0)/c parameters possibly due
to the extremely harsh oxidative conditions. Biochemical analyses (Chapter
3) indicates that high Cu^'’ concentrations can have effects other than just
initiation i.e. increased aggregation (discussed in Chapter 6).

Because LOQ is a relatively new instrument which has not been used
previously for LDL analysis, data from the four sessions on LOQ were
compared to assess the reliability of results obtained in different sessions.
Fig. 5.4 showed that different preparations of LDL behaved in a similar way,
with an increase in the apparent Rq parameter, as would be expected. This
increases confidence in the results that were obtained from LOQ.

ITP analyses posed a problem for analysing oxidised LDL. The Dj^^x
parameter is used to fix the dimension of the particle under investigation to
a particular value related to that particle. Oxidised LDL had no reported
dimensions and so the D^^^x value has to be assessed from tests using a
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range of values. The value of

should be 1.2 - 1.5 times the expected

diameter of the particle under investigation. For native LDL the expected
diameter from various other studies was 20 - 25 nm so a

value of 30 nm

was chosen. Guinier analyses of oxidised LDL showed that the Rq value
never doubled and so a D^^^x

60 nm which fixed the dimension to a

maximum of 60 nm seemed a suitable choice. This was borne out by testing
various values of D^^^x (30 - 90) for both native and oxidised LDL. For a value
to be chosen it would have to adhere to the criteria set out in section 5.2.1.2.
A value of 60 nm for the D^^^x variable fitted this criteria.

Fig. 5.5 - 5.7 showed ITP analysis for a sample of LDL in which
oxidation had been initiated with 6.4, 25.6 and 51.2 pmol Cu^Vg apoB
respectively. Structural disintegration occurred at a faster rate at higher Cu^'’
concentrations. An interesting feature is that the P(r) curves appear to
undergo different changes as oxidation proceeds depending on the Cu^"
concentration. At high Cu^^ concentrations the appearance of a second peak
was seen whereas at the lower concentrations of Cu^^ only a shoulder is
visible. This may be due to the more severe oxidative conditions that LDL
finds itself in at the high Cu^"^ concentrations. This was supported by Fig. 5.3
which showed a large increase in Rq and l(0)/c parameter after the first time
point at higher Cu^^ concentrations. This indicates very rapid aggregation of
LDL particles at high Cu^^ concentrations.

The position at which the maxima occur

and the intensity of the

maxima in the P(r) curves is investigated in Fig. 5.8 - 5.9. These results
suggest that as oxidation proceeds the polydispersity of the LDL is increased.
The position of the maxima increase as oxidation proceeds, which indicates
the increasing size of the LDL, while the decrease in intensity indicates the
reduced amount of LDL at that particular size. The increase in the maximum
dimension (L) of LDL is characterised by the appearance of a shoulder or
peak in the P(r) curves at higher r values than the maxima (M).

The polydispersity of LDL during oxidation is investigated in Fig. 5.10.
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ITP will allow interpretation of the scattering curves in terms of the size
distribution function Dy{r). From these curves a FWHM value was calculated
which can be converted to a, the standard deviation of the normal distribution
function and gave an indication of the range of sizes of oxidised LDL. Table
5.2 indicates that only small proportions of the LDL undergo aggregation,
therefore it can be concluded that the small amount of LDL which does
undergo aggregation contributes maximally to the Guinier analyses discussed
earlier.

Data from vortexed LDL provides evidence which supports the
conclusions made so far about LDL undergoing aggregation during oxidation.
The structural disintegration of the LDL l(Q) and P(r) curves during vortexing
parallels the changes seen in the 1(0) and P(r) curves for oxidised LDL.
Changes seen after 180 s of vortexing mimic an LDL oxidation initiated with
51.2 pmol Cu^Vg apoB after approximately 40 h. This gives a strong
indication that during oxidation initiated with Cu^^ ions, LDL undergoes
aggregation.

5.3.1.1 Summary

1) Both the Rq and l(0)/c values increase as a function of time. Larger final
values and increases after the first time point occur with increasing Cu^^
concentration. These data suggest LDL is aggregating during oxidation.

2) Full scattering curves during an oxidation time course show structural
disintegration. The corresponding P(r) curves show a larger range of
intramolecular distances and an increased maximum dimension (L) when
compared to native LDL. These data suggest that LDL is aggregating during
oxidation.

3) Polydispersity analysis showed that oxidised LDL can be represented by
the weighted summation of 13 scattering curves for spheres of uniform
scattering density and radii between 7 -1 3 nm in 0.5 nm steps and centred
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at a mean of 10 nm. This suggests that only small quantities of LDL became
aggregated, but contribute to large changes in the Guinier and ITP analysis.

4) The l(Q) scattering and P(r) curves from vortexed LDL which induce
aggregation mimic the changes seen in the oxidised LDL l(Q) and P(r) curves
and so give a strong indication that oxidised LDL initiated with Cu^^
undergoes aggregation.

5.3.2 X-ray Solution Scattering

This process can be seen as complementary to that of neutron
scattering which looks primarily at the overall size and shape of LDL. X-ray
solution scattering enables the arrangement of internal lipids contained in
LDL to be studied during an oxidation time course (due to the relatively low
difference between the scattering densities of the buffer with the protein and
lipid structure within the LDL). Guinier analyses, for reasons outlined in
section 5.2.3.1 do

not prove to be a useful tool for analysing the size of

oxidised LDL. The l(0)/c parameter does however give information about the
molecular weight of the LDL during oxidation. There is a large increase in the
l(0)/c parameter whichisupports the conclusions made by neutron scattering
i.e. aggregation of LDL, or the aggregated LDL contributed more prominently
to the Guinier region of the scattering curve, as opposed to small LDL
particles which contribute minimally to the scattering curve.

ITP analyses provides information on the structural arrangement and
order of the lipids contained in LDL. During oxidation, it has been shown that
the negative feature in the P(r) curves became increasingly positive, and is
the major change taking place. It has been postulated that the phospholipid
fatty acid chains represent the negative feature in native LDL. If this was the
case, two hypotheses can be suggested to account for these changes. As
oxidation takes place, the double bonds in the fatty acid chains become
oxidised. Oxygen molecules become incorporated into these chains at sites
where abstraction of a hydrogen atom results in the formation of an alkyl
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radical. It has been shown that oxygen uptake in LDL in which oxidation has
been initiated by

is quite substantial. 250 pg of LDL in which oxidation

had been initiated with 2 pM CuClg had taken up 100 pM oxygen by 3 h
(Noguchi et al., 1993). This would have the effect of increasing the electron
density and therefore the intensity in the P(r) curves in the region of the
negative feature would be increased. This is a realistic hypothesis as
approximately half of the fatty acids found in LDL are polyunsaturated and
consequently large amounts of hydroperoxides are formed during the
oxidation time course. During oxidation as seen by biochemical analyses in
Chapter 3, the phosphatidylcholine in the phospholipid monolayer appears to
be the first lipid in LDL to be oxidatively modified. This suggests that the
negative feature is indeed the phospholipid fatty acid chains. This will be
discussed in detail in the final conclusions (Chapter 6). The second
hypothesis to account for the changes seen during oxidation uses the
information discussed in Chapter 3. Phosphatidylcholine in the monolayer of
the LDL molecule is the first component to undergo oxidative modification.
This would lead to the phosphatidylcholine molecules undergoing a
conformation change, becoming more disordered, so that the negative lipid
features are more evenly distributed within the LDL. This would lead to a
more positive P(r) function in the region of peak 5 in Fig. 5.20.

The study of peak positions and intensities of the various submaxima
in the P(r) curves showed in detail how the various peaks representing
different lipids changed over an oxidation time course. Again this emphasises
that the negative feature in the P(r) curve is the first change to occur and
continues changing throughout the oxidation. At later stages in the oxidation
the three initial submaxima represented by peaks 1,2 and 3 and in particular
peaks 2 and 3 begin to change in appearance indicating a more disordered
feature in the core of LDL. This sequence of events can also be followed by
the disintegration of the characteristic submaxima in the full scattering curves.
This relates well to what occurs when investigating the fate of various lipids
using HPTLC analyses during an oxidation time course (see chapter 3). Only
after 10 - 12 h do the core lipids become oxidatively modified. This will be
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discussed in more detail in the final conclusions (chapter 6).

5.3.2.1 Summary

1) X-ray solution scattering is an excellent complementary procedure to
neutron solution scattering for observing structural changes which occur in
LDL during oxidation. Neutrons look at overall size and shape while X-rays
look at changes in details of internal organisation and structure.

2) The sequence of events occurring in the P(r) curves parallels biochemical
analyses carried out in chapter 3 and will be discussed in detail in Chapter
6.
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CHAPTER SIX
CONCLUSIONS
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6.1 Introduction

In order to achieve a clearer understanding of the structural changes
that take place in oxidised LDL particles, both the biochemical analyses
(Chapter 3) and the solution scattering data (chapter 5) have to be
considered in parallel. This allowed any structural changes to be correlated
to changes in lipoprotein composition and recognition of the modified
lipoproteins by macrophages. Recent improvements in detectors and
instrumentation set-up at both the SRS at Daresbury and LOQ at ISIS
facilitated the need to establish a clear understanding of the structural data
gathered for native LDL (Chapter 4). It was also essential to optimise the
experimental conditions for the oxidation analysis. A substantial amount of
time was taken in establishing the optimal conditions. These were found to
be LDL at a concentration which gave negligible interparticle interference
effects and was close to a phsiological concentration (2 mg / ml LDL protein).
Improvements in the hardware meant that good quality scattering data was
collected in 20 min on LOQ at ISIS and 10 min at Station 8.2 at the SRS,
and so enabled LDL oxidation scattering data to be collected at regular
intervals.

LDL was shown to be a highly polydisperse system. (Chapter 4 section
4.2.3 assesses the polydispersity of LDL by solution scattering techniques
used in the current study and Table 1.2 illustrates the polydisperse nature of
LDL assessed by different methods in other laboratories). The conclusions
reached are therefore an approximate representation of the events which take
place in LDL particles. This is the first time that a comprehensive study of this
nature has been undertaken, to assess in parallel, both the compositional and
structural changes which occur in oxidised LDL. This study has provided a
firm basis for further work, which could include studies of the differences
between

individual subtractions of LDL (since smaller more dense

subtractions of LDL are more susceptible to oxidation (DeGraaf ef a/., 1991)).
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6.2 Progression of oxidation

Both the biochemical analysis and the solution scattering data were
collected under well controlled experimental conditions. All LDL oxidation
experiments were carried out at an LDL protein concentration of 2 mg / ml
and a temperature of 37°C (with the exception of the conjugated diene assay,
which was carried out at a LDL protein concentration of 0.1 mg / ml). The
ratio of Cu^^ to apoB used to initiate LDL oxidation was 6.4, 25.6 or 51.2
pmol / g apoB in all cases.

It is clear from Chapter 3 that the oxidation of LDL follows a defined
series of events (see Fig. 3.18). The results indicated that the early stages
(up to 8 - 10 h) of LDL oxidation were confined to the phospholipid
monolayer,

in

particular

phosphatidylcholine

molecules.

Only

after

approximately 12 h do other lipid classes in LDL become oxidatively modified,
as assessed by HPTLC analysis. This develops an overall picture of LDL
oxidation that is initiated at the surface monolayer and after a lag time of 12
h the lipids at the core of LDL become progressively modified. This may not
be strictly true as the p-carotene content of LDL is depleted within 120 min
of initiation of oxidation. This antioxidant is thought to be situated in the core
of LDL. Noguchi et al. (1993) has reported the appearance of cholesterol
ester hydroperoxides in the early stages of oxidation although accounted for
only a small percentage of the total cholesterol esters (HPTLC may not be
sensitive enough to pick up this small decrease). These two observations
indicate that oxidation does occur in the core of LDL but may be confined to
a small percentage of cholesterol ester molecules which lie close to the
phospholipid monolayer. It was also shown that arachidonic acid was more
prone to oxidation than other PUPA's, as evidenced by the TBARS assay
reaching a maximum level before the lipid hydroperoxide assay reached a
maximum level. This indicates that the early stages of oxidation are
characterised by the oxidation of PUPA's, which because of the degree of
saturation, are more susceptible to oxidation e.g. arachidonic acid and to a
lesser extent linolenic acid.
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A comparison of this chemical data with solution scattering data, in
particular X-ray solution scattering, provides data to [support the proposed
sequence of events as described above. Indirect transformation of the full
scattering curve at various time points over a 50 h time course of oxidation
shows a detailed picture of the internal structural changes occurring in LDL.
The first change in the profile of the P(r) curve is the increase in intensity
from negative to positive of peak 5 (Fig. 5.20), which has been assigned to
the ordered shell of phospholipid hydrocarbon tails near the surface of LDL,
and increases in intensity throughout the oxidation. This increasing intensity
might be attributed either to the incorporation of oxygen atoms at the site of
hydrogen abstraction during oxidation or to increasing structural disorder in
the phospholipid shell during oxidation or a combination of both. Fig 6.1(a)
shows

the

results

from

the

TBARS

assay,

HPTLC

analysis

of

phosphatidylcholine and lysophosphatidylcholine, and P(r) intensity of peak
5 during the first 12 h for a typical LDL time course of oxidation. Fig. 6.1(a)
shows quite clearly that the increase in intensity of peak 5 parallels the
formation of TBARS (MDA derived from arachidonic acid). The increase in
intensity of peak 5 occurs throughout the whole time course of oxidation,
which correlates with the constant depletion of PC (and consequent formation
of lyso-PC). The increase in intensity of peak 5 could occur due to the
scheme shown in Fig. 6.1(b), with the incorporation of electron rich oxygen
molecules. Fig. 6.1(b) also shows the formation of the end product of
arachidonic acid breakdown, malondialdehyde. The constant depletion of
phosphatidylcholine indicates that only minor modifications in the apoB
protein are needed to express the phospholipase-A^ like activity. Indeed it
was expressed before the apoB protein had begun to be degraded (SDSPAGE analysis shows that up to 4 h the apoB is not degraded). It would
appear that both biochemical and X-ray scattering experiments show that the
initial stages of oxidation are characterised mainly by modification of
phosphatidylcholine and phospholipids containing arachidonic acid.

Later stages of oxidation as shown by HPTLC analysis involves the
oxidative modification of all lipid classes in LDL, including the core lipids of
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Fiq. 6.1: Graph showing some of the events in early oxidation of LDL initiated
with 6.4 pmol Cu^* and mechanism of formation of increased electron density.

(a) graph showing increase in TBARS (#), for peak 5 intensity of peak 5 (■),
increase in Lyso-PC content (▼) and decrease in PC content (^).

(b) schematic representation of how the electron density might be increased
by incorporation of oxygen atoms at the site of oxidative attack.
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cholesterol, cholesterol esters and triglycerides. X-ray solution scattering data
supports this finding (Fig. 5.17 - 5.19). Only after 10 -1 2 h does the ordered
structure of the core molecules as indicated by peak 1 - 3 in Fig. 5.20,
change to a less well defined structure, indicating loss of structural order in
the core of the LDL particle. In vivo these later stages of oxidation may only
be important in relation to the fate of lipids inside the macrophage unless
intracellular antioxidant enzymes quench further peroxidation. Maximal uptake
of oxidised LDL occurs at 10 h after initiation of oxidation, a stage where the
core lipids have not been extensively modified.

In conclusion compositional analysis and X-ray solution scattering
provide complementary data concerning structural changes occurring in
oxidised LDL particles. Fig. 6.2 shows some of the main points raised in the
discussion above.

6.3 Aggregation and the influence of Cu2+

A range of Cu^^ concentrations were used to initiate oxidation in order
to assess any structural or chemical differences that may occur at extreme
oxidative conditions, as might be found in the later stages of atherosclerosis.
Cu^'’ ions are predominantly thought to cause LDL oxidation by converting
'seed' lipid hydroperoxides to radical species. These radical species are then
able to propagate the chain reaction of oxidation, after depletion of the
antioxidants contained in LDL. After propagation has started the oxidation will
proceed at a rapid pace.

The results from the studies of macrophage degradation of oxidised
LDL and the SDS-PAGE analysis of oxidised LDL would suggest that Cu^^
can play a role other than initiation of oxidation. SDS-PAGE analysis shows
that LDL apoB integrity disappears more rapidly at higher concentrations of
Cu^^. It was also noted that there was an increased presence of aggregates
at the higher Cu^^ concentrations. Uptake of oxidised LDL by macrophages
was increased at the higher Cu^^ concentrations, which may be explained by
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the formation of LDL aggregates. In vivo aggregates might form immune
complexes which can then be taken up by the Fc receptors of the
macrophage (Klimov et a!., 1985) independent of the scavenger receptor.
This leads to two separate routes of uptake of oxidised LDL by the
macrophage. The SDS-PAGE analysis clearly show aggregates being formed
during oxidation after approximately 6 - 8 h.

Neutron solution scattering studies would suggest that aggregates are
being formed during oxidation. Guinier analysis shows that higher final values
of Rq and 1(0) are obtained at increased Cu^'’ concentrations. Increase in
these parameters can only be explained by the formation of aggregates.
Analysis of polydispersity shows that during oxidation the polydispersity of the
LDL is increased. This involves both aggregates and breakdown products of
LDL being formed during oxidation, although the aggregates seem to
contribute maximally to the Guinier analysis. Analysis of polydispersity also
indicated that there was a decrease of 23% in the amount of LDL at a radius
of 10 nm (12.6% down to 9.7%), after a 50 h oxidation with 51.2 pM Cu^"'.

These results shown above can be explained in two ways. It is known
that LDL contains binding sites for Cu^^ (Kalyanaraman at a/., 1990) and
therefore an increased Cu^"^ concentration used to initiate oxidation could (if
binding sites are not saturated) increase the amount of Cu^^ binding to the
LDL particle. The positively charged Cu^^ ions could be involved in forming
electrostatic interactions with an increasingly negatively charged apoB
protein, in particular the negatively charged amino acids aspartic and
glutamic acid (apoB contains 478 and 529 of each amino acid respectively)
thereby inducing aggregation. Another explanation is that an increasing
amount of copper used to initiate oxidation will result in an increased net
negative charge, as seen by agarose gel electrophoresis. Avogaro at a/.,
(1988) showed that an increase in net negative charge predisposes LDL to
aggregate although the mechanism has not been established.

X-ray solution scattering in not an ideal way to observe the Rq and 1(0)
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parameters during an time course of oxidation (see section 5.2.3.1). However
the 1(0) parameter does have a larger final value after oxidation at higher
Cu^^ concentrations (Fig. 5.16) which indicates aggregation of the LDL
particles. An analysis of the profile of the P(r) curve in the region where the
phospholipid hydrocarbon chains are interpreted to occur (peak 5) shows that
there is a larger increase in the intensity of this region at higher Cu^^
concentrations. This could be explained by the ability of the phospholipids to
attract Cu^^ ions (Hauser at a/., 1979). The increased amount of Cu^" used
to initiate oxidation will allow more oxidative reactions to occur in the
phospholipid monolayer, allowing more oxygen to be incorporated. The
increased amount of Cu^^ ions (atomic number 29) will also lead to an
increased electron density. Analysis of the neutral lipid core in the P(r) curves
(predominantly peak 3) show a larger final intensity at higher Cu^^
concentrations (Fig. 5.21 ) over a 50 h time course of oxidation. This indicates
that increased Cu^^ also had an effect on the modification of the neutral lipid
core of LDL. An increase in the electron density of the core could be as a
result of the copper-fatty acid salts (formed after the hydrolysis of
phospholipids by phospholipase Ag like activity) migrating to the core of LDL.

In

conclusion

neutron

and

X-ray

solution

scattering

provide

complementing data concerning structural changes occurring in oxidised LDL
particles. Biochemical analysis backs up the conclusions reached using both
neutron and X-ray solution scattering techniques. Fig. 6.2 shows a summary
of the main points raised in the final discussion.
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LDL oxidative Modification
Time 0 h (Addition of 6.4 pmol Cu^^/ g apoB)
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Fig. 6.2 Comparison between biochemical and solution scattering data over
a 44 h time course of oxidation.
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