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Royal Free Hospital School of Medicine University of London

Abstract

INHIBITION OF PLATELET
AGGREGATION BY APOLIPOPROTEIN E

by David Ramsey Riddell

The aim of my PhD thesis was to characterise the mechanism by which
apolipoprotein E (apoE) inhibits agonist-induced platelet aggregation. Although pure
apoE was inactive, apoE/phospholipid (apoE:DMPC) complexes induced a potent dose-
dependent inhibition of platelet aggregation. This inhibition was abolished when platelets
were pre-incubated with nitric oxide (NO) synthase inhibitors, implying that apoE
stimulated NO production. Additionally, apoE:DMPC vesicles induced a marked dose-
dependent increase in cGMP, indicating a stimulation of guanylate cyclase, the
physiological target for NO. Confirmation that apoE stimulates NO synthase was obtained
by use of an enzymatic assay; platelets pre-treated with apoE:DMPC produced four times
more citrulline (the by-product of NO synthesis) than controls. The initial activating step was
an apoE-receptor interaction. Chemically-modifying the arginine residues of apoE blocked
the rise in platelet cGMP and the anti-aggregatory effect, while receptor associated protein
(RAP), a potent inhibitor of apoE-receptor interactions, also prevented apoE’s anti-platelet
action. Finally, studies using synthetic peptides identified the active domain within the
apoE molecule as the “classical” LDL receptor-binding domain (residues 142-145).
Homology cloning was used to identify the platelet receptor. Sets of degenerate primers
were used in RT-PCR to amplify the conserved binding domain of the LDL receptor
super family from HEL cells (a megakaryocytic cell line). One PCR product matched
apoE receptor 2 (apoER2), a newly described receptor confined mainly to the brain.
Using a specific anti-peptide antiserum, apoER2 protein was detected in platelet
membranes. Intriguingly, sequence analysis of cytoplasmic apoER2 identified a number of
peptide motifs involved in tyrosine kinase signalling, implying this as the mechanism by
which activated apoER2 and NO synthase are coupled. Since apoE and NO are both
implicated in the pathology of atherosclerosis and Alzheimer’s disease, the elucidation of
the molecular mechanism by which apoE binding to apoER2 can activate platelet NO
synthase may have widespread ramifications.
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1. INTRODUCTION
1.1 Background.

Over the last decade, considerable interest has focused on the role of platelets and
platelet inhibitor therapy in atherosclerotic diseases. The well established role of platelets
in arterial thrombosis has provided the rationale for many drugs which inhibit platelet
functions and the treatment of both cardiovascular and cerebral vascular diseases has been
unquestionably transformed by the use of anti-platelet therapy. Fortunately, there has
been remarkable growth in our understanding of the molecular mechanisms of platelet
aggregation and several new anti-platelet agents have emerged in recent years (reviewed in
[1, 2]). Interestingly, the reverse is also true. Elucidating the molecular mechanisms of
agents that influence aggregation by unknown means has lead to the characterisation of
numerous important cell-signalling pathways. Indeed, platelets are used as a model system

for the study of signal transduction mechanisms [3-5].

It has been recently shown that apolipoprotein E (apoE), a plasma protein that is
increasingly implicated in the pathophysiology of vascular and neurological disorders [6], is
a potent anti-platelet agent [7]. In this thesis, I have sought to further characterise the

anti-platelet effect of apoE and to delineate the molecular basis of inhibition.

1.2 Platelets.

1.2.1 PREFACE.

Blood platelets are one of the most abundant, mobile cell types in the body. There
are normally between 150 and 300 million platelets in every ml of blood, about 1000 billion
(10'%) platelets within the human circulation [8]. This high number of circulating platelets
reflects their fundamental role in normal haemostasis, namely, to plug holes in leaky blood
vessels. Platelets circulate in blood as smooth biconvex discs of an average volume of 5 to
7.5 fl, 14 times smaller than that of erythrocytes. Each day an estimated 1.5 - 3.5 x 10’
platelets per ml of blood are produced by their mother cells, megakaryocytes. Their

normal life span within the circulation is 10 days [9].

1.2.2 PLATELET PRODUCTION.

Platelets are produced in the bone marrow by cytoplasmic fragmentation of
megakaryocytes (reviewed in [9, 10, 11]). The precursor of the megakaryocyte — the
megakaryoblast — arises by a process of differentiation from haemopoietic stem cells. The

megakaryocyte undergoes a unique biological process known as “endomitotic synchronous
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nuclear replication”, which is defined as repeated nuclear replication in the absence of
cytoplasmic division. Thus, megakaryocytes possess 2" polyploid nuclei, with 4 to 64 times
the amount of haploid nuclear material. At a variable stage in development, most
commonly at the eight-nucleus stage, further nuclear replication and cell growth ceases, the
cytoplasm becomes granular and platelets are then liberated. FEach megakaryocyte is
responsible for the production of about 4000 platelets. The time interval from
differentiation of the stem cell to the production of platelets averages about 10 days in

man.

1.2.3 PLATELET STRUCTURE.

The function of platelets evolves from their unique structure (reviewed in [9, 10,
11]). Indeed, the platelet is an unusual cell; it does not have a nucleus and, therefore, is
unable to synthesize proteins. Thus, the functional behaviour of the platelet is pre-
regulated by the bone marrow derived megakaryocyte [12]. The ultrastructure of platelets
1s represented in Figure 1.2-1. The glycoproteins of the surface coat are particularly
important in the platelet reactions of adhesion and aggregation, which are the initial events
leading to platelet plug formation during haemostasis [13]. Specific glycoprotein receptors
in the plasma membrane react with aggregating agents, inhibitors and coagulation
factors. Adhesion to collagen is facilitated by glycoprotein (GP) Ia-Ila. GPIb (defective in
Bernard-Soulier syndrome) and GPIIb-11Ia (defective in thrombasthenia) are important in
the attachment of platelets to von Willebrand factor and hence to wvascular
subendothelium [13]). GPIIb-IIIa is also the receptor for fibrinogen, which is important in
platelet-platelet aggregation [14]. The plasma membrane invaginates into the platelet
interior to form an open canalicular system, which provides a large reactive surface to
which the plasma coagulation proteins may be selectively absorbed. The membrane
phospholipids (platelet factor 3) are of particular importance for initiating conversion of
coagulation factor X to Xa and prothrombin to thrombin during the coagulation cascade.
The contractile protein complex system comprises of microfilaments in the
submembranous area and throughout the platelet cytoplasm. A circumferential skeleton
of microtubules is responsible for the maintenance of the normal circulating discoid

shape.

In the platelet interior: calcium, nucleotides (particularly ADP) and serotonin are
contained in electron-dense granules. Specific a-granules contain a heparin antagonist

(platelet factor 4), platelet-derived growth factor, B-thromboglobulin, fibrinogen, von

Willebrand factor and other clotting factors. Other specific organelles include lysosomes,
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which contain acid hydrolases and peroxisomes, which contain catalase. During the
release reaction described below, the contents of the granules are discharged into the open
canalicular system. Energy for platelet reactions is derived from oxidative phosphorylation
in mitochondria and from anaerobic glycolysis utilising platelet glycogen. The dense
tubular system of platelets which represents residual endoplasmic reticulum contains
substantial quantities of calcium and may be the site of synthesis of prostaglandins and

thromboxane A [15j.

PM

Figure 1.2-1 Ultrastructural Features of Platelets.

A transmission electron micwgraph (panel A) and diagram (panel BJ depicting the nlevant
ultrastmctural features of platelets.  These include plasma membrane (I"M), microtubules (AIT), a-
granules (a), dense granules (d), mitochondiia (Nl), glycogen crystals (g) and the open canalicular system

rocTj.

1.2.4 STACKS IN THE HAEMOSTATIC PROCESS AND PHYSIOLOGICAL PIA'’ELET
AGONISTS.

rhe mam function of platelets is to form mechanical plugs during the normal
haemostatic response to vascular injur)% When platelets are either removed trom the
circulation, contact extravascular tissue or are exposed to a physiological activator (platelet
agonist), they undergo a variety of changes termed “platelet activation” (reviewed in 116]).
I'our general platelet responses resulting trom activation have been identitied: shape

change, adhesion, aggregation and degranulation (Figure 1.2-2).
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Figure 1.2-2 Platelet activation reactions.

Platelet adhesion is the process wherebyplateletsform a carpet-like monolayer on a blood vessel wall

at the site of injury and exposed subendothelium.  This is facilitated by an interaction between plasma
membrane plycoproteins and constituents ofthe subendothelial matrix. The most important interactions are
between the GPIb and von Willebrandfactor and between the GPla-Ila and collagen. Platelet aggregation

results when platelet surface receptors for fibrinogen (GPIIb-Illa complex) become activated, allowing

platelet aggregation to occwr. The platelet "¥elease reaction”™ resultsfrom a series ofintracellular signalling
events that causeplateletgranule membranes tofuse with invaginations in the plasma membrane, known as

the open canalicular system, leading to discharge ofthe granule contents into the extracellular space. The

increase in membrane surface allows the cell to swell, and antibodies to hind to proteins originallypresent in

the membranes of the platelet's granules. Some of these proteins (such as P-selectin) allow platelets to

interact with other cell types.
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1.2.4.1 Platelet Agonists.

Platelet activation responds through discrete receptors to a number of physiological
agonists and foreign surfaces. Some agonists are classified as “weak” (ADP, thromboxane
A,, platelet-activating factor [PAF] and serotonin) because they depend on autocrine
stimulation (see below) to promote the full sequence of responses, while others are
“strong” agonists (thrombin and collagen) that activate all responses directly without
autocrine stimulation [16]. Interestingly, adrenaline is a platelet agonist that was long
thought to be a true agonist, 1e. stimulating platelets by itself. However, recent
investigations strongly suggest that adrenaline is only able to potentiate the action of other
true platelet agonists such as ADP and thrombin [17]. Adrenaline does, however,
aggregate platelets when added to platelet suspensions alone, since these suspensions
always contain extracellular ADP that has leaked from platelets during cell preparation.
Such synergistic interaction among agonists is very typical for platelet activation and most

likely takes place i vivo.

1.2.4.2 Platelet Adhesion.

Following blood vessel injury, platelets adhere to the exposed subendothelial
connective tissues.  Subendothelial microfibrils bind the larger multimers of von
Willebrand factor and through these react with platelet membrane GPIb [13, 18, 19]. A
large number of adhesion proteins are involved in platelet-vessel wall and platelet-platelet
interactions (for reviews see [18, 19, 20]). The GPIIb-IIIa receptor complex becomes
exposed and forms a secondary binding site with von Willebrand factor further promoting
adhesion [13]. Adhesion to collagen is facilitated by GPIa [20]. Platelet adhesion induces a

series of metabolic reactions that initiate the shape change, aggregation and degranulation.

1.2.4.3 Shape Change.
The shape change is noted at a very early stage when platelets are activated by all

platelet true agonists; as adrenaline is not a true agonist, it does not cause shape change
[17]. Shape change occurs in the first few seconds after platelet activation, and is
characterised, as the name suggests, by a change in platelet morphology from discs to
spheres with pseudopodia [21] (Figure 1.2-3). The production of pseudopodia increases
the membrane surface area thereby enhancing cellular interactions. Significant changes
occur within the cytoplasm, where the granules are concentrated and enclosed in
peripheral microtubules, and the microfilaments which accumulate at the centre of the cell

[22).
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PscLidopodia

Figure 1.2-3 Platelet Shape Change.

Scanning electwn micrographs of vesting (panel A) and agonmist stimulated (panel BJ platelets.

thereby enhancing cellular interactions.

1.2.4.4 Platelet Aggregation.

Platelets adhere to each other in response to a stimulus and tbrm aggregates ot
various sizes. Aggregation is a complex phenomenon, resulting trom numerous inter-
linked reactions at the surface of the platelet membrane and in the cytoplasm [23, 24|
Platelets are activated by binding of agonists (ADP, serotonin, thrombin or collagen) to
their respective cell surface receptors and aggregation then occurs within one minute |1].
Platelet-platelet interactions are facilitated by fibrinogen and thrombospondin, which link
to adhesive proteins on the platelet membrane, ie. the activated (jPIlb-Illa complex,

liach molecule of tlbrinogen can recognise two GPIIb-1lIa complexes, which allows
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bridges to form between two adjacent platelets [14]. In platelet rich plasma (PRP),
aggregation is characterised by a decrease in the optical density (see section 2.5.7). When
minor stimulation occurs, the aggregated platelets dissociate from each other and become
resuspended; this “primary aggregation” is therefore reversible. A strong stimulus results
in “secondary aggregation”, which is irreversible due to the secretion of platelet granular
constituents such as ADP. The release of ADP promotes further aggregation (autocrine

stimulation) and leads to the formation of a plug over the damaged area [16].

1.2.4.5 Degranulation.
Concomitant with aggregation, the platelet discharges the contents of its granules

[16, 18]. The ADP, calcium and serotonin released from the dense granules, as well as the
fibrinogen and thrombospondin released from the o-granules, participate in platelet
activation. As noted earlier, secreted ADP potentiates the effect of agents that stimulate
secretion such as collagen and thrombin [25, 26]. Numerous other substances are also
released during secretion: thromboxane A,, arachidonic acid derivatives, histamine,

adrenaline, amino acids, platelet factor 4, fibronectin, von Willebrand factor, factor V, B-

thromboglobulin, platelet-derived growth factor and tumour growth factor-f [1, 24, 27].

1.2.5 EFFECTS OF ADP ON PLATELET BIOCHEMISTRY.

ADP was the first platelet agonist to be discovered [28], but the mechanism of its
effect on platelets has not yet been fully elucidated. The physiological importance of ADP
in haemostasis and as a mediator of thrombosis has been demonstrated by means of
ADP-depletion systems (apyrase) on human platelets [26] and in animal thrombosis
models [25, 29] or by the use of Fawn-Hooded rats, a strain possessing platelets which are
deficient in dense granules [30]. All of these model systems exhibit decreased platelet
activation /7 vitro and 7z vivo and display bleeding tendencies. Since ADP was the agonist of
choice for most of the studies outlined in this thesis, the remainder of this review will

focus on the biochemical events induced in platelets by ADP activation.

1.2.5.1 Calcium Homeostasis.

Calcium signalling is central to the process of platelet activation (reviewed in [31]).
Calcium levels in the cytoplasm and in the releasable store (the dense tubular system) are
tightly controlled by a system of pumps, leaks and receptor operated channels (ROC).
Both Ca’ homeostasis at rest and the processes of Ca’ influx and release during
activation are modulated and controlled by other second messengers. These include cyclic
adenosine 3', 5-monophosphate (cAMP), cyclic guanosine 3', 5-monophosphate (cGMP)

and diacylglycerol (IDAG) which stimulate their respective protein kinases (PKs): PKA,
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PKG and PKC. These kinases, in turn, modulate the activity of the pumps, leaks, ROCs
or other regulatory proteins by phosphorylation [32]. In addition, cytoplasmic Ca*" has a
modulatory influence on itself, mediated by its calmodulin complex (Ca-CAM), which

activates numerous regulatory enzymes (e.g. nitric oxide synthase, see section 1.2.6).

1.2.5.2 Ca®" Influx and Mobilization from Intracellular Stores.

Most aggregating agents act largely via G protein-coupled receptors to stimulate
phospholipase C (PLC), with a resultant stimulation of PKC by DAG and mobilization of
intracellular Ca®>" by inositol (1,4,5)-trisphosphate (IP;) [1, 2, 16, 33]. Such aggregating
agents also cause an influx of extracellular Ca*', which is thought to be triggered by the
discharge of intracellular Ca®* stores [32]. However, in the case of ADP, the signal
transduction pathways are more complex and poorly understood [34]. Activation of
platelets by ADP follows a defined sequence. The first event that occurs is shape change
when discoid shaped resting cells are rapidly converted to spiculated spheres, followed by
platelet aggregation and granule secretion, which releases more ADP [35]. Acting
extracellularly, ADP causes a number of intracellular events including: mobilisation of
intracellular calcium stores [36], a rapid calcium influx unrelated to intracellular Ca**
mobilisation [37, 38] and inhibition of adenylate cyclase [39]. Although still controversial,
recent research indicates that platelets contain three distinct ADP receptors that are linked
to each separate event [40, 41] (see Figure 1.2-4). The intra-cellular signalling events
associated with ADP stimulation have been reviewed in detail elsewhere [1, 2, 16, 32, 33].
However, a simplified overview of ADP-induced platelet activation, linking the newly

described receptors with characterised signalling pathways, is outlined below:

1.2.5.3 Platelet ADP Receptors.
The three distinct ADP receptors on platelets are defined as: P,Tp ., which 1s 2 G
protein-coupled receptor that stimulates PLC activity; P,X,, an ADP sensitive ROC and

P,T,., a G protein-coupled receptor that inhibits adenylate cyclase [40].

The Role of P, T, .

Platelet activation via P,Ty . induces the metabolism of inositol phosphates by
stimulating PLC [41, 42]. PLC generates DAG and inositol mono-, di-, tri- or tetra-
phosphates (IPs). DAG is a second messenger activator of PKC. The activation of PKC
causes phosphorylation of numerous platelet proteins including pleckstrin and myosin
light chain (see section 1.2.5.4), leading to shape change, fusion of the granules, secretion,
and aggregation [1]. IPs are second messengers for the release of the intracellular calcium

stored in the dense tubular system. IP, recognises a specific site on the membrane of the
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dense tubular system, opening a calcium channel that is pH-sensitive. This leads to

increases in free Ca®* levels in the platelet cytoplasm [1, 2].

The Role of P,X,.

Further rises in cytoplasmic Ca** are mediated by an ADP sensitive ROC (P,X,) [40].
This rapid influx of extracellular Ca*" activates phospholipase A, (PLA,). This enzyme
releases arachidonic acid by acting on phospholipids such as phosphatidylcholine, which
are cyclized to prostaglandin endoperoxides by cyclo-oxygenase [1, 2, 16]. These are then
converted to thromboxane A, (IXA, by thromboxane synthetase. In a feedback
mechanism, TXA, diffuses out of the membrane and binds to a specific platelet receptor,
this in turn activates PLC and thus further potentiates the release of intracellular Ca®*
stores. 'TXA, may also further activate platelet Ca®* ROCs [1, 2].

The Role of P,T,.

In common with most other aggregating agents, ADP also inhibits adenylate cyclase.
This effect is mediated by the G-protein linked ADP receptor (P,T,o), is distinct from
Ca® mobilisation and is dependent on the inhibitory G protein, G, [40, 1]. Although the
inhibitory effects of agonists such as adenosine and prostacyclin on platelets are known to
be mediated by stimulation of adenylate cyclase (see seczion 1.2.6), the inhibition of
adenylate cyclase alone is not sufficient to cause platelet aggregation. However,
suppression of adenylate cyclase activity may help offset the effects of inhibitory agonists
encountered in the circulation or generated in the process of aggregation (e.g. prostacyclin

[PGL,)) [see section 1.2.0].

1.2.54 ADP Induced Modification of Platelet Proteins.

Phosphorylation of Proteins.

Platelet activation causes phosphorylation of several proteins, three of which have
been intensively studied (reviewed in [1, 42]). Myosin light chain (MLC) of 20 kDa can be
phosphorylated by MLC kinase (MLCK) in the presence of the Ca-CAM complex and
PKC. The phosphorylation state of MLC is important for mediating the shape change
reaction, since phosphorylation of MLC enables filaments of myosin to form, the ATPase
of myosin to be activated by actin and the actin-myosin complex to contract. ADP
activates phosphorylation of MLC, which occurs very quickly and transiently, just before
the shape change [43]. Interestingly, P,Tp - appears to be the only platelet ADP receptor
linked to the shape change reaction [41]. Therefore, it is reasonable to assume that P, Ty

mediated signalling events will lead to the phosphorylation of the MLC [41].
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Figure 1.2-4 A simplified overview of ADP mediated intra-platelet signalling.

Together can mobilise a sudden influx of Ccf” into the platelet cytoplasm [40,
41] and promote platelet shape change, aggregation and degranulation hg activating and] or inhibiting a
myriad of Ccf* and phosphorylation sensitive signalling networks [32].  This activation is possibly

enhanced by activation ofP]T"\(2 and inhibition ofplatelet adenylate cyclase (not shown).
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Pleckstrin (p47) a protein of 47 kDa is phosphorylated by PKC [1, 42]. This
explains why agonists, which activate PLC and thus produce DAG are strong activators of
pleckstrin phosphorylation. The role of pleckstrin is at present unknown, but its
phosphorylation is always associated with platelet secretion [44]. Moderate

phosphorylation of pleckstrin can be achieved after activation with ADP [45].

Actin-binding protein is a 250 kDa protein that can be phosphorylated by PKC after
ADP stimulation [1, 42]. It dissociates from its inactive complex with GPIb, and by
associating with d-actinin, actin and tropomyosin, can form the cytoskeleton of

pseudopodia.

A large number of platelet proteins can also be phosphorylated on tyrosine residues,
and platelets are particularly rich in the Src family of tyrosine kinases [46]. However, in
most cases it has been shown that platelet tyrosine phosphorylation events are mediated
by the membrane glycoproteins. ADP stimulates phosphorylation of various proteins but
only in the presence of fibrinogen which seems to suggest that this mechanism is due to

activation of the GPIIb-IIIa complex rather than a direct effect of ADP.

Cytoskeletal Proteins.

The shape change, production of pseudopodia, movement of granules to the centre
of the cytoplasm, secretion and aggregation are only possible in the presence of
cytoskeletal proteins, in particular by the interactions between actin and myosin, and the
combined effects of filamin, profilin, gelsolin, a-actinin, vinculin, and talin [47]. The
polymerisation of actin has been investigated in several studies. The conversion of G-actin
(globular) into F-actin (filamentous) can be measured during activation by thrombin [48],
collagen [49] and ADP [50, 51]. With ADP, the polymerisation of actin occurs in two
stages that coincide with the shape change and aggregation, respectively [51].

1.2.6 'THE BIOCHEMISTRY OF INHIBITION OF PLATELET AGGREGATION.

The activation of human platelets is inhibited by a vatiety of agents that exert their
effects through distinct mechanisms. Examples include inhibitors of thromboxane A,
generation (e.g. aspirin) [52], inhibitors of thrombin (e.g. hirudin) [53], scavengers of ADP
(e.g. apyrase) [54], and physiological and pharmacological cyclic nucleotide-elevating agents
[32]. Vascular endothelial cells, under basal conditions and in response to numerous
vasoactive agents, synthesize and release PGI, and the endothelium-derived relaxing factor,
nitric oxide (NO), two of the most important physiological platelet inhibitors [55]. PGI,

and NO increase the intracellular messenger molecules cAMP and cGMP, respectively, in
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human platelets and other target cells [32]. The inhibition of platelet activation caused by
PGI, and NO i1s mediated by cAMP- and cGMP-dependent protein kinases, PKA and

PKG, respectively, which are present in very high levels in human platelets [56].

1.2.6.1 The PGI,/cAMP Pathway.

Adenylate cyclase is localised on the internal surface of the platelet membrane. It
produces cAMP from ATP [57]. A low intracellular cAMP concentration is maintained by
numerous phosphodiesterases (see below), which convert it to adenosine. Platelet
adenylate cyclase can be activated through G-protein linked receptor-dependent
mechanisms by agents such as adenosine and PGI, [58, 59]. The following major effects
of cAMP on platelets have been identified to date: i) it regulates the intra-cellular calcium
concentration by inhibiting the exit of calcium from the dense tubular system and by
stimulating its resequestration [60, 61], ii) it activates cAMP-dependent kinases (PKA)
which phosphorylate MLC, actin-binding protein, a G protein of 21 kDa, tubulin and
GPIb, all with inhibitory effects on aggregation [42, 49, 62-63] and iii) it also induces
deactivation of the GPIIb-IIIa complex [64].

1.2.6.2 The NO/cGMP Pathway.

NO 1s an important physiological messenger with various biological properties
(reviewed in detail in [65-70]). It serves as a neuronal messenger in the brain and in the
non-adrenergic non-cholinergic nerve system. Macrophages contain an inducible NO
synthase i1soform that is activated during immunological responses. The continuous
generation of NO by the vascular endothelium is crucial for the regulation of blood
pressure and blood flow [65, 66, 68]. Also, endothelium-derived NO is important for the

prevention of excessive platelet adhesion and aggregation [69].

NO Synthesis.
NO is generated via a five-electron oxidation of a terminal guanidinium nitrogen on

the amino acid L-arginine [65-70]. This stereo-specific reaction is both oxygen and
reduced nicotinamide adenine dinucleotide phosphate (NADPH) dependent and yields the
co-product L-citrulline in addition to NO. This multistep electron oxidation is facilitated
by a single enzyme, NO synthase (NOS) [70]. On the basis of several criteria including
cellular location, regulation of activity and substrate/inhibitor profiles, the NOS enzyme
can be divided into three distinct isoforms: firstly, a constitutive form, whose activity is
regulated by Ca** and calmodulin (Ca-CAM) and which is found in vascular endothelial
cells (NOS-III, eNOS [65, 68]); secondly, another Ca-CAM-requiring constitutive enzyme
present in neural tissue, both centrally and peripherally INOS-I or nNOS [65, 66, 70]); and
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thirdly, a Ca”*-independent isoform isolated from macrophages, vascular smooth muscle
cells and hepatocytes following induction by specific cytokines (NOS-II or iNOS [65-67,
70]). Molecular cloning of the three NOS isoforms shows that the human eNOS, nNOS
and iNOS isoenzymes have 1203, 1433 and 1153 amino acids (133, 161 and 131 kDa)
respectively (Figure 1.2-5). Each exists as a homodimer of approximately 260 kDa (320
kDa for nNOS); only the dimeric forms exhibit catalytic activity [70]. They all have
consensus sequences for binding of flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN) and NADPH and a conserved sequence throu”out NOS
isoforms toward the ammo terminal that is thou”t to function as heme-,
tetrahydrobioptenn- and substrate-binding sites [65, 70]. Spannmg these two regions
termed “reductase” and “oxygenase” domains, respectively, is a calmodulin-binding site.
This may represent an important site of regulation because binding of calmodulin permits
the transfer of electrons from NADPH (via the flavins) to the heme catalytic site [65, 70].
4he constitutive isoforms are dependent on Ca™, which is thou”t to interact with
calmodulin to initiate bmding to NOS [65-70]. The inducible isoform has calmodulin
permanently bound, and its activity is therefore Ca™ independent [65-70]. Additionally, all
NOS isoforms have a consensus for PKL.\ phosphorylation and eNOS has an amino-

terminal consensus sequence for myristoylation [65].

During the last few years there has been accumulating evidence that platelets
themselves exhibit an L-arginine-NO pathway that may act as a negative feedback
mechanism to inhibit excessive activation and aggregation [69]. For a more detailed review

of platelet NOS see section 4.4.

a

Figure 1.2-5 The primary structure of the NOS isoenzymes.
Consensus sequences for cofactors and calmodulin (CaM) binding, for PKA phosphorylation
(PKAP) andfor myristoylation (Mjrist) are shown.
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Actions of Nitric Oxide and Synthesis of cGMP.

The physiological and pathophysiological roles attributable to the actions of NO
have grown exponentially since its identification as the endothelium-derived relaxing factor
in 1987 [67]. Classically, molecules acting as inter- or intracellular messengers interact with
specific receptor proteins on target cells to induce a necessary response. However, owing
to its radical and lipophilic properties, NO does not adhere to this archetypal signalling
process, but diffuses randomly away from its point of synthesis to interact with various
intracellular molecules; as such, there 1s no specific “NO receptor” [65]. Importantly,
however, these properties are imperative in mediating many of the biological effects
attributed to NO. For instance, reaction of NO with metabolic enzymes or viral DNA or
its reaction with superoxide anion (O) to yield peroxynitrite anion (ONOO), may be
important in the cytostatic and cytotoxic effects of inflammatory cells in removing
pathogens [66]. Nevertheless, the best characterised target site for NO is iron, bound
within certain proteins as heme or iron-sulphur complexes [65]. Of primary physiological
significance is the interaction of NO with the heme component of soluble guanylate
cyclase, stimulating enzymatic conversion of GTP to cGMP; as such, guanylate cyclase is
often termed the “NO receptor” [65, 67, 69]. This mechanism is responsible for the

overwhelming majority of anti-platelet effects mediated by NO [69].

1.2.6.3 Guanylate Cyclase.
In contrast to adenylate cyclase, which is exclusively membrane-bound [57],

guanylate cyclase exists in both the cytosolic and particulate fractions [71]. Extensive
research in the past two decades has resulted in the identification of several isoforms of
guanylate cyclase, which are classified by their cellular location [71, 72]. Particulate
guanylate cyclase 1s found in the plasma membrane of various cells, and at least five
distinct isoforms have been cloned and characterised. Although the precise physiological
role(s) for particulate guanylate cyclases have yet to be fully elucidated, their primary
function appears to be as receptor sites for the atrial natriuretic peptides and an
endogenous intestinal peptide, guanylin [73]. However, with respect to the NO-cGMP
signal transduction pathway, it is the soluble isoform of guanylate cyclase that plays a
pivotal role [65, 71]. This heme-containing enzyme is found in the cytosolic fraction of
nearly all mammalian cells. Platelets are particularly rich in soluble guanylate cyclase [71,

74).
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1.2.6.4 Inhibition of Platelet Functions by NO and cGMP.

The activation of platelet soluble guanylate cyclase (SGC) and the increased
formation of cGMP are the major mechanisms by which NO exerts its inhibitory actions
on platelet function [65, 69], since the effects of NO can be mimicked by the addition of
cGMP analogues [75]. Other mechanisms of NO action on platelets, such as ADP
ribosylation, have also been described [76], but the relative functional importance of non-

cGMP-mediated effects of NO has not been established thus far.

The effects of NO on platelet function differ significantly from those of other anti-
platelet agents such as the cyclo-oxygenase inhibitor, acetylsalicylic acid (aspirin). Whereas
acetylsalicylic acid induces an irreversible inhibition of platelet function usually during the
second, irreversible phase of aggregation, NO inhibits platelet activation at an earlier stage
and its effects are quickly and completely reversible [69, 71]. Thus, as well as inhibiting
platelet adhesion to the vessel wall [77], NO can also interfere with the initial thrombus
formation by inhibiting aggregation [69] and thus the autocrine stimulation of adjacent

platelets.

As outlined above, the activation of SGC in platelets results in the conversion of
GTP to cGMP. Cyclic GMP in turn, stmulates platelet cGMP-dependent protein kinase I
[78]. The subsequent biochemical effects triggered by this kinase are less clear, although in
platelets, inhibition of fibrinogen binding to the GPIIb-IIIa receptor, inhibition of
phosphorylation of MLC and modulation of PLA, and PLC-mediated responses results
(reviews in [79-81]). Stimulation of the 50 kDa vasodilator-stimulated phosphoprotein [81]
and of the ras-related protein rap1B [82] also occurs. Intracellular Ca®" is an important
target for cGMP-controlled platelet responses and an increase in guanylate cyclase activity
results in reduction of intracellular Ca®* concentrations. Indeed, receptor-mediated Ca**

influx and mobilisation are potently inhibited by cGMP production in platelets [32].

1.2.6.5 Platelet Cyclic Nudleotide Phosphodiesterases.
The intraplatelet concentrations of cAMP and cGMP are not only controlled by the

synthesizing cyclase enzyme but also by degrading enzymes, cyclic nucleotide
phosphodiesterases (PDEs). The purification of PDEs from the cytosolic fraction of
human platelets by DEAE-cellulose chromatography yields three peaks of activity [83].
The first enzyme (PDE I) has a higher affinity for cGMP than for cAMP and hydrolyses
mainly cGMP at low substrate levels. The second enzyme (PDE II) exhibits low affinity
for both cyclic nucleotides [84]. The third enzyme (PDE III) has a higher affinity for
cAMP and its activity is inhibited by low levels of cGMP [85, 86]. Thus, increases in

cGMP can also significantly affect metabolism of cAMP in platelets.
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1.3 Apolipoprotein E.

1.3.1 PREFACE.

Plasma apolipoproteins serve to regulate lipoprotein metabolism and to control the
transport and redistribution of lipids among tissues and cells. Apolipoproteins achieve this
by performing at least one of three major roles (reviewed in [87, 88]). Firstly, because of
their ability to bind lipid, apolipoproteins stabilise the pseudomicellar structure of
lipoprotein particles. Secondly, apolipoproteins can act as cofactors or activators of
various enzymes or lipid transfer proteins that participate in the metabolism or
“remodelling” of lipoproteins as they circulate in plasma. Finally, some specific
apolipoproteins serve as ligands for cell surface lipoprotein receptors and can direct,

therefore, the delivery and redistribution of lipids to cells.

Of the 14 plasma apolipoproteins that have been described, apolipoprotein E
(apoE) is one of the best characterised in terms of its structural and functional properties
(reviewed in [6, 89, 90]). In humans, apoE is a constituent of liver-synthesized very low
density lipoprotein (VLDL), which functions primarily to transport triglyceride from the
liver to peripheral tissues. It is also present in a subclass of high density lipoprotein
(HDL) which participates in cholesterol redistribution among cells. In addition, apoE
becomes a significant protein constituent of intestinally synthesized chylomicrons, which
transport dietary triglyceride and cholesterol. The major physiological role for apoE in
lipoprotein metabolism is its ability to mediate high-affinity binding of apoE-containing
lipoproteins to the low density lipoprotein receptor (LDL-R). ApoE binding to the
receptors initiates the cellular uptake and degradation of lipoproteins. This releases the
lipoprotein cholesterol, which ultimately regulates intracellular cholesterol metabolism.
ApoE shares this delivery function with apoB-100, the protein constituent of plasma low
density lipoprotein (LDL). Furthermore, apoE mediates the binding of chylomicron
remnants to a second hepatic receptor, the low density receptor related protein (LRP).
The precise mechanisms involved in the interaction of apoE with lipoprotein receptors
and in regulation of lipoprotein metabolism (and other apoE metabolic roles) will be

discussed later.

1.3.2 DISCOVERY AND INITIAL CHARACTERISATION OF APOE.

The first detailed description of apoE was published in 1973 by Shore and Shore
[91]. It was identified as a component of triglyceride-rich VLDL and was referred to as
the “arginine-rich” protein (ARP), due to its relatively high content of arginine compared

to the other apolipoproteins. In 1975, Utermann suggested the designation “apoE” for
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this protein, consistent with the alphabetical nomenclature that was becoming commonly
used in this field [92]. However, this designation was not universally adopted for several
years. Consequently, during the late 1970s the protein was referred to as both ARP and
apoE.

ApoE was initially characterised in several animal species after it was realised that
dietary cholesterol altered its distribution in plasma. Thus, apoE becomes a major protein
constituent of several cholesterol-enriched lipoproteins that accumulate in the plasma of
rabbits, dogs, swine, rats and monkeys fed high levels of fat and cholesterol [90]. It is now
known that these cholesterol-enriched, apoE-containing lipoproteins are chylomicron and
VLDL remnants (referred to collectively as B-VLDL) and a subclass of HDL (referred to
as either HDL,, HDLc, or simply HDL-E; for review see [93, 94]). As mentioned
previously, apoE is also present in chylomicrons, VLDL and HDL in normolipidaemic
humans and is approximately equally distributed between VLDL and HDL in plasma that
is devoid of chylomicrons [95]. The normal human plasma concentration of this protein is

between 3 - 7 mg/dl [89, 90].

1.3.3 GENE REGULATION AND BIOSYNTHESIS OF HUMAN APOE.

Human apoE is a 34.2 kDa protein consisting of a single 299 amino acid polypeptide
chain. The primary structure was first determined by direct amino acid sequencing of the
protein purified from human VLDL [96] and later confirmed by nucleic acid sequencing of
a full-length ¢cDNA [97]. ApoE is encoded by the 3.7 kilobase APOE gene located on
chromosome 19, which contains four exons and three introns [98-100]. The APOE gene
is linked to another apolipoprotein, apoC-I and an apoC-I pseudogene [101]. The LDL-R
and apoC-II genes have also been mapped to this chromosome [102, 103], but apparently,
they are not closely linked to each other or to APOE. The APOE promoter sequence
TATAATT occurs approximately 30 base pairs (bp) upstream from the transcriptional
initiation site. Other promoter and enhancer elements important in regulating apoE
biosynthesis have also been identified [104]. The apoE mRNA is 1163 bp in length [97].
This mRNA encodes a precursor protein containing an 18 amino acid signal peptide that is
removed co-translationally during the translocation of the protein through the
endoplasmic reticulum [97]. In humans, apoE is secreted as an O-glycosylated protein due
to a single glycosylation site at Thr,, [105]. In plasma, 90 % of apoE is desialylated,
although the relevance of this phenomenon for its function and metabolism is not
understood at present [6]. Sialic acid variations of apoE often appear as multiple bands on

polyacrylamide gels.
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1.3.4 SITES OF SYNTHESIS.
ApoE s produced in most organs and significant quantities of apoE mRNA are
detected in the liver, brain, spleen, lung, adrenal, ovary, kidney and muscle in several

different species [89, 90].

1.3.4.1 Liver ApoE.

The largest quantity of apoE mRNA is present in the liver, which is the major
source of apoE, accounting for the majority of plasma apoE. Hepatic parenchymal cells
are largely responsible for apoE production within the liver [106] and secrete apoE as a
component of VLDL. However, it is possible that liver-synthesized apoE 1s released

independently of VLDL, as discoidal particles that contain mainly phospholipids [107].

1.3.4.2 Brain ApoF.

The second largest concentration of apoE mRNA is found in the brain (about one-

third the amount in liver) [6, 90, 108]. In the brain, astrocytes are the cell type responsible
for producing the majority of brain apoE [109, 110], although glial cells and neurones have
been reported to produce apoE under certain conditions [110, 111]. It is noteworthy that
apoE is also a major apolipoprotein of cerebrospinal fluid (CSF) in humans and dogs [6,
89, 112]. ApoE exists in the CSF as small spherical or discoidal lipoproteins that transport
cholesterol and phospholipid. Unlike the plasma, in which apoB-100 containing LDL is
the major cholesterol transporter, the CSF lacks both apoB-100 and LDL; presumably,
apoE assumes the major role of lipid transport in CSF. The principal role of brain apoE
may be the redistribution of lipids among cells to maintain cholesterol homeostasis in the
cerebral environment. Another function proposed for apoE in the nervous system is a
targeting protein for local redistribution of cholesterol within neural tissues undergoing
repair or remodelling [90]. This proposal is based on observations made in rat sciatic
nerve undergoing regeneration and remyelination [113, 114]. Because apoE has been
localised in brain tumours, it has been postulated as a possible marker for glial neoplasms
[115]. High concentrations of apoE in tumour cells is unsurprising; the proliferation of
these cells is more rapid than of non-tumour cells, and therefore greater quantities of lipid
are required for cellular membrane construction. The high rate of synthesis of apoE in

tumour cells might be a response to an increased demand for cholesterol.

1.3.4.3 Macrophage ApoFE.

Macrophages derived from the peritoneal cavity of mice or from human blood
monocytes also produce large quantities of apoE (reviewed in [90, 116]). Indeed, apoE
synthesis and secretion is induced to very high levels by cholesterol-loading macrophages
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and can represent as much as 5 % to 10 % of all newly synthesized proteins. The apoE
released from these cells express important differences compared to plasma apoE. The
most obvious of these is that apoE is secreted in combination with phospholipid and
occurs in the form of apoE/phospholipid disks. Another significant difference is the
higher degree of sialylation in macrophage-derived apoE. It is possible that macrophages
are also responsible for the apoE mRNA seen in the spleen and lung. However, the

involvement of other cell types in apoE synthesis has not been excluded.

Clearly, human apoE has a wide tissue distribution with a role related generally to
inter- or intra-organ cholesterol transport. This implies an important physiological role
for apoE, which, at present, is incompletely understood. For example, little is known
about the apoE content in different tissues, nor how these tissues release apoE into the

extracellular fluid and other body fluids.

1.3.5 APOE POLYMORPHISM.

The polymorphic nature of apoE was established by Utermann and his associates
[117], using isoelectric focusing (IEF), and further clarified by Zannis and Breslow [118],
using two-dimensional electrophoresis. The three major isoforms of apoE, referred to as
apoE-2, E-3 and E-4, are products of three alleles (€2, €3, €4) at the AAPOE locus. Three
homozygous phenotypes (apoE-2/2, E-3/3 and E-4/4) and three heterozygous
phenotypes (apoE-3/2, E-4/3 and E-4/2) arise from expression of these alleles. The
most common phenotype is apoE-3/3 and the most common allele is €3, therefore,
apoE-3 is considered the parent form of the protein, with apoE-4 and E-2 as varants [6,
89, 90]. ApoE-2 is associated with recessive forms of type III hyperlipoproteinaemia and
is defective in receptor binding [6, 119]. ApoE-4 displays normal binding but produces a
dominant hyperlipidaemia, is a risk factor for restenosis and is implicated in the
pathogenesis of Alzheimer’s disease (for review, see [6, 120, 121]). The molecular basis for
apoE polymorphism was elucidated by analysis of the amino acid sequences of the three
isoforms [122]. Amino acid substitutions account for the differences among apoE-4, E-3
and E-2. ApoE-3 contains a single cysteine at residue 112 and an arginine at position 158;
apoE-2 contains cysteine residues at both positions 112 and 158; and apoE-4 contains
arginine residues at both positions. The charge differences among the three isoforms
detected by IEF are explained by the single amino acid substitutions. A secondary form of
apoE polymorphism is explained by post-translational sialylation and is designated apoE-1
[118].
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The three major isoforms differ from each other with respect to their association
with lipoproteins, their binding affinity for the LDL-R, and their interaction with heparin
[6, 89, 90, 123-125]. ApoE-3 displays a preference for HDL, as does apoE-2, whereas
apoE-4 interacts with large lipoproteins such as VLDL [123]. Additionally, apoE-3 and
apoE-4 bind equally well to the LDL-R, while apoE-2 displays only approximately 1 % of
their binding activity [90, 124]. Besides a reduced affinity for the LDL-R, apoE-2 also
shows reduced binding to heparin sulphate proteoglycan (HSPG) [125], unlike apoE-3 and
apoE-4 which bind HSPG with a high affinity. This heparin binding property of apoE has
been utilised for purifying apoE polypeptide or apoE-containing lipoproteins by affinity
chromatography (see seczzons 2.4.3 and 3.2.3).

1.3.6 STRUCTURE OF APOE.

Many aspects of the structure-function relationships of apoE have recently been
reviewed in some detal by Weisgraber [89]. Briefly, apoE differs from other
apolipoproteins 1n its terttary structure. From the Chou-Fasman algorithm, apoE is
predicted to be highly helical and segregated into two fragments separated by a large
section whose structure is predicted to be random [89, 126, 127]. Several lines of evidence
suggest that apoE is folded into two independent structural domains, corresponding to
two functional moieties of the protein. For example, curves for denaturation in the
presence of guanidine hydrochloride, followed by circular dichroism or fluorescence
spectroscopy, display two transitions that is indicative of two separate structural domains.
Moreover, limited thrombolytic digestion of purified plasma apoE separates two fragments
that have been protected against proteolysis [89, 126, 127]. One fragment corresponds to
a 22 kDa amino terminal fragment (amino acids 1 to 191), the other to a 10 kDa carboxyl
terminal fragment (amino acids 216 to 299). These two fragments have been used as

models for the two structural domains of apoE (see Figure 1.3-1)

1.3.6.1 The Amino Terminal Domain.

The amino terminal moiety of apoE displays physiochemical properties similar to
those of other globular proteins and remains monomeric in solution [127]. This domain
includes both the receptor-binding and heparin-binding sites of apoE [89, 90]. The recent
determination of the crystalline structure of this 22 kDa fragment showed its organisation
into an anti-parallel four-helix bundle, which is a common folding motif of o-helical
proteins (Figure 1.3-2) [128, 129]. The helices in the apoE-3 22 kDa fragment are
amphipathic in nature. The hydrophobic side chains are sequestered in the interior of the

bundle, and the packing of these hydrophobic residues probably contributes to the
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stability of the tertiary structure. Most of the acidic and basic residues are involved in salt
bridges, which contributes to tlie high stability of this bundle. Interestingly, the basic
residues in the vicinity of amino acids 136 to 158 are not involved in salt bridges and are
therefore, solvent exposed, resulting in a large area of positive charges over helix 4. This
area of positive charge is thought to mediate the interaction between apoE and its

receptors (see section 1.3.6.3).

[Lys”-Val-Glu-Gln-Ala-Val-Glu-Thr-Glu-Pro”“ -Glu-Pro-Glu-Leu-Arg-Gln-Gln-Thr-Glu-Trp'""

| -Gln-Ser-Gly-Gln-Arg-Trp-Glu-Leu-Ala-Leu'”" -Gly-Arg-Phe-Trp-Asp-Tyr-Leu-Arg-Trp-Val""

| -Gln-Thr-Leu-Ser-Glu-Gln-Val-Gln-Glu-Glu™" -Leu-Leu-Ser-Ser-Gln-Val-Thr-Gln-Glu-Leu”

|-Arg-Ala-Leu-Met-Asp-Glu-Thr-Met-Lys-Glu'"“ -Leu-Lys-Ala-Tyr-Lys-Ser-Glu-Leu-Glu-Glu'’l
1-Gln-Leu-Thr-Pro-Val-Ala-Glu-Glu-Thr-Arg"*~ -Ala-Arg-Leu-Ser-Lys-Glu-Leu-Gln-Ala-Ala"'""
[-Gln-Ala-Arg-Leu-Gly-Ala-Asp-Met-Glu-Asp'""*" -Val-Cys-Gly-Arg-Leu-Val-Gln-Tyr-Arg-Gly""*!
|-Glu-Val-Gln-Ala-Met-Leu-Gly-Gln-Ser-Thr*"*" -Glu-Glu-Leu-Arg-Val-Arg-Leu-Ala-Ser-His"" 1
| -Leu-Arg-Lys-Leu-Arg-Lys-Arg-Leu-Leu-Arg‘’'” -Asp-Ala-Asp-Asp-Leu-Gln-Lys-Arg-Leu-Ala"""
|-Val-Tyr-Gln-Ala-Gly-Ala-Arg-Glu-Gly-Ala”'”" -Glu-Arg-Gly-Leu-Ser-Ala-I le-Arg-Glu-Arg""
plLeu-Gly-Pro-Leu-Val-Glu-Gln-Gly-Arg-Val~"" -Arg|-Ala-Ala-Thr-Val-Gly-Ser-Leu-Ala-Gly"°°
-Gln-Pro-Leu-Gln-Glu-Arg-Ala-Gln-Ala-Trp""“ -Gly-Glu-Arg-Leu-Arg-|Ala-Arg-Met-Glu-Glu"""
}-Met-Gly-Ser-Arg-Thr-Arg-Asp-Arg-Leu-Asp”” -Glu-Val-Lys-Glu-Gln-Val-Ala-Glu-Val-Arg”" ‘i
f-Ala-Iys-Leu-Cilu-Giu-Gln-Ala-Gln-Gln-Ile'"" -Arg-Leu-Gln-Ala-Glu-ala-Phe-GIn-Ala-Arg'"*'"
[-Leu-Lys-Ser-Trp-Phe-Glu-Pro-Leu-Val-Glu'~"'" -Asp-Met-Gln-Arg-Gln-Trp-Ala-Gly-Leu-Val™i

f-Glu-Lys-Val-GIn-Ala-Ala-Val-Gly-Thr-Ser'”~'” -Ala-Ala-Pro-Val-Pro-Ser-Asp-Asn-His'"'l

Figure 1.3-1 The complete amino acid sequence of human apolipoprotein E3.

Adapted from Rail et al [96]. contcums a variably sialylated carbohydrate moiety.
Thrombin cleaves at the carboxyl terminal side of and Arghis [S9]. The 22 kDafragment is
boxed inyellow, while the 10 kD afragment is boxed in blue. The LD L-R bi?iding domain is highlighted
in ved. The basic amino acids within the LD L-R binding domain that are importantfor LD LyrR binding
areprinted blue bold.

1.3.6.2 The Carboxyl Terminal Domain.

Studies to determine the role of the carboxyl-terminal region of apoE were mainly
performed with truncated variants and synthetic peptide fragments [89, 130, 131]. The
carboxyl terminus beyond residue 191 contains three predicted helices, helix A (amino
acids 203-223), helix B (225-266) and helix C (268-289). Interestingly, in the absence of
lipids, apoE self-associates as a tetramer over a wide concentration range [128, 132]. In
contrast, self-association does not occur in lipid surfaces, implying that self association and
the lipid binding moieties of apoE are structurally related. Indeed, lipid association
experiments with different lipoproteins or dimyristoylphosphatidylcholine (DMPC)
vesicles suggest that helix C and the end of the helix B play major roles both in lipid

binding and in the tetramensation of apoE [130, 131]. More precisely, fragment 263-286
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seems to be critical for lipid binding and association of apoE with VLDL [131]. However,
the exact structural organisation of the carboxyl-terminal of apoE must await

crystallisation of this domain or indeed the crystallisation of the entire apoE molecule.

Lipoprotein Binding Region

CySii: — PArgmutant (apoE™4)
shows altered lipoprotein binding

Argiss—PCys mutant
(apoE-2) does not bind LDLR

‘Classical” LDL Receptor Binding Region

Figure 1.3-2 Ribbon model of the structure of the amino terminal domain of
human apoE.

Four ofthefive helices of the amino terminal of apoE are arvanged in an anti-parallelfour-helix
bundle. The 'liassicaF positively charged LD L-R hindng region of apoE (~ residues 130-150) is
indicated on helix 4. The amino acid substitutions that constitute the ctpoE-2 and apoE-4 mutations are

also indicated.

1.3.6.3 The Receptor Binding Domain of ApoE.

ITie receptor binding domain of apoE has been mapped in detail (for review, see
[89, 90, 133]). Initially, it was established that a limited number of arginine and lysine
residues within apoE were essential for binding to the LDL-R. Selective chemical
modification of either arginine or lysine residues completely inhibited apoE binding to the
LDL-R in vitro [134, 135]. Furthermore, modification of the arginine or lysine residues of
apoE-containing lipoproteins markedly retarded their plasma clearance in wwo, further

establishing the key role of these residues in mediating specific lipoprotein catabolism via

36



the LDL-R pathway [136]. The specific amino acid residues of apoE involved in
mediating receptor binding have been identified by using four complementary
experimental approaches: i) identifying and sequencing natural apoE mutants defective in
receptor binding, ii) generating apoE fragments and testing their receptor binding activity,
iii) epitope mapping of apoE monoclonal antibodies that block binding of apoE-
containing lipoproteins, and iv) producing site-directed mutant forms of apoE. As noted,
apoE variants associated with type III hyperlipoproteinaemia do not bind normally to the
lipoprotein receptors [6, 89, 90, 124, 125] . The most common variant is apoE-2, in which
cysteine replaces the normally occurring arginine at residue 158. However, several other
rare apoE variants associated with this disorder also bind defectively {89, 90, 124].
Sequencing showed that single amino acid substitutions in the detective mutants are
clustered near residues 130 to 160. In all of these natural mutants, neutral amino acids
substitute for the basic arginine or lysine residues in this region of the molecule. These
data focused attention on this region of apoE as being the putative receptor binding
domain. In a second series of studies, apoE was cleaved into smaller fragments by two
different procedures utilising thrombin and cyanogen bromide [137]. As outlined earlier,
thrombin produced two major polypeptides, the 22 kDa amino-terminal fragment and the
10 kDa carboxyl-terminal fragment. The amino-terminal fragment possessed full receptor
binding activity, whereas the carboxyl-terminal fragment had none. The only cyanogen
bromide fragment with receptor binding activity encompassed residues 126 to 218 [137].
A third line of evidence also highlighted this same region of apoE. The epitope of a
monoclonal antibody to apoE that blocked receptor binding (designated 1D7) was
localized to residues 142 to 145 [138, 139]. The role of other specific amino acid residues
in receptor binding has been elucidated by a fourth approach, site-directed mutagenesis.
Recombinant techniques can be used to produce apoE-3 in E. co/ that displays normal
binding and plasma clearance [140]; this allows comparison with apoE mutated at specific
sites in the receptor binding domain or at distant sites which might influence
conformation. Basic amino acids converted to neutral residues reduced binding to
approximately 10 % to 50 % of normal, comparable to the range seen with naturally
occurring variants [89, 90, 140]. The remarkable consistency of all the foregoing data
indicates that the basic amino acids arginine and lysine (and histidine) in the vicinity of
residues 140 to 150 are important in mediating the binding of apoE to the LDL-R.
Indeed, only here do the arginine and lysine residues occur in doublets and triplets. Thus,
the basic amino acids in this region are important for normal receptor binding, but note
that substitutions outside this immediate region (residues 130 — 140 and 150 - 160) can also

have an effect by altering the conformation of the binding domain (89, 121].
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1.3.7 APOE RECEPTORS.

ApokE is recognised by a family of related receptors, the LDL receptor super family
(LRSF) [133, 141-144]. In mammals, the members of the LRSF include the LDL-R itself,
the very low density lipoprotein receptor (VLDL-R), the multifunctional o,-macroglobulin
receptor/LDL receptor-related protein (LRP), gp330/megalin and the newly characterised
brain receptor, apolipoprotein E receptor 2 (apoER2) (see Figure 1.3.3).

The LRSF members are defined by common structural elements that show high
degrees (50 - 100 %) of sequence identity, not only between each family member but also
across a wide range of species [141-145]. Such sequence conservation is thought to have
evolved by duplication and/or exon shuffling events from an ancestral gene [145].
Obligatory for membership of this gene family is the presence of extracellular LDL-R
“class A” repeats, also known as LDL-R ligand binding repeats. Each class A repeat
consists of approximately 40 amino acids, each containing six cysteine residues that are
disulphide bonded in the pattern one to three, two to five and four to six. Reduction of
these disulphide bridges destroys the structure and abolishes ligand binding [146, 147].
Additionally, each of these repeats forms a complex with a single Ca** ion, which also
stabilises the ligand binding structure [147, 148]. The class A repeats are arranged in head
to tail fashion and are preceded and/or followed by epidermal growth factor-precursor
repeats (EGF), each also with six cysteines. Other common elements are the “YWTD-
repeats”, characterised by a length of approximately 50 residues containing a consensus
tetrapeptide sequence F/YWXD. Typically, these are present in a group of five, flanked
by EGF repeats. The LDL-R, VLDL-R and apoER2 contain a juxtamembrane O-linked
sugar domain of approximately 60 amino acids that is enriched in clusters of serine and
threonine [141]. There is a single membrane spanning stretch. The intracellular domain
of all LRSF members identified so far contain one or more tyrosine containing
hexapeptides (FxNPxY) that serve as an internalisation signal to direct the receptors to

clatherin-coated pits.

1.3.7.1 The LDL Receptor.

The LDL-R was the first characterised member of this family. It contains one

cluster of seven class A repeats and one cluster of three EGF repeats, the latter separated
by a cysteine-poor spacer that contains five copies of the YWTD sequence. The LDL-R
binds plasma lipoproteins that contain apoB-100 or apoE, and it is responsible for the
removal of most intermediate density lipoproteins (IDL) and LDL from plasma. As such,

it plays an essential role in cholesterol homeostasis. Both IDL and LDL accumulate in
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plasma of patients with familial hypercholesterolemia, who have mutations in the LDL-R
gene. The biochemistry and cell biology of the LDL-R has been reviewed in detail by
Myant [133].

LDL Receptor gp330 /
Related Protein Megalin

LDL Receptor
Class A repeat

EGF Repeat 1 EGF

> Precursor
'*WTD Spacer f oomam

0 O-Linked Sugars

Transmembrane
Domain
FxNPxY
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LDL RVLDL ApoE
Receptor eceptor Receptor 2

2/\

Figure 1.3-3 The mammalian members of the LDL-R super family.

1.3.7.2 The LDL Receptor-Related Protein.

The second member of the LDL-R gene family to be characterised was the LDL
receptor-related protein (LRP), also designated the ot"“-macroglobulin receptor. This
protein whose cDNA was cloned by homology with the complement repeat region of the

LDL-R sequence [149] is much larger than the LDL-R (4525 versus 839 amino acids). It
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contains 31 class A repeats and 22 EGF repeats that are separated by eight spacer regions,
each containing multiple YWTD repeats [149, 150]. The juxtamembrane O-linked sugar
domain is not present in the LRP. The carboxyl-terminal cytoplasmic domain is 100
amino acids long, twice the length of the LDL-R cytoplasmic domain, and contains two
copies of the FxNPxP internalisation motif.

The 600 kDa LRP is synthesized as a single polypeptide chain precursor in the
endoplasmic reticulum [150, 151]. During its passage through the secretory pathway, it is
modified by N-linked glycosylation and by a proteolytic processing event that takes place
in a late Golgi compartment. There, LRP is cleaved between amino acids 3924 and 3925.
This tetrabasic cleavage site conforms to the consensus recognition sequence of furin, a
resident protein precursor processing hydrolase in the secretory pathway. Proteolysis
generates a large amino terminal subunit, LRP-515, which contains most the extracellular
portion of the molecule and which remains tightly and non-covalently associated with the
smaller transmembrane and cytoplasmic domain containing carboxyl terminal LRP-85
subunit. The significance of this cleavage for the function of LRP has not yet been
elucidated. After cleavage, LRP is transported to the cell surface [150, 152).

LRP does not bind LDL, but it does bind B-migrating very low density lipoproteins
(B-VLDL) that have been enriched 7 vitro with apoE [152-154]. B-VLDL is a mixture of
cholesterol-rich remnant lipoproteins derived from intestinal chylomicrons and hepatic
VLDL [155]. Although LRP is present on a variety of cell types and tissues, it is expressed
predominantly in the liver [156, 157] where it has been proposed to act as a receptor for
chylomicron remnants that become enriched with apoE during passage through hepatic
sinusoids [149, 150, 157]. LRP also binds other ligands including lipoprotein lipase (LPL)
[158], an enzyme that is normally bound to the surface of endothelial cells in adipose tissue
and muscle, and lactoferrin, a 76 kDa glycoprotein with some sequence identity to apoE
[159]. Kiistensen et al. [160] found that the receptor for o,-macroglobulin-protease

complexes was identical in its structure to that of LRP. a,-Macroglobulin is a plasma

protease inhibitor that circulates in an inactive form. Upon binding a protease, the ol,-
macroglobulin is altered so that it binds to receptors on hepatocytes and is rapidly cleared
from the circulation [161]. Another class of recently recognised ligands for LRP are
complexes of plasminogen activators and their inhibitors [160]. By ligand blot analysis,
LRP binds complexes of tissue-type plasminogen activator (tPA) and plasminogen
activator inhibitor (PAI-1) [162]. LRP also binds complexes of urokinase-type
plasminogen activator and PAI-1 [162, 163].
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1.3.7.3 The gp330/Megalin.

The third member of the LRSF, called gp330 (or megalin), is less well characterised.
This protein was originally identified as a target molecule in kidney for autoimmune
antibodies in rats with Heymann's nephritis [164]. Gp330 is normally located in certain
epithelial cells including those of the kidney (renal glomerulus and proximal tubule), yolk
sac and epididymis, but not in liver [164, 165]. Antibodies against gp330 cause it to shed
from the cell surface and to deposit in the basement membrane, causing nephritis. The
deduced 4660 amino acid sequence, expected to constitute a2 mature unglycosylated protein
of 520 kDa, consists of a probable amino-terminal signal peptide sequence (25 residues),
an extracellular region (4400 amino acids), a single transmembrane domain (22 amino
acids), and a carboxyl-terminal cytoplasmic tail (213 amino acids) [166]. The extracellular
region contains 36 LDL-R class A repeats forming four clusters of putative ligand-binding
domains and 16 EGF repeats separated by 8 YWTD spacer regions. The cytoplasmic tail
contains two copies of the FxNPxY motif. The overall structure of gp330 is similar to
that of the LRP and shows even greater similarity to the Caenorbabditis elegans protein,
reported as a2 homologue of LRP. However, gp330 differs from these proteins in: i) the
cysteine-rich repeat arrangements found in the extreme extracellular amino- and carboxyl-
terminal regions, ii) the distribution pattern of cysteine residues in the YWTD spacer
regions, iii) the location of the RX(K/R)R consensus recognition sequence of furin, a
precursor processing endoprotease, and iv) the length and structure of the cytoplasmic
tail. Gp330 binds similar ligands to LRP including apoF, lactoferrin and PAI-1 complexes
[159]. The physiological and pathological role of gp330 is unknown at the present time.

1.3.7.4 The VLDL Receptor.
The VLDL receptor (VLDL-R) was first identified in rabbit heart [167] it 1s very

similar in structure to the LDL-R, but contains eight rather than seven class A repeats in
its ligand-binding domain and cannot bind LDL with high affinity (reviewed in [141, 168]).
Unlike the LDL-R, the VLDL-R is not expressed in the liver but predominantly in heart,
adipose tissue and brain [167-169], i.e. all tissues that metabolise fatty acids as an energy
source. This fact, and the observation that the VLDL-R recognises apoE-containing
lipoproteins, has led to the hypothesis that the VLDL-R may play an important role in the
delivery of triglyceride-rich lipoproteins to peripheral tissues [170]. Such a proposal is
supported by studies in the chicken, in which a very similar protein also with eight repeats
in its binding domain, is essential for the accumulation of VLDL-derived lipid in
developing eggs [141]. However, other evidence casts doubt on this interpretation. Mice

lacking the VLDL-R showed no abnormalities in their lipoprotein profile [171].
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Therefore, at present, the physiological role of the VLDL-R is uncertain. The ligand
specificity of the VLDL-R is similar to the LRP in that it binds apoE, lactoferrin, LPL and

complexes of urokinase-type plasminogen activator and PAI-1 (reviewed [141]).

1.3.7.5 The ApoE Receptor 2

Human apoE receptor 2 (apoER2) is a newly described receptor consisting of five
domains that resemble those of the LDL-R and the VLDL-R [141, 144, 172, 173]. A key
structural difference among the three receptors is the number of class A repeats in their
ligand-binding domains; apoER2 and LDL-R contain a 7-fold repeat, whereas that of
VLDL-R 1s 8-fold. Although apoER2 and LDL-R contain the same number of repeats,
the ligand-binding domain structure of apoER2 is much more closely related to that of
VLDL-R; apoER2 and VLDL-R contain a short linker sequence between repeats 5 and 6,
whereas that of LDL-R is located between repeats 4 and 5. ApoER2 also contains a
unique 59 amino acid insert within its otherwise LDL-R-/VLDL-R-like cytoplasmic tail
[172, 174]. ApoER2 mRNA is detectable most intensely in brain and testis and, to a much
lesser extent, in ovary, but is undetectable in other tissues in rabbit [172]. In human
tissues, apoER2 mRNA is abundant in brain and placenta and undetectable in other
tissues. This pattern of tissue expression of apoER2 mRNA suggests that the receptor
plays a role in the uptake of apoE containing lipoproteins secreted in the central nervous

system [141, 142, 172, 173].

Recently, Novak et al. identified a novel LDL-R homologue with an 8-fold cysteine-
rich repeat predominantly expressed in chicken brain [174]. This chicken protein,
designated LR7/8B consists of five domains resembling those of LDL-R, VLDL-R, and
apoER2. Comparison of the amino acid sequence of LR7/8B with those of human LDL-
R, VLDL-R and apoER2 reveals that it is a chicken homologue of apoER2; the two
proteins have 77 % of their amino acids in common, and the identities extend throughout
the proteins, excluding an extra cysteine-rich repeat present in LR7/8B and the

cytoplasmic insertion sequence present in human apoER2 [173, 175].

Recent studies at the cDNA and genomic level have revealed that several splice variants
of apoER2 are produced in brain [173, 175]. These include variants of apoER2 lacking repeats
4-6 (apoER2A4-6) or 4-7 (apoER2A4-7) in the ligand binding domain and apoER2 without the
cytoplasmic insertion (Ainsert). The functional significance of alternative splicing and complete
ligand specificity of apoER2 have yet to be determined. However, due to high similarity with
the VLDL-R, apoER2 is predicted to have a similar ligand specificity as this receptor.
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1.3.7.6_Receptor Associated Protein.
The receptor associated protein (RAP) is a 39 kDa protein (323 residues) that is a

potent antagonist of members of the LRSF by preventing the interaction of ligands with
these receptors. RAP is predominantly localised in intracellular compartments such as the
endoplasmatic reticulum, and copurifies with LRP during ligand affinity chromatography
[176, 177]. In addition, RAP also interacts with high affinity to the VLDL-R [178], gp330
[179] and LR7/8B, the chicken homologue of apoER2 [174]. However, it binds with low
affinity to the LDL-R [180]. Based on its biochemical properties, it has been proposed
that the function of RAP is to assist in the folding and processing of the cysteine-rich class
A repeats in LRSF members [176, 177, 181]. Disruption of the RAP gene in mice results
in a 75 % reduction of functional LRP in the liver [181], supporting the role of RAP in the

maturation and trafficking of LRP.

1.3.8 PHYSIOLOGICAL ROLES OF APOE.

1.3.8.1 Global Lipid Transport.

The major physiological role of apoE is to mediate the hepatic clearance of
lipoproteins via two receptors, the LDL-R and LRP. A simplified scheme of lipoprotein
metabolism is shown in Fig. 1.3-4. which highlights the role of apoE in major metabolic
processes and the central importance of the liver in lipoprotein metabolism (for a general

review of lipoprotein metabolism, see [182]).

Chylomicrons are synthesized in the intestine and transport dietary triglycerides and
cholesterol. During their circulation, the core triglycerides of chylomicrons are hydrolyzed
by LPL, to produce cholesterol-enriched remnant particles. On release by the intestine,
chylomicrons contain no apoE, but as they circulate and are processed to remnants, the
particles acquire apoE from HDL and are then rapidly removed from plasma by apoE-
mediated mechanisms [89, 90]. However, the precise nature of this uptake process is ill
defined. In uw evidence suggests that LRP and HSPGs act together as the so-called
“remnant receptor” [142]. In addition, the LDL-R also appears to play a role in uptake

[183]. Thus, it appears that remnants may be cleared by two receptor systems.

VLDL is a triglyceride-rich lipoprotein containing apoE and apoB-100 that is
synthesized by the liver. In a manner similar to that of chylomicrons, VLDL particles pass
through a lipolytic cascade producing a spectrum of particles progressively decreasing in
size [89, 184). These include VLDL remnants and IDL. The cholesterol-rich LDL
represents the final stage of this process [182, 184]. Although both VLDL and IDL
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contain apoE and apoB-100, these particles are cleared throng apoE interactions with the
LDL-R and LRP [89], however, as indicated in Figure 1.3-4, not all IDL is cleared by the
liver [89]. In healthy humans, nearly all of the IDL is converted to LDL, a process that
involves a second lipase, hepatic lipase (IIL). During LDL maturation the apoE is lost
from the surface, leaving apoB-100 as the sole apolipoprotein. The clearance of the LDL
IS then via apoB-100 through the LDL-R [184]. In addition to mediating hepatic clearance
of lipoproteins, it has been suggested that apoE is involved directly in the lipolytic cascade

by serving as a modulator of IIL, LPL and lecithin-cholesterol acyltransferase (LCAT)

[185-188].
LIVER
LDL-R
LRP-HSPG ~  Pathway
Pathway
LDL
VLDL
Chylomicron Remnants

Remnants

Figure 1.3-4 The role of apoE and apoE receptors in lipoprotein metabolism.

1.3.8.2 Local Lipid Transport.

As well as facilitating the hepatic clearance of lipoproteins, apoE also sequesters
excess cell membrane cholesterol from the periphery. This local action of apoE is
mediated by a minor subclass of HDL, y-LpE, which constitutes a significant part of the
normal cholesterol efflux capacity of plasma [107, 189, 190]. Macrophage produced apoE

IS the most probable source of y-LpE in the periphery [107, 190].
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1.3.8.3 The ApoE “Knockout” Mouse.

The importance of apoE in mediating hepatic clearance of lipoproteins and local
cholesterol sequestration has been demonstrated in experiments with apoE-null (or
“knockout”) mice [191]. These mice, either homozygous or heterozygous for APOE gene
disruption, develop severe hyperlipidaemia, with plasma cholesterol levels raised five fold
on a low fat diet and up to 15 fold on a high fat “western-type” diet [192]. Not
surprisingly these animals have a greatly enhanced susceptibility for progressive
atherosclerotic vascular disease both on low or high fat diets compared to genetically

normal mice on the same diet (see section below).

1.3.8.4 ApoE and Atherosclerosis.

Atherosclerosis is an arterial disease that is recognised as a principal cause of death in
the United States and Western Europe. In both humans and animal models,
atherosclerosis culminates in a clinical event that is both catastrophic and revealing of a
hitherto silent and occult process. These clinical manifestations include coronary heart
disease with its myriad signs and symptoms: cerebral atherosclerosis, stroke and peripheral

atherosclerosis affecting the extremities [193].

Even today, the cause and pathogenesis of atherosclerosis remain unresolved.
However, intensive epidemiological, genetic and biochemical studies have provided key
insights to the aetiology of the disease. Such studies have indicated that atherosclerosts is a
multifactorial disorder to which hyperlipidaemia, increased oxidative stress, hypertension

and increased platelet reactivity may contribute (reviewed in [194, 195]).

It has been known for many years that defective expression of apoE (either null
expression or expression of variant forms) was associated with an increased risk for
atherosclerotic vascular disease [90, 196, 197]. Until recently, this increased risk was largely
ascribed to abnormalities in global lipoprotein transport and metabolism that attend
defective expression. However, it has also been known for some time that apoFE, in
addition to being synthesized by hepatocytes and intestinal cells as components of
lipoprotein particles, is also synthesized by a wide variety of peripheral cells including
macrophages (section 1.3.4.3). Such production by extrahepatic cells has raised questions

regarding potential physiological roles of apoE in peripheral tissues.

Abundant apoE is found in atherosclerotic vascular wall lesions and the macrophage
is the major source of apoE in these lesions [198, 199]. Studies performed in genetically

engineered mice provide the most convincing evidence for a prominent role of
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macrophage-derived apoE in tissue and cellular cholesterol homeostasis. Indeed, utilising
apoE-null mice as recipients, two groups have studied the effect of bone marrow
transplantation from normal mice on lipoprotein profile and vessel wall disease [200, 201].
This supplies the apoE-null mouse with apoE derived from bone marrow macrophages.
The transplanted mice express ~10 % of normal plasma levels of apoE, but even this
promotes clearance of lipoproteins and significantly normalises cholesterol levels and the
lipoprotein profile. Transplanted animals also resist diet-induced atherosclerosis compared
with non-transplanted apoE-null animals. Although such protection of arteries could
reflect an apoE effect on circulating lipoprotein levels, recent reports suggest that apoE
directly protects the vessel wall from the atherosclerotic process [202, 203]. Thus,
transgenic mice over-expressing apoE in the arterial wall do not differ in plasma
cholesterol or lipoprotein profiles on a atherogenic diet compared with control mice, but
their formation of atherosclerotic lesions is markedly inhibited [202]). This implies direct
protective actions of apoE at the vessel wall, even in the presence of high levels of

atherogenic lipoproteins.

It is reasonable to assume, therefore, that in addition to regulating cholesterol
metabolism in the arterial wall, macrophage-derived apoE could impact vessel wall biology
in other ways. Atherosclerotic lesions in humans have been shown to contain regional
accumulations of T lymphocytes, which may participate in the atherosclerotic process
[194, 204]. Since apoE has potent effects on lymphocyte function [205, 206], suppressing
production of interleukin-2 and inhibiting lymphocyte proliferation, macrophage-derived

apoE in the vessel wall could thereby modulate local lymphocyte function.

Another potentially important anti-atherogenic function of apoE, in the vicinity of

the vascular wall, is the inhibition of platelet aggregation (see section 1.4).

1.3.8.5 ApoFE and Alzheimer’s Disease.

ApoE functions within the central nervous system (CNS) in a manner unrelated to
lipid transport, perhaps to maintain synaptic integrity after injury and during ageing
(reviewed in [90, 121]). ApoE is increased in several chronic neurodegenerative diseases.
In addition, the €4 allele has recently been linked with the development of late-onset
familial and sporadic Alzheimer's disease (AD) and Lewy body dementia, which are
neurodegenerative disorders associated with progressive dementia [207-210].  This

indicates a central role for apoE in neuronal mechanisms.
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AD is the fourth leading cause of death in developed countries [121]. The
neuropathology of AD is characterised by the presence of both neuritic plaques and
neurofibrillary tangles. Neurntic plaques represent extracellular amyloid deposits [121].
The amyloid beta (AB) peptide is the major component of these deposits and has been
detected in both plasma and CSF of AD patients [211]. AP originates from proteolytic
cleavage of the larger amyloid precursor protein (APP). APP is present on a large variety
of cells including neurones and platelets, however at the present time its function is
unknown [212].  Before it was genetically linked to AD, apoE was detected
immunochemically in amyloid deposits in neuritic plaques [208, 210]. Interestingly, apoE-4
forms a stable complex with AP 7 vitro, while apoE-3 does not [213]. Thus, the presence

of the €4 allele may help promote the formation of neuritic plaques. Note, however, that

the role of neuritic plaques in the aetiology of AD remains controversial [121].

Neurofibrillary tangles, in contrast to neuritic plaques, appear to be intracellular in
neurones. The tangles are characterised by structures referred to as paired helical
filaments, whose major component is an extensively phosphorylated form of the tau
protein [214]. Tau is a member of the microtubule-associated family of proteins that
facilitate microtubule assembly and stability. Phosphorylation of tau reduces its binding
affinity for microtubules, resulting in microtubule destabilisation [215]. ApoE also
interacts with tau in an isoform specific manner [216]. In this case, apoE-3 forms a stable
complex with tau whereas apoE-4 does not [121, 216]. It has been suggested that apoE-3
binding could stabilise microtubules and the cytoskeleton, and thus maintain the structure
and function of neurones. The binding of apoE-3 to tau can also inhibit phosphorylation
of tau and thus retards the paired helical filament formation that appears to be involved in
the development of neurofibrillary tangles [216, 217]. These possibilities have led to the
hypothesis that apoE-4 is associated with AD, not because it has direct pathological

actions but lacks the protective effect of apoE-3 [216].

Clearly apoE plays an important role in the nervous system, and its impact on
specific types of neurones has also been highlighted by studies of apoE-null mice, where a
marked disruption in the synaptodendritic organisation and in the cytoskeletal apparatus of
CNS neurones have been shown [218]. However, it should be noted that the multiple

roles of apoFE in the nervous system, and elsewhere, are far from clear at the present time.
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1.4 ApoE and Platelet Aggregation.

Several studies suggest that plasma lipoproteins can influence the reactivity of blood
platelets, including their aggregatory response to a variety of agonists (reviewed in [219,
220]. Platelet-rich plasma containing elevated levels of LDL has an enhanced sensitivity to
certain aggregating agents, including the weak agonists, adrenaline and ADP [221, 222].
When platelets are freed from their plasma environment by gel filtration, they are rapidly
sensitized by incubation with normal physiological amounts of LDL [219, 220, 223].
Interestingly, the oxidation state of LDL may also influence its pro-aggregatory potential
[220, 224, 225]. The initial step in this sensitization process is thought to involve binding
of LDL particles by saturable sites, distinct from the classical LDL-R of nucleated cells
[226, 227], in the platelet surface [220, 228], possibly GPIIb-IIIa [229] or CD36 [230].
Subsequent events are uncertain although normal agonist-receptor coupling may be

affected [219].

By contrast, there have been few studies on interactions between platelets and HDL
particles, and the effects of HDL on platelet aggregability have been conflicting. In a large
normal population, a weak negative correlation was found between the sensitivity of
platelet-rich plasma to ADP and its HDL concentration [221] although addition of isolated
HDL to platelet-rich plasma was reported not to affect ADP-induced aggregation [231].
Addition of physiological amounts of HDL to gel-filtered platelets either decreased [232]
or had no effect on aggregability [223], whereas excess concentrations of HDL were
considered to stimulate aggregation [223]. However, plasma HDL comprises a
heterogeneous group of particles [233], most commonly separated by sequential, isopycnic
ultracentrifugation into two major classes, HDL, and HDL, [see section 2.2.3]. A minor
subclass, HDL-E, is also recognised; it floats within the HDL, density range by isopycnic
ultracentrifugation but can be isolated either by rate-zonal ultracentrifugation [234] or,
because it is rich in apoE, by heparin-Sepharose affinity column chromatography (section
3.2.3.2). When the influence of the different HDL subclasses were tested, Desai et al.
found that HDL, and HDL, had opposite effects on agonist-induced aggregation of
isolated platelet suspensions [7]. HDL, was pro-aggregatory, albeit at concentrations near
or above the upper limit of the normal range, whereas HDL, was anti-aggregatory at
physiological levels. Moreover, subfractionation of the particles floating within the HDL,
density range, using heparin-Sepharose affinity chromatography, revealed that their
inhibitory action resulted predominantly from the presence of HDL-E; inhibition of
aggregation by the apoE-deficient fraction was moderate [7]. These findings suggested

that the influence of whole HDL on platelet responsiveness might depend on the relative
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concentrations of apoE present. Indeed, indirect evidence implicated apoE as the active
constituent; chemically modifying apoE blocked binding and its anti-platelet action [7], while
abnormal apoE-enriched HDL from patients with hepatic cirrhosis had a highly potent anti-
aggregatory effect that correlated with apoE content (r=0.70, P<0.001) [235].

1.5 Aims of Thesis.

The aim of this thesis, therefore, was to extend the work of Desai et al. [7, 235], and
to characterize the anti-platelet effects of apoE. This was achieved in three separate

studies, each represented by a chapter in this thesis:

Aim 1:  To determine whether “native” immunoqfinity isolated HDL-E particles have anti-platelet
activity and that isolated apoE preparations are active.

Aim 2:  To establish the biochemical basis for inhibition of platelet aggregation by apoE.

Aim 3:  To identify the apoE receptor in platelets and to probe the molecular basis by which it suppresses
Pplatelet reactivity.
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Chapter 2



2. GENERAL MATERIALS AND METHODS

2.1 Materials.

Methanol, ethanol, diethyl ether, isobutanol and glacial acetic acid, all of Analar
grade, were purchased from BDH Laboratory Supplies (Poole, UK). Goat anti-mouse
alkaline phosphatase conjugated IgG was purchased from Bio-Rad (Watford, UK) and
polyclonal goat anti-apoE. antibodies from Calbiochem Novabiochem Ltd. (Nottingham,
UK). Two hybridoma cell lines (designated F5M1/C3 and F5M3/A10) which secreted
monoclonal antibodies against human apoE. were kindly donated by Dr. R. W. James
(Hopital Cantonal, Geneva). All other reagents unless otherwise stated in the text were
purchased from Sigma Chemical Co. (Poole, UK).

2.2 Isolation of Plasma Lipoproteins.

2.2.1 BACKGROUND.

Several procedures exist to separate lipoproteins into their various classes. The
techniques most commonly used in clinical research laboratories are ultracentrifugation,
precipitation, electrophoresis and gel filtration (reviewed in [236]). They may also be
isolated on antibody affinity columns [237].  Although no procedure is perfect,
ultracentrifugation is the preferred method for large-scale lipoprotein preparations.
Precipitation by various combinations of agents followed by ultracentrifugation is the
fastest and most economical method used for HDL separation. Both these techniques are

considered in detail below.

2.2.1.1 Precipitation Methods.

Due to the specific interaction of apolipoprotein B (apoB) with a number of
precipitating agents, lipoproteins containing apoB can be separated from non-apoB-
containing lipoproteins. Thus, treating plasma will remove chylomicrons, VLDL, IDL and
LDL leaving only HDL, which can be estimated by a cholesterol assay or isolated by a
single ultracentrifugation step. A number of precipitation methods are available for use,
the most popular being magnesium/phosphotungstic acid [236]. However, an unresolved
problem with this method is that it gives lower values for HDL cholesterol, compared to
other isolation techniques (often by around 10 %)[236]. This may be because it is

parﬁcularly effective in precipitating the apoB-containing lipoprotein, Lp(a) [238], present
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in the [IDL-density range of many individuals, but it is also possible that it precipitates a
variable amount of the apoA-I-containing lipoproteins. Nevertheless, the advantages of

precipitation in terms of speed and cost usually outweigh this disadvantage.

2.2.1.2 Preparative Ultracentrifugation.

Lipoproteins have lower hydrated densities than the other plasma proteins,
permitting their isolation from plasma by flotation ultracentrifugation [236, 239]. This
method can be used to prepare bulk amounts of lipoproteins for large-scale investigations
or small amounts for clinical studies. The density of plasma is increased by the addition of
NaCl and/or NaBr and during ultracentrifugation, lipoproteins will float to the surface
depending on their density and the prevailing small-solute densit)' of the solution. The
density range of plasma lipoproteins is given in Table . . -1. Individual lipoprotein classes
can be isolated by sequentially increasing the plasma density. Ultracentrifugation times
tend to be long and it has been shown that during the ultracentrifugation exchanges of
lipid and apolipoprotein between lipoprotein classes occur [236]; this is the principal
disadvantage of this technique. However, since most of our current definitions of the
lipoprotein classes rely on their hydrated density® ultracentrifugation remains the method

of choice for many investigations.

Lipoprotein Class Density Range

(g/ml)
Chylomicrons < 0.940

YI.DL 0.940 - 1.006

IDL 1.006 - 1.019

LDL 1.019 - 1.063

HDL, 1.063 - 1.125

HDI.; 1.125-1.21

Table 2.2-1 Density classes of plasma lipoproteins

2.2.2 BLOOD SAMPLING.

Blood was withdrawn from the antecubital vein from healthy volunteers and patients
with liver disease. In most instances 150 ml of blood per donor was collected into three
polyethylene centrifuge tubes (50 ml) each containing a preserv”ative cocktail that inhibits

the multiple enzymatic degradations that can occur during and after withdrawal of blood
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[240] (Table : . -»). The tubes were manually agitated during collection and then cooled
on ice. Within : h, the blood was centrifuged for 20 min at 2000 * and 4 °C. The plasma
was separated from the sedimented cells and benzamidine and
phenylmethylsulphonylfluoride (PMSF) were added to give a final concentration of 1 mM

(Table 2.2-3) and used immediately for lipoprotein preparation.

Stock Solution Volume/50 ml Blood
0.2 M EDTA (Na Salt) pH 7.4 0.8 ml
0.3 M Sodium Chloride pH 7.4 1.4 ml
Sodium Azide 2.5 % 200 pi
Chloramphenicol 50 mg/ml in 50 % ethanol 80 pi
Gentamicin Sulphate 10 mg/ml 400 pi
Kallikrein Inactivator 20000 U/ml 25 pi

Table 2.2-2 Preservative cocktail for blood collection.

Stock Solution Volume/50 ml Plasma
Benzamidine 1 M 50 pi
PMSF 0.2 M in anhydrous methanol (-20 °C) 250 pi

Table 2.2-3 Preservative solutions for lipoproteins.

2.2.3 SEQUENTIAL PREPARATIVE ULTRACENTRIFUGATION.

2.2.3.1 Preparation of Sodium Bromide Density Solutions.

Base detisity solution (1.006gj mi).

57.0 g anhydrous NaCl, Make up to 5 litres.
0.5 g EDTA (Sodium salt), Then add 15 ml distilled H*O.
Sml 1MNaOH, This solution gives a refractive

0.5 g Sodium azide.

All densit}™ solutions were prepared by adding a known weight of solid sodium
bromide to the base density solution. For accurate density determination, the refractive
index value for each solution was measured using a refractometer (Bellingham & Stanley

Ltd.). Fine adjustment of densities were achieved by adding solutions, d = ...« or 1.478

g/ml (to fdensity) and d = 1.006 g/ml (to i density).
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Refractive Index Valdai Added -iU=iNx;

(g/mlf (approx. g/ml)
1.006 1.3345 -
1.019 1.3368 -
1.045 1.3413 0.052
1.065 1.3448 0.075
to 1.3508 0.150
1.125 1.3547 0.165
1.157 1.3620 0.21
1.182 1.3643 0.25
12 1.3693 0.296
1.478 1.4160 0.79

NB. If turbid filter before final ad|ustment.

Table 2.2-4 Preparation of stock density solutions.

2.2.3.2 Ultracentrifugation.
Bulk lipoprotein fractions were prepared in a 12 x 38.5 ml rotor (Kontron TFI'
50.38) either in a Kontron Centrikon T-2060 ultracentrifuge or a Sorvall OTD-65B

ultracentrifuge.

2.2.3.3 Adjustment of Plasma Density.
The following equation was used to calculate the volume of density solution required

to float lipoproteins:

Vidj + VAdz = (Vi + V2).dj

W-Tere: = Volume of plasma (or ultrafiltrate)
V.= Volume of density solution to be added
di = Density of plasma (or ultrafiltrate)
dz= Density solution used for adjustment

d" = Density required
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Sample Calenlation:
Adjustment of density for chylomicron, V1.DL and IDL. isolation.

Thus, for a typical isolation 1n a 29 ml centrifuge tube: V,; = 19.333 ml, V, = 9.667
ml, d, = 1.006 g/ml, d,= Unknown, and d,= 1.019 g/ml.

(19.333x 1.006) + 9.667xd, = 29x1.019
19.448998 + 9.667d, = 29.551

9.667d, = 10.102002

d, = 1.045g/ml

2.2.3.4 Chylomicron, VLDL and IDL Preparation.

Thus, 19.333 ml of plasma was placed in a screw-capped polycarbonate centrifuge
tube and its density adjusted to 1.019 g/ml by adding 9.667 ml of 1.045 g/ml density
solution. The samples were centrifuged for 20 h at 37000 rpm (105000 g) and 16 °C. The
lipoprotein fraction that floated to the top of the tube was collected in less than 4 ml,
using a syringe and needle. The fraction was then either dialysed for immediate use or
washed. The washing step involves refloating the lipoproteins at their density of isolation.
Therefore, for this fraction, the lipoproteins were diluted to 29 ml with the stock 1.019

g/ml density solution and recentrifuged.

2.2.3.5 1.DL Preparation.
The solution below the chylomicron, VLDL and IDL fraction was removed and

discarded such that 19.333 ml remained in the centrifuge tube. Its density was adjusted to
1.065 g/ml by adding 9.667 ml of 1.157 g/ml density solution and mixed. The samples
were again centrifuged for 20 h at 37000 rpm (105000 g) and 16 °C. The LDL fraction was
collected and dialysed or washed (in 1.065 g/ml solution).

2.2.3.6 HDL Preparation.
After LDL isolation, HDL was prepared either as total HDL or HDL,/HDL, sub-

fractions. Alternatively, HDL can be prepared from plasma after precipitation of the

apoB-containing lipoproteins followed by a single ultracentrifugation step.
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Total HDI Preparation.

The solution below the LDL fraction was adjusted to 19.333 ml and its density was
adjusted to 1.21 g/ml by adding 9.667 ml of 1.478 g/ml density solution and mixed. The
samples were centrifuged for 40 h at 37000 rpm (105000 g) and 16 °C. The HDL fraction

was collected and dialysed or washed (in 1.21 g/ml solution).

HDIL, Preparation.

The solution below the LDL fraction was adjusted to 19.333 ml and its density was
adjusted to 1.125 g/ml by adding 3.29 ml of 1.478 g/ml density solution and 6.38 ml of

1.125 g/ml solution. The isolation was performed as outlined for total HDL.

HDL.,; Preparation.

The solution below the HDL, fraction was removed and discarded such that 19.333
ml remained in the centrifuge tube. Its density was adjusted to 1.21 g/ml by adding 6.13
ml of 1.478 g/ml density solution and 3.54 ml of 1.21 g/ml solution. The isolation was

performed as outlined for total HDL.

Preparation of HDL Following Magnesium/ Phosphotungstic Acid Precipitation.
One hundred pl of 0.5 M MgCl, and 100 ul of 4 % (w/v) phosphotungstic acid (in

0.19 M NaOH) were added to every 1 ml of fresh plasma and mixed well. The plasma was
then centrifuged immediately for 20 min at 2000 g and 20 °C. This step precipitated all
apoB-containing lipoproteins, leaving plasma with HDL as the only lipoprotein. Total
HDL (or HDL, and HDL,;) was isolated by altering the density of the plasma (still at 1.006

g/ml) and performing ultracentrifugation as before.

2.3 General Apolipoprotein Analyses.

2.3.1 PROTEIN MEASUREMENT.

Protein concentrations were measured using the Bio-Rad protein assay. This assay is
based on the observation that the absorbance maximum for an acidic solution of
Coomassie brilliant blue G-250 shifts from 465 nm to 595 nm when binding to proteins
occurs. Bradford first demonstrated the usefulness of this principle [241], while Spector
found that the extinction coefficient of a dye-albumin complex solution was constant over
a 10-fold concentration range [242]. Thus, Beer’s Law may be applied for accurate

quantification of protein by selecting an appropriate ratio of dye volume to sample
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concentration. Over a broader range of protein concentrations, the dye-binding method

gives an accurate, but not entirely linear, response.

2.3.1.1 Procedure.

Several dilutions of an appropriate protein standard (usually bovine serum albumin
or bovine gamma gobulin) were prepared in distilled water to a final volume of 200 ul. A
typical standard curve in the range of 0 - 20 ug protein/200 pl was freshly prepared each
time the assay was performed. The triplicate unknown samples were diluted to 200 pl in
distilled water. To each tube, 1 ml of freshly diluted dye reagent [20 % (v/v) solution of
Bio-Rad concentrate] was added and the tubes vortexed. After an incubation of 10 min at
room temperature, the ODs, versus reagent blank was measured. The concentration of
standards versus their ODsys was plotted and the concentration of the test samples
determined from the standard curve using Elsevier-Biosoft’s Lowry analysis software

(Cambridge, UK).

2.3.2 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS.

Fractionation of proteins in polyacrylamide gels is one of the primary means for
their characterisation because of its speed and ease of use. Many methods to separate
both native and denatured proteins exist in the literature [243]. However, the most widely
used technique is sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE).

The goal of SDS-PAGE is to separate polypeptides in a complex mixture solely on
the basis of molecular size. Firstly, the polypeptide sample is denatured with heat in the
presence of SDS and a reducing agent, usually B-mercaptoethanol. In the presence of
excess SDS, about 1.4 g of the detergent binds to each gram of polypeptide, giving the
polypeptide a constant negative charge per mass unit [244, 245]. SDS-polypeptide
complexes will therefore all move towards the anode during electrophoresis, and owing to
the molecular-sieving properties of the gel, their mobilities are inversely proportional to
the log;, of their molecular weights. If standard proteins of known molecular weight are

also run, the molecular weights of the sample proteins can thus be determined.

Polyacrylamide gels are composed of chains of polymerised acrylamide that are cross
linked by a bifunctional agent such as N, N’-methylenebisacrylamide (bisacrylamide). The
effective range of separation of SDS-polyacrylamide gels depends on the concentration of
polyacrylamide used to cast the gel and the amounts of cross-linking [244, 245]. Cross-

links formed from bisacrylamide add rigidity and tensile strength to the gel and form pores
57



through which the SDS-polypeptide complexes must pass. The size of these pores
decreases as the bisacrylamide:acrylamide ratio increases. However, most gels are cast with
a molar ratio of 1:29, which has been shown to be capable of resolving polypeptides that
differ in size by as little as 3 %. Table 2.3-1 shows the linear range of separation obtained

with gels cast with concentrations of acr)damide that range from 3 to 15 % (w/v).

Sharp banding of the polypeptides is achieved by using a discontinuous gel system
which has both stacking and resolving gel layers that ditfer in either salt concentration, pH,
acrylamide concentration or a combination of these. After migrating through a stacking
gel of high porosity [usually 4 % (w/v) acrylamide], the SDS-polypeptide complexes are
deposited in a very thin zone (or stack) on the surface of the resolving gel. The ability of
discontinuous buffer systems to concentrate all of the complexes in the sample into a very

small volume greatly increases the resolution of SDS-polyacrylamide gels.

The primary uses for SDS-PAGE in this thesis were: the determination ot the size
of a protein, the estimation of protein purit)* in a solution and the fractionation ot a

complex protein mixture prior to immunoblotting (\XTstern blotting).

Acrylamide Concentration Linear Range of Separation
% (W/v) kDa
Ata molarratio of 1:29 bisacrylaitudeiacrylaraidc.

3 95 - 400
5 57-212

7.5 36-94

1o 16-68

15 12-43

Table 2.3-1 Effective range of separation of SDS-polyacrylamide gels.

2.3.2.1 Buffers and Solutions.

Gel Components:

30 % Acrylamide mix- 29 % (w/v) acrylamide and 1 % (w/v) N, N ’-methylenebisacrylamide.
Tris buffers: the stock bufter tor the resolving gel is 1.5 M Tris.HCI (pH s .s) and for the
stacking gel is 1.0 M Tris.HCI (pH « ).

58



10 % (w/v) Ammoninm persulphate (APS): APS provides the free radicals that drive
polymerisation of acrylamide and bisacrylamide.

TEMED (N, N, N, Ntetramethylethylenediamine): TEMED accelerates the polymerisation of
acrylamide and bisacrylamide by catalysing the formation of free radicals from APS.

10 % (w/v) Sodium dodecyl suiphate (SDS) solution.

Electrophoresis Buffers:
Running buffer: 25 mM Trs (pH 8.3), 192 mM glycine, 0.1 % (w/v) SDS.

2 x Sample buffer: 100 mM Tris.Cl (pH 6.8), 4 % (w/v) SDS, 0.1 % (w/v) bromophenol
blue, 10 % (v/v) glycerol, 1 % (v/v) B-mercaptoethanol (optional)

Coomassie Stain:
Stain: 0.25 % (w/v) Coomassie brilliant blue R-250, 50 % (v/v) methanol and 10 % (v/v)
acetic acid.

Destain: 30 % (v/v) methanol and 10 % (v/v) acetic acid.

Silver Stain:

0.25 % (w/v) Sodium dithionite.

0.2 % (w/v) Silver nitrate in 1 mM formaldehyde.

Developer: 6 % (w/v) sodium carbonate, 6 mM formaldehyde and 20 pM sodium dithionite.

2.3.2.2 Gel Preparation.
Mini gels usually 1.5 mm thick were cast in Bio-Rad MiniProtean II electrophoresis

cassettes with a 10 or 15 well comb. The acrylamide solution for the resolving gel was
prepared using the values given in Table 2.3-2. The solution was poured into the cassette,
with its meniscus far enough below the top of the notched plate to allow for the length of
the comb plus 0.5 cm. The acrylamide solution was then carefully overlaid with water-
saturated isobutanol and placed in a vertical position at room temperature. After the gel
had set (about 20 - 30 min), the isobutanol was poured off and the top of the resolving gel
was washed several times with distilled water and drained. The acrylamide solution for the
stacking gel was prepared (Table 2.3-2) and was poured directly onto the polymerised
resolving gel. The appropriate comb was inserted and the stacking gel was then allowed to

set (about 10 min).
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Solution Components 8% 12% 15 % 4%

*éfsﬁgg%ﬁgg%& resolving resolving resolving stacking
polymerisitioti.

Water 4.6 ml 3.3 ml 2.3 ml 6.1 ml
30 % Acrylamide mix 2.7 ml 4.0 ml 5.0 ml 1.3 ml
Tris buffer 2.5 ml 2.5 ml 2.5 ml 2.5 ml

(pH 8.8) (pH 8.8) (pH 8.8) (pH 6.8)
10 % SDS 100 pi 100 pi 100 pi 100 pi
*10 % APS 100 pi 100 pi 100 pi 100 pi
*TEMED 6 pi 4 pi 4 pi 10 pi

Table 2.3-2 Solutions for preparing gels for SDS-polyacrylamide gel electrophoresis.

2.3.2.3 Running the Gel.

I he samples (including molecular weight markers) were added 1:1 with 2 x sample
buffer and heated in a boiling water bath for 5 min. After the stacking gel had set, the
comb was carefully removed and the wells were immediately washed with distilled water
(to remove unpolymerized acrylamide) and the wells straightened. The cassette was
inserted into the electrophoresis chamber, which was then filled with running buffer. The
samples were loaded into the bottom of the wells using a micropipetter fitted with a long
narrow tip. The electrophoresis was started at a constant current of 20 mA per gel. After
the dye front had moved into the resolving gel, the current was increased to 30 maA.
VCTien the dye front reached the bottom of the gel, the power pack was switched off and
the cassette removed. The glass plates containing the gel were carefully prized apart and

the gel removed. The bottom left corner of the gel was cut to help lane identification.

At this stage, the gels were ready for staining, electrotransfer or
autoradiography (if radiolabelled polypeptides were used).

2.3.2.4 Coomassie Blue Staining (sensitivity of 0.1 - 0.5 pg per band).

After electrophoresis the gel was transferred to a clean plastic container and about
100 ml of Coomassie brilliant blue stain was added. This was incubated for 1 - 2 h at
room temperature with shaking. The stain was removed and saved (the staining solution
can be used between 20 and 40 times before replacing). The gel was destained by

successive incubations in destain solution at room temperature with shaking.
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2.3.2.5 Silver Staining fsensitivity oF 1-10 ng per band).

After Coomassie staining the gel was washed (2 x 20 min) in 50 ml of 30 % (v/v)
ethanol with shaking. The ethanol solution was removed and the gel further washed (3 x
15 min) in 50 ml of distilled water. The gel was then incubated for 1 min in 50 ml of 0.25
% (w/v) sodium dithionite solution and washed (2x1 min) with distilled water. The water
was removed and the gel was incubated with the silver nitrate solution for 30 min followed
by a wash in distilled water for 1 min. The gels were then developed by adding 50 ml of
developing solution. Bands usually appeared after about 10 - 15 min. Once the

background began to darken, the reaction was stopped by adding 5 % (v/v) acetic acid.

Note: VCTen silver staining, gloves were always worn, as fingerprints stain, and only

scrupulously clean glassware was used to maintain the sensitivity of the reactions.

233 IMMUNOBLOTTING.

Antibodies are commonly used to detect antigens in complex mixtures. Some of the
more common immunodetection methods include enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay (RIA), double immunodiffusion, immunoprécipitation and
immunoblotting [245]. This section will focus mainly on the immunoblotting techniques.
Western blots and dot blots. \KTstern blots and dot blots require the immobilisation
(transfer) of a sample onto a membrane. This is the step where the two procedures differ.
With Western blots, proteins are transferred to a membrane after polyacrylamide gel
electrophoresis; for dot blots, non-denatured antigen-containing samples are spotted
directly onto a membrane. After the transfer step, both methods essentially follow the

same basic steps to detect antigens. These steps are summarised below:

Blocking of protein binding sites.
Binding the primary antibody.

Washing to remove unbound
primary antibody. n

Binding the anti-primary antibody conjugate
which carries a reporter”group.

Washing to remove unbound conjugate.

Detection: ~ #
e.g. colorimetric reaction.
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2.3.3.1 Buffers and Solutions.
Transfer buffer: 25 mM Tris (pH 8.3), 192 mM glycine, 20 % (v/v) methanol.
Washing buffers: TBS: 20 mM Tris.HCI (pH 7.5), 150 mM NaCl
TTBS: TBS supplemented with 0.05 % (v/v) Tween 20.
Blocking buffer: 3 % (w/v) gelatin or 5 % (w/v) bovine serum albumin (BSA) in TTBS.

Antibody buffer: polyclonal and monoclonal antibodies were prepared in either 1 % (w/v)
gelatin or 2 % (w/v) BSA in TTBS. Monoclonal antibodies were prepared in either 3 %
(w/v) gelatin or 5 % (w/v) BSA in TBS.

Alkaline phosphatase buffer: 100 mM Tris. HCI (pH 9.5), 100 mM NaCl, 5 mM MgCl,.

Nitro blue tetragolium (NBT): 5 % (w/v) NBT in 70 % (v/v) dimethylformamide.
Bromochloroindolyl phosphate (BCIP): 5 % (w/v) BCIP in 100 % dimethylformamide.

2.3.3.2 Sample Transfer.

Note: When handling nitrocellulose, gloves were always worn, as fingerprints stain.

Dot Blots.

A protein solution of at least 1 pg/ml was spotted onto a nitrocellulose sheet at 0.1
ml/cm® The protein was allowed to dry for 1 h at room temperature. If the amount of
protein was not limiting, higher concentrations of proteins (up to 100 pg/cm’

nitrocellulose) were used to increase the signal strength.

Semi-Dry Electrotransfer for Western Blots.

A Bio-RAD Trans-Blot SD (semi-dry) transfer cell was used to transfer proteins
from polyacrylamide gels to nitrocellulose. This semi-dry electrotransfer method gives an
even and rapid transfer and can be adapted to handle stacks of gel-membrane sandwiches
[245). The polyacrylamide gel used for transfer was run with pre-stained molecular weight
markers, which transfer onto the nitrocellulose and act as internal markers of transfer.
Four sheets of 3MM absorbent paper (Whatman, Maidstone, UK) and one sheet of
nitrocellulose (BDH Laboratory Supplies) were cut to the size of the gel and soaked in
transfer buffer for 2 min before transfer. The electrode plates of the cell were washed
with distilled water and the transfer sandwich made up on the bottom plate as follows:

¢ bottom electrode

o 2 layers of absorbent paper soaked in transfer buffer
e 1 layer of nitrocellulose soaked in transfer buffer

e polyacrylamide gel slightly wetted in transfer buffer

e 2 layers of absorbent paper soaked in transfer buffer
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Air bubbles were carefully removed by rolling a test tube over the sandwich and the
upper electrode was placed on top of the stack. The electrodes were connected to the
power pack and transfer allowed to proceed for 45 min with a constant current of 1.5
mA/cm?® of gel. After transfer, the stack was removed and the bottom left corner of the

nitrocellulose was cut to help lane identification.

2.3.3.3 Immunoblotting.

The nitrocellulose membrane was removed and incubated for 45 min in blocking
buffer, followed by a 5 min wash in TBS. The membrane was then incubated for 1 h in
primary antibody (diluted optimally in antibody buffer) and washed for 3 x 5 min with
TTBS. After a further 1 h incubation with diluted secondary antibody (anti-IgG-alkaline
phosphate conjugate), the membrane was again washed (3 x 5 min) in TTBS. Finally, the
membrane was stained using the freshly prepared alkaline phosphatase substrate (66 pl
NBT and 33 ul BCIP in 10 ml alkaline phosphatase buffer). Purple bands usually appeared
after 10 - 30 min. Washing the blot in copious amounts of distilled water stopped the

development reaction. The blot was then dried and stored in the dark.

2.4 Isolation and Characterisation of ApoE.

The isolation and purification of plasma apoE is difficult due to two main factors.
Firstly, apoE has extensive polymorphism in humans, both genetically determined and
polymorphism derived from post-translational glycosylation (sialylation) of the apoE
polypeptide [118]. Depending on the purpose for which the apoE is intended, the choice
of individuals and knowledge of their apoE phenotype may be critical to the investigation.
Therefore, phenotyping of potential donors should always be carried out before
preparative isolation is attempted. Secondly, in normal healthy individuals, plasma levels
of apoE are not particularly high, usually about 3 - 7 mg/dl [89, 90]. To obtain sufficient
apoE for some purposes, several units of blood may be required. Due to the low levels
found in normolipidaemic subjects, a better source of apoE is from subjects with certain
types of hyperlipidaemia (type IV or V for apoE-3/3, type III for E-2/2). Alternatively
plasma from subjects with certain forms of liver disease, where apoE levels are greatly
increased, can be used [235, 246]. Another potentially important source of apoE is from
cholesterol-fed rabbit plasma. Such apoE has 80 % homology to human apoE-3, with up
to 10 mg of pure polypeptide obtained per rabbit [247, 248].
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2.4.1 APOLIPOPROTEIN E PHENOTYPING: ISOELECTRIC FOCUSING AND
IMMUNOBLOTTING.

The three common variants of apoE differ in their amino acid sequence at positions
112 and 158 (E-2=Cys 112, Cys 158; E-3=Cys 112, Arg 158; E-4=Arg 112, Arg 158) [89].
Because arginine is positively charged, these amino acid substitutions enable separation of

these isoforms by isoelectric focusing (IEF).

The technique of IEF is a widely used high-resolution technique for separating
proteins and peptides according to their isoelectric point (pI). Resolution as high as 0.01 -
0.02 pH units can be obtained [249]. Briefly, a polyacrylamide or agarose gel is prepared to
include carrier ampholytes, special mixtures of small amphoteric molecules of a known pH
range. When a current is applied to the gel, the ampholytes form a linear pH gradient.
The charged polypeptides move through the pH gradient and lose their charge completely
where the pH of the gradient is equal to the pl of the polypeptide. At this point,

movement stops and each polypeptide is concentrated into a narrow zone.

The apparent pl values are: E-2=5.57, E-3=5.8, E-4=6.03. However, post-
translational modifications result in sialylated versions of the apoE isoforms; these bear
additional negative charge and focus at positions anodal to the parent protein [89]. Thus
for clear identification of the parent apoE isoform, plasma is initially treated with

neuraminidase which desialylates the apoE.

In the method described herein, plasma samples are delipidated and the
apolipoproteins separated by IEF on agarose gels. The proteins are then blotted on to
nitrocellulose membranes and immunofixed using mouse monoclonal antibodies to human
apoE. ApoE bands are visualised using goat anti-mouse IgG-alkaline phosphatase
conjugate as the secondary antibody and NBT/BCIP as a substrate.

2.4.1.1 Sample Preparation.
Samples were collected into EDTA tubes and centrifuged at 2500 g for 15 min. The

plasma was collected and either processed immediately or stored in 300 ul aliquots at -70
°C for up to one year. Freshly prepared neuraminidase solution (15 ul, 5 kU/I in 0.1 M
acetate buffer, pH 4.5) was added to an equal volume of test plasma or control plasma (of
known phenotype) and incubated at 37 °C for 2 h. One ml of methanol:ether (3:1, v/v)
was added and the samples were mixed for 30 min on a rocking platform. Each sample
was then centrifuged at 12000 g for 7 min and the supernatant discarded. The precipitate

was resuspended in 1 ml diethyl ether, mixed for 30 min and recentrifuged as above. The
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delipidated pellet was dried under nitrogen. At this stage the dried pellet was either stored

under nitrogen at -20 °C or processed for IEF.

2.4.1.2 Gel Preparation.
IEF agarose (1.2 g) and sorbitol (7.2 g) were dissolved in 50 ml distilled water and

heated in a microwave oven for 90 s at medium heat. The gel mixture was cooled to 65 °C
before addition of 3.8 ml ampholines, pH 4 - 6.5 (Pharmacia Biotech, St. Albans, UK) and
22 g urea, both pre-warmed to 65 °C. The mixture was placed in a 65 °C oven for a
further 5 min. An electrophoresis cassette was assembled by pipetting about 1 ml of
distilled water onto a flat glass plate (20 x 26 cm). Gel-Bond film (Pharmacia) was placed
with the hydrophobic side downward on top of the plate. A 1.5 mm U-frame glass plate
was then placed on top and the cassette clamped together using bulldog clips. The
assembled cassette was placed in a 65 °C oven for 5 min. The gel was poured into the pre-
warmed cassette and was allowed to set at room temperature overnight. Just before use,

the gel was removed from the cassette.

2.4.1.3 Tsoelectric Focusing.
On the evening before IEF, 100 ul of buffer (50 mM Tris, pH 8.2, 350 uM SDS, 60

mM urea, 25 mM dithiothreitol [DTT]) was added to the sample pellet and was left to
dissolve overnight at 4 °C. The dissolved pellet was gently mixed immediately before IEF,
which was performed using a Pharmacia Multiphor II electrophoresis chamber. A
circulating water bath, set at 8 °C, was connected to the electrophoresis cooling plate. The
plate was then smeared with glycerol and the gel was placed on top avoiding air bubbles.
Buffer strips were cut to 24.5 cm and soaked with 50 mM sulphuric acid (anode strip) or 1
M sodium hydroxide (cathode strip). Excess electrolyte was removed and the strips were
placed on top of the gel. The electrode plate was placed on top with the anode and
cathode aligned with their respective wicks. The electrophoresis chamber was plugged
into the power pack and the gel pre-focused for 30 min (constant power of 4 W,

maximum voltage at 1000 V and current at 15 mA).

After pre-focusing, the anode and cathode strips were renewed. Five pl of each
sample and control were applied just above the cathode strip using the sample applicator.
The samples were focused for 3 h at constant power of 8 W, setting the maximum voltage

at 2000 V and current at 30 mA.
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2.4.1.4 Immunoblotting.

A nitrocellulose sheet and 2 sheets of VCTiatman number 1 filter paper were cut to
size and pre-soaked in 1T3S. The membrane was placed onto the surface of the gel,
avoiding trapped air bubbles, followed by 2 sheets of wet filter paper and 4 sheets of dry
number 3 filter paper. Finally, the blot was covered with a glass plate and pressed for 45
min using a 1 kg weight. After transfer, the membrane was removed and immunoblotted
as outlined in section 2.3.3 using 1 mg/1 mouse monoclonal anti-apoE (F5M3/A10) as the
primary antibody and 1/1000 goat anti-mouse IgG-alkaline phosphate conjugate (I3io-Rad)
as the secondary antibody. Finally, the membrane was stained using the freshly prepared
alkaline phosphatase substrate (NBT/BCIP). I’he apoE phenotype was determined by

comparing the band positions of known control samples with the unknown samples

(bigure 2.4-1).

4/2 4/4 2/2 3/4 3/2 3/3

pH6
E-4-
E-3-
E-2-

pil4

Figure 2.4-1 A schematic representation of apoE phenotype patterns.

2.4.2 QUANTIFICATION OF APOLIPOPROTEIN E LEVELS IN PLASMA: ROCKET
IMMUNOELECTROPHORESIS.

ApoE levels in plasma can be quantified by using the Hydragel LpE Particles Kit
(Sebia, Issy-les-Moulineaux, France). This kit utilises the technique of Laurell’s rocket
immunoelectrophoresis. Briefly, plasma samples are placed in wells cut in agarose
containing monoclonal antibodies to apoE. On applying a direct electric current, apoE
migrates towards the anode and the antibodies migrate towards the cathode. Initially,
soluble apoE-antibody complexes are formed in apoE excess. VClien all of the apoE has
migrated into the gel, equivalence is reached and apoE-antibody complexes precipitate in
the shape of a rocket (Figure 2.4-2). The area under the rocket is directly proportional to
the apoE concentration. When the precipitation arcs have become stationary (about 2 h),
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a plot ot rocket height against concentration will be linear. I *hus, by the use of standards

and the preparation of a standard curve, the concentration of apoF, may be determined.

Quantification of LpB/H particles is determined by differential quantification.
Firstly, on whole plasma, total apoE concentration is determined and secondly, the same
plasma is treated with an anti-apoB antibody, which precipitates out all apoB-containing
lipoproteins, thus leaving fIDL-E levels to be quantified. The amount of LpB/E is
obtained by subtracting the difference between the two rockets corresponding to the

whole plasma and the treated plasma.

HYDRAGEL 1P E ©
A ]
i\ 1
Y% VVVY A
©
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Figure 2.4-2 A typical apolipoprotein E rocket.

2.4.2.1 Reagents.

The Mydragel kit contained all the reagents required for apoE quantification,

including the pre-made gels and standards.

2.4.2.2 Sample Preparation.

Either fresh plasma or singly frozen plasma was used for analysis. Samples tor total
apoE quantification were diluted 1:6 with diluent. Samples for fIDE-E quantification were
mixed 1:1:5 (plasma : anti-apoB : diluent) and incubated for 5 min at room temperature.
The anti-apoB precipitate was sedimented with a 5000 g spin tor 10 min at 4 °C. The
supernatant was then analysed. A concentration curv'e was set up using the standard

serum supplied with the Kkit.
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2.4.2.3 Running the Gel
Five pl of the diluted samples and standards were applied to the wells and allowed to

diffuse into the gel for 20 min before migration. The gels were placed in the
electrophoresis tank (Sebia K20) containing 300 ml running buffer. The gels were
positioned such that the wells were on the cathodic side. Electrophoresis was allowed to
proceed for 2 h at a constant current of 15 mA/gel. After migration the gel was removed
from the tank and placed on a flat surface. One thin filter paper soaked in saline and two
dry thick filter papers were applied to the gel surface under a pressure of 1 kg for 20 min.
The gel was then washed vertically in saline for 60 min. The gel was again pressed, with
filter papers, for a further 10 min. After drying in an 80 °C oven the gel was immersed in
staining solution for 5 min followed by successive washes in destaining solution until the
background was completely clear. Rocket heights were measured from the leading edge of
the well to the tip of the rocket. Distance migrated versus concentration of standards was

plotted and the unknown sample concentrations determined from the standard curve.

2.4.3 [ISOLATION OF APOLIPOPROTEIN E: DELIPIDATION AND AFFINITY
CHROMATOGRAPHY.

The first step in the purification of apoE is the isolation of apoE-containing
lipoproteins. The most convenient method for isolation s ultracentrifugation floatation of
d<1.019 g/ml lipoproteins (chylomicrons, VLDL and IDL). The lipoproteins are
lyophilized in 200 ml conical glass tubes and then delipidated with organic solvents [250].
The apolipoproteins are then resolubilised in a guanidium-containing buffer, except for
insoluble apoB. ApoE is then purified from this apolipoprotein solution by heparin-

Sepharose affinity chromatography [251].

2.4.3.1 Lipoprotein Isolation.

ApoE containing lipoproteins were prepared from 150 ml - 200 ml fresh plasma.
The d<1.019 g/ml lipoprotein fractions were isolated as outlined in seczion 2.2.3.4. 'This
lipoprotein preparation was then separated into 4 x 200 ml conical glass tubes, snap frozen
in liquid nitrogen and freeze-dried until only 1 - 2 ml remained. At this stage the frozen

lipoproteins were either stored at -70 °C or immediately delipidated.

2.4.3.2 Delipidation.

The lipoprotein preparations were defrosted and vigorously stirred magnetically. To

each tube of stirring lipoprotein, 60 ml of ice cold methanol was added, followed by 140
ml of diethyl ether. The tubes containing precipitated apolipoprotein were allowed to

settle on ice. The solvent was removed by aspiration and the precipitate washed in 120 ml
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diethyl ether and allowed to settle again. This wash was repeated twice. The final pellet
was allowed to dry until it was moist. Each pellet was then dissolved in about 25 ml of 0.2
M Tris.HCIl, pH 8 containing 2 M guanidium HCl. The solubilized apolipoproteins were
pooled and transferred into two 50 ml centrihige tubes and centrifuged at 2000 * for 15
min to remove the insoluble apoB. The supernatant was removed and passed through a
0.8 |Lim/0.2 jam filter. The apolipoproteins were transferred to dialysis tubing and dialysed

versus 2 x4 litre changes of 25 mM ammonium bicarbonate.

2.4.3.3 IlIcpann-Sepharose Affinity Chromatography.

Heparin-Sepharose affinity chromatography takes advantage of the heparin binding
property of apoE to separate it from contaminating proteins. The dialysed apolipoprotein
solution in 25 mM ammonium bicarbonate (supplemented with 0.1 % mercaptoethanol)
was bound to a 1 ml Hi-trap heparin-Sepharose column (Pharmacia) pre-equilibrated in
the same buffer. The column was washed with 25 ml equilibration buffer, and then the
apoE was eluted with 0.75 M ammonium bicarbonate. The apoE-containing fractions
were pooled and assayed for protein content using the Bradford assay [section 2.5.1). Purity
was assessed by performing SDS-PAGE on a 15 % gel. This procedure typically produced
apoE of > 95 % purity with albumin being the major contaminant (Figure 2.4-3). The

pure apoE was separated into 0.5 mg aliquots and stored at -70 °C for up to 1 year.

Pure ApoE

34 kDa

Figure 2.4-3. Analysis of purified apoE on a 15 % SDS-PAGE gel.
SDS-PACH was petfomied on 1 /ug ofpmified apoB as described in section 2.3.2. Note, the
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2.4.4 PREPARATION OF APOE:DMPC COMPLEXES.

Although apoE-containing lipoproteins bind to apoE receptors, purified apoE
devoid of lipids does not [252]. The apoE. must be recombined with phospholipid to
restore its receptor binding activity. The procedure described below recombines the apoE
with the phospholipid, dimyristoylphosphatidylcholine (DMPC), to produce apoE:DMPC
complexes that have been shown to bind with high affinity to the apoE receptors [252].

2.4.4.1 Production of DMPC Vesicles
Forty mg of DMPC was weighed into a 50 ml glass beaker, to which 10 ml of PBS
was added. The DMPC was allowed to hydrate for 10 min at 20 °C and then sonicated

(Sanyo Soniprep 150, small probe, setting an amplitude of 8 microns) for 30 min or until
the solution was slightly translucent. The DMPC liposomes were then micro-centrifuged
at 10000 rpm for 5 min to remove the titanium released from the sonication probe. This

solution of DMPC vesicles was stored at room temperature.

2.4.4.2 Production of ApoE:DMPC

An aliquot of apoE, isolated as described in section 2.4.3, was reduced by the addition
of B-mercaptoethanol (0.5 ul / 100 pg of apoE) for 30 min at room temperature. This is
essential as both apoE-3 and apoE-2 form intramolecular disulphide bonds, which hamper
apoE-lipid interactions. The DMPC vesicles were added to the protein (3.75 mg of
vesicles per 1 mg of apoE), and the mixture was incubated on a rocking platform for 3 h
at room temperature. After the apoE:DMPC has been dialysed against a buffer of choice,
it can be used for receptor studies. However, for quantitative results the apoE:DMPC
complexes should be separated from uncomplexed protein by flotation ultracentrifugation
[252). Thus, the apoE:DMPC complexes were adjusted to d = 1.21 g/ml, centrifuged at
105000 g for 20 h and the translucent apoE:DMPC collected from the top of the tube.
After dialysis, the apoE:DMPC complexes could be stored at 4 °C for one month before
loss of apoE activity (as judged by the platelet assay [see seczion 2.5]). At 4 °C the

apoE:DMPC becomes cloudy but clarifies on warming to room temperature.

2.4.5 CHARACTERISATION OF APOE:DMPC COMPLEXES.

The morphology of the DMPC liposomes and apoE:DMPC complexes was
examined using transmission electron microscopy [253]. Briefly, 1 pg of apoE:DMPC
protein was placed on a Formvar-coated grid for 5 min at 23 °C. The excess fluid was
dried with filter paper, after which 10 pl of 1 % uranyl acetate (pH 2.5) was placed on the
grid and immediately dried. The grids were subsequently viewed with a Philips 501
electron microscope. DMPC vesicles were large spherical structures with a diameter of
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359 + 3.6 nm and formed aggregates in solution (Figure 2.4-4 panelA). The apoE:DMPC
complexes appeared as disc-like structures that measured 18.8 =+ 1.5 nm in diameter and
3.5 £ 0.4 nm in width. These discs were observed either in stacks ot 5 to 10 discs (Figure
2.4-4 panel B 1) or more commonly as single discs (Figure 2.4-4 panel B II). Some
aggregates of multiple discs were seen (Figure 2.4-4 panel B 1II). The appearance of these
particles is similar to that reported for macrophage secreted apoE/phospholipid discs and

“nascent” HOT [253, 254].

Figure 2.4-4 Analysis of apoE:DMPC complexes by electron microscopy.

Suspensions of DMPC liposomes alone (panal A) or apo\l:DMPC complexes (panel B) were

subjected to transission electron! miavscopy as outlined in section 2.4.5. The white bar represents 10U nm.
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2.5 Platelets: Isolation and Aggregation.

2.5.1 BACKGROUND.

Aggregation of platelets into a mass fulfils their main physiological function, that is,
the formation of a haemostatic plug sealing off the break in an injured blood vessel.
Whereas formation of platelet aggregates (thrombi) 7z v is difficult to measure, the
process of platelet aggregation 7z vifro has been quantitatively analysed and employed in

many studies of platelet function [16, 255].

Platelets are not “sticky” until they are stimulated by an agonist. Agonists are diverse
consisting of: small molecular weight compounds such as ADP, serotonin and adrenaline;
enzymes such as thrombin and trypsin; particulate material such as collagen and antigen-
antibody complexes; lipids such as platelet-activating factor; and ionophores such as
A23187. 'These agonists induce changes in the membrane of platelets, evoking their

aggregation under appropriate conditions.

For aggregation to occur, the platelets must come into contact with one another,
which is usually achieved by stirring the suspension. Aggregation in a suspension of
platelets is detected on a macroscopic level by the development of visible clumps and
clearing of the suspension. More sensitive measurements can be made in a platelet
aggregometer, which is simply a photometer that records the clearing of a stirred

suspension of platelets [28, 255, 256].

Aggregation of platelets iz vitro constitutes a multi-step process that can be analysed
by recording the tracing of changes in light transmission. Following the addition of certain
agonists there 1s a decrease in light transmission due to a change in the shape of platelets
from discoidal to spherical. This is followed by a gradual increase in transmission as the
platelets aggregate and allow light to be transmitted through the platelet suspension. The
initial phase of platelet aggregation (also termed the “primary phase”) is reversible unless it
is followed by secretion of “pro-aggregatory” factors from the dense granules (e.g. ADP
and serotonin) and a-granules (adhesive proteins such as fibrinogen, von Willebrand
factor, thrombospondin and fibronectin). This “secondary phase” of platelet aggregation
is irreversible and reaches a plateau that reflects the maximal level of light transmission

[255, 256].

Platelet “stickiness” develops when the platelet membrane acquires the ability to
bind fibrinogen. This dimeric molecule acts as a molecular “glue”, bridging the gap

between platelets [14]. With stimuli that can induce secretion without prior aggregation,
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e.g. thrombin or collagen, the fibrinogen can be secreted from the platelet a-granules,
whereas with stimuli that require aggregation before secretion occurs, e.g. ADP and
adrenaline, fluid-phase fibrinogen must be present. It is important to note that certain
responses, e.g. secretion induced by ADP and the association of GPIIb-IIla with the
cytoskeleton, only occur when platelets have actually aggregated, not when they have been

simply stimulated or even when they have bound fibrinogen [255].

2.5.2 BUFFERS AND SOLUTIONS,

Tri-sodium citrate (0.106 M)

Acid citrate dextrose (ACD) anticoagnlant: 111 mM glucose, 85 mM trisodium citrate and 71
mM citric acid, pH 6.4.

Modjfied Tyrode’s buffer: 150 mM NaCl, 7 mM NaHCO,, 0.55 mM NaH,PO,.2H,0, 2.7 mM
KCl, 5.6 mM glucose, 5 mM MgCl, and 5 mM Hepes, pH 7.4.

Human fibringgen: in modified Tyrode’s buffer (4 mg/ml).

Human serum albumin (HSA): in modified Tyrode’s buffer (3 mg/ml).

Prostacyclin: 15 mM solution stored in methanol at -70 °C then just before use diluted to 1.5
mM in 1 M Tris. HC], pH 9.95

Agonists: ADP, adrenaline, collagen and thrombin were supplied as stock solutions Alpha
Laboratories (Eastleigh, UK).

2.5.3 BLOOD SAMPLING.

Blood was withdrawn from the antecubital vein from healthy volunteers who had
not taken any medication for ten days prior to donation. Disposable plastic syringes and
tubes were used with a 21 G butterfly needle. It was important to execute a clean
venipuncture with no difficulty drawing blood. The first few mls of blood were discarded
to minimise the initial platelet activation present at the site of puncture. The blood was
gently mixed with 0.106 M trisodium citrate (9 vol. blood to 1 vol. citrate) or ACD (4 vol.
blood to 1 vol. anticoagulant) for studies involving platelet-rich plasma (PRP) or washed

platelets, respectively.

2.5.4 PREPARATION OF PLATELET-RICH PLASMA.

Anticoagulated blood samples (10 ml or 20 ml) were centrifuged at 200 g for 15 min
at 22 °C in a Mistral 2000R centrifuge to sediment red blood cells. The PRP was removed
using a wide bore, plastic Pasteur pipette. The remaining blood was recentrifuged at 1000
g for 10 min to prepare platelet-poor plasma (PPP). The PRP samples were left at room
temperature, in a sealed tube, for 15 - 30 min to recover from the centrifugation step.
PRP kept at room temperature shows a “swirl” when agitated. This is characteristic of the
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presence of asymmetric particles, in this case discoidal platelets. When agents such as
ADP or chilling cause platelets to change their shape and become symmetrical spheres, the

swirl disappears.

2.5.5 PREPARATION OF WASHED PLATELETS.

The presence of plasma proteins or other components may interfere with some
studies on platelet aggregation. In this case, washed platelets must be used. Preparation of
washed platelets is detailed below, while important aspects are noted here. Platelets
sedimented by centrifugation from citrated PRP are almost impossible to resuspend due to
platelet activation. To avoid this prostacyclin (PGI,) 1s added, which temporarily inhibits
platelet aggregation and permits the isolation of platelets that have a similar sensitivity to
those in plasma [223]. Once isolated, albumin is usually added to platelet suspension
media at 0.3 mg/ml, i.e. less than 1/10 of the plasma concentration. Albumin helps to
prevent interaction of the platelets with foreign surfaces, be they plastic or siliconised-
glass, it also traps small amounts of arachidonic acid or its products that may be liberated
from the isolated platelets [255]. Fibrinogen must also be added if ADP or adrenaline is

used as the stimulus.

2.5.5.1 Procedure.
ACD anticoagulated blood (40 - 80 ml) was centrifuged at 750 g for 5 min at 20 °C.

The PRP was transferred into 2 x 15 ml polystyrene, conical base centrifuge tubes and was
recentrifuged at 120 g for 10 min to sediment any contaminating red cells. PGI, was added
to the PRP to a final concentration of 300 nM (1 pl of 1.5 mM stock/5 ml PRP), mixed
gently and then recentrifuged at 750 g for 20 min to sediment the temporarily inactivated
platelets. The PPP was removed and the platelet pellet was resuspended in modified
Tyrode’s buffer (0.25 ml per tube) by gently sucking and blowing with a 1 ml pipette.
Platelets from the same subject were pooled, the count determined (seczion 2.5.6) and
fibrinogen and HSA were added to give final concentrations of 0.4 mg/ml and 0.3 mg/ml,
respectively. Finally, the volume of the platelet suspension was adjusted to give 6 x 10°
platelets/ml. The washed platelets were left at room temperature, in a sealed tube, for up

to 1 h to recover from the effects of PGI,.

2.5.6 PLATELET COUNTING.
Ten ul of PRP or 2 ul of washed platelets were diluted into 10 ml Isotron II (Coulter
Electronics, Harpenden, UK.). The platelets were counted in a Coulter counter (Coulter

Electronics) fitted with a 70 um aperture probe. The settings were gain 1, aperture current
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0.25 mA, lower threshold 3 and a volume of 0.1 ml counted. A mean of three separate

dilutions was calculated using coincidence correction.

2.5.7 PLATELET AGGREGATION.
2.5.7.1 Recording Aggregation.

Aggregation was measured using the method established by Born [28]. 'This
technique uses a platelet aggregometer to measure the change in percentage light
transmission after addition of an agonist to a continually stirred platelet suspension. As
the platelets aggregate, the amount of light transmitted through the cuvette increases and is

detected by a photocell and recorded as a trace on a chart recorder.

Figure 2.5-1 shows typical tracings of ADP-induced aggregation in citrated platelet-
rich plasma at 37 °C. In most aggregometers, the tracing shows considerable oscillation
before the aggregating agent is added. This 1s due to the passage of the discoidal platelets
across the light path (the “swirl”). Addition of the reagent causes brief obstruction of the
light when the pipette or Hamilton syringe is inserted into the suspension. If a large
volume of reagent 1s added, light transmission increases abruptly due to dilution. Next,
light transmission decreases and the oscillations disappear due to the change in platelet
shape from discs to spheres. These changes may not be very noticeable because they are

superseded by the increase in light transmission due to aggregation.

Light transmission increases progressively as aggregation begins, and reaches a
plateau when aggregation is maximal. Even with maximal aggregation, light transmission
never reaches the value recorded by PPP. When large aggregates pass the beam, light
transmission and hence the recording undergoes large oscillations. If a reagent lyses the
platelets, light transmission increases and the oscillations disappear. If the concentration
of ADP is too low, secretion of pro-aggregatory factors is not achieved and aggregation
reverses because plasma enzymes break down ADP. This is termed the reversible
“primary phase” of aggregation (Figure 2.5-1, frace 4). At a critical concentration of ADP,
usually 1 to 2 uM, two-phased aggregation is seen (Figure 2.5-1, frace ). This amount of
ADP is termed the “threshold” concentration. The “secondary phase” is associated with
secretion from the platelet dense granules. Both second phase aggregation and secretion
depend upon the formation of endoperoxides and thromboxane A, from liberated
arachidonic acid, and secretion of ADP from the dense granules. With higher
concentrations of ADP the 2 phases merge (Figure 2.5-1, #race ). ADP-induced secretion
and hence two-phased aggregation fails to occur at room temperature and requires close

platelet contacts as well as a low concentration of divalent cations. Thus, if high
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concentrations of ADP are added to PRP without stirring, neither aggregation nor

secretion takes place.

(a) Reversible Aggregation (b) Two Phase Aggregation (c) Irreversible Aggregation
ADP “Threshold” ADP ADP
1 uM 1.5 uyM 3 uM
_ -’\f—-
-2
a
g
b
I
=
.80
-
>
1 min
v

Figure 2.5-1 Typical responses to ADP.

2.5.7.2 Procedure.

All tests outlined in this thesis were conducted in a Payton dual channel
aggregometer (Model No. 300 BD-5, Payton Associates Ltd, Hamilton, Canada) fitted
with either 0.5 ml or 0.1 ml cuvette holders and linked to a Rikadenki dual channel
recorder (Series R-00X, Rikadenki Mitsui Electronics Ltd, Surrey). The aggregometer
stirrer speed was set at 900 rpm and the temperature of cuvettes was maintained at 37 °C.
The chart recorder was set with a deflection of 10 mV and chart speed of 1 cm/min. The
deflection limits of the recorder pen were set up so that a platelet-free solution, such as
PPP or buffer, gave a deflection of 100 % and a platelet-rich solution, such as PRP or

washed platelets, gave a deflection of 0 %.

Platelet suspensions (final concentration of 3 x 10° cells/ml for washed platelets and
1 - 2 x 10° cells/ml for PRP) were pre-incubated with modified Tyrode’s buffer for a
specified time, after which aggregation was initiated by addition of increasing
concentrations of ADP, adrenaline, collagen or thrombin. The minimum amount of each
agonist required to induce maximal aggregation within three minutes was determined; this
“threshold” concentration of agonist was used in subsequent experiments in which
Tyrode’s buffer was replaced by increasing concentrations of the test samples. The
aggregation of platelet/buffer mixtures, interspersed between platelet/test samples, was
measured to ensure that the “threshold” concentration of agonist remained unchanged
during the course of the study; if the extent of aggregation with the “threshold”

concentration varied by more than 5 %, the experiment was abandoned.
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2.5.7.3 Measuring Aggregation.
The magnitude of aggregation, as detected in an aggregometer can, be assessed by

measuring the maximum change in light transmission (AT) at a specified time interval
(usually 3 min). Alternatively, the maximum rate of aggregation (i.e. the tangent to the
curve measured in millimetres or other units per unit time, termed also "slope value") can
be used. Under most normal circumstances these two measurements correlate well [255],
therefore, in this thesis, all aggregation was assessed by measuring AT values. A typical

calculation 1s outlined below.

ADP ADP ADP

| P |

ATCON’I’ROL

Figure 2.5-2 Determination of the degree of platelet aggregation.

For each platelet preparation the maximum amount of aggregation (ATy,y), the
threshold level of aggregation (ATconror) and the test levels of aggregation (AT gsr) were
measured (Figure 2.5-2). The AT,y value was regarded as 100 % aggregation. Thus, the
% aggregation of the control (% Aconmror) and test (%o Aqgs) samples can be calculated as

follows:

% Aconror = (ATcontror/ ATyax) x 100
% Agsr = (AT ger/ ATyay) x 100

The % inhibition (% Igy) and the % stimulation (% Sigsr) of test zersus control
samples can also be calculated:

% Lgsr = [1 - (Yo Argsr/ % Acontror)] x 100
% Stgst = [(Yo Aqgsr / %o Acontror) —1] x 100
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2.6 Use of RT-PCR to Identify Platelet ApoE Receptors.
Evidence that high quality RNA can be isolated from platelets has allowed molecular

biology techniques to be adapted to the study of platelet receptor expression [257].
Polymerase chain reaction (PCR) technology has been extensively used for the molecular
characterisation of mutations in patients with genetic disorders such as Glanzmann
thrombasthenia or Bernard-Soulier syndrome [257]. These studies have provided a
substantial amount of information about platelet function. Therefore, using this
technology it may be feasible to identify unknown platelet apoE receptors. As well as
using the residual RNA present in platelets, RNA isolated from the megakaryoblastic cell
lines, human erythroleukaemia (HEL) and Meg-01 can also be used as an indication of

platelet receptor expression [258-260).

2.6.1 PCR TECHNOLOGY.

Molecular biology relies on techniques that enable the detection or capture of
minute quantities of nucleic acids. The use of radioisotopes and, more recently, non-
radioactive alternatives provides methods to detect and track nucleic acids. The cloning of
nucleic acids into high copy number vectors allows amplification of DNA sequences in
living cells, providing a nearly unlimited source of these DNA molecules for further
manipulation. With the introduction of PCR [261], more sensitive levels of detection and
higher levels of amplification of specific sequences are achieved, and in less time compared

to previously used methods.

PCR is a relatively simple technique by which a DNA or cDNA template 1s
amplified many thousand- or a million-fold quickly and reliably. By amplifying just a small
portion of a nucleic acid target, that portion is effectively isolated from the rest of the
nucleic acid in the sample and generates sufficient material for subsequent experimental
analyses. The PCR process is exquisitely sensitive. While most biochemical analyses,
including nucleic acid detection with radioisotopes, require the input of significant
amounts of biological material, PCR requires very little. This feature makes the technique
extremely useful in detecting low copy number transcripts from the residual RNA/cDNA

that 1s 1solated from platelets.

2.6.1.1 Basic PCR Methodology.
As originally developed, the PCR process amplified short (approximately 100 — 500

bp) segments of a longer DNA molecule [261]. A typical amplification reaction includes
the sample of target DNA, a thermostable DNA polymerase, two oligonucleotide primers,

deoxynucleotide triphosphates (dNTPs), reaction buffer and magnesium.  The
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components of the reaction are mixed and the reaction is placed in a thermal cycler, which
is an automated instrument that takes the reaction through a series of different
temperatures for varying amounts of time. This series of temperature and time
adjustments is referred to as one cycle of amplification. Each PCR cycle theoretically
doubles the amount of targeted template sequence (amplicon) in the reaction. Ten cycles
theoretically multiply the amplicon by a factor of about one thousand and 20 cycles by a

factor of more than a million in a matter of hours (Figure 2.6-1).

Each cycle of PCR amplification consists of three steps: production of single-
stranded DNA templates, annealing the two oligonucleotide primers and synthesis of a
copy from each strand of template. These steps should be optimised for each template
and primer pair combination. The initial step is heating the target DNA to 95 °C or
higher for 15 s to 2 min. In this denaturation process, the two intertwined strands of
DNA separate from one another, producing the necessary single-stranded DNA template
for the thermostable polymerase. The next step of a cycle reduces the temperature to
approximately 40 - 70 °C, allowing the oligonucleotide primers to form stable associations
(anneal) with the separated target DNA strands and hence serve as primers for DNA
synthesis. This step usually lasts 30 - 60 s. Finally, the synthesis of new DNA begins when
the reaction temperature is raised to the optimum for the DNA polymerase; this
temperature is usually 72 °C. Extension of the primer by the polymerase lasts
approximately 1 - 2 min. This step completes one cycle, and the next cycle begins with a
return to 95 °C for denaturation. After 20 - 40 cycles, the amplified nucleic acid may then
be analysed for size, quantity, sequence etc., or used in further experimental procedures,

e.g. cloning.

2.6.1.2 RT-PCR.
The thermostable polymerases used in the basic PCR process require a DNA

template and, as such, the technique is limited to the analysis of DNA samples. Yet,
numerous instances exist in which the amplification of RNA from an organism would be
preferred. This is particularly true in analyses involving the cloning of cDNAs from rare
messages. In order to apply PCR methodology to the study of RNA, the RNA sample
must first be reverse transcribed to cDNA to provide the necessary DNA template for the
thermostable polymerase. This process is called “reverse transcription” (RT), hence the
name RT-PCR. Avian myeloblastosis virus (AMV) or Moloney murine leukaemia virus
(M-MLYV or MuLV) reverse transcriptases are generally used to produce a DNA copy of
the RNA template, using either random primers, an oligo(dT) primer or a sequence-

specific primer [261]. After this initial reverse transcription step, the procedure follows the
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temperature cycling steps of the basic PCR reaction, amplifying the target sequence as a

DNA molecule (Figure 2.6-1).

The quality and purity of the starting RNA template is crucial to the success of RT-
PCR. Either total RNA or mRNA can be used as the starting template, but both must be
intact and free of contaminating genomic DNA. The efficiency of the first strand
synthesis reaction, which can be related to the quality of the RNA template, will also

significantly influence the success of the subsequent amplification.

Oligo (dT) Primer 5’ o AAAAAAAAA 3° mRNA
First Strand Synthesis  3° - TTTTTTTTT 5 1st Strand cDNA
PCR ;
3 - 5 Unamplified
5 » 3’ cDNA
3 * 5
Denature and - <—m—
Anneal Primers 5, L > 3:
+ Cycle 1
3 - < — 5
Extend Primers -~
5 e Lt > 3’
3y < < 5
<« . |
Denature and -
Anneal Primers — »
‘——
5’ e ’ > 32
+ Cycle 2
3’ - < — 5
— '
Extend Primers - —
—
< ——
5’ — ; > 3’
‘ Cycles 3 to 40

Amplication of Short “Target” Product

Figure 2.6-1 Schematic diagram of the RT-PCR process
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2.6.2 TOTAL RNA EXTRACTION.

The guanidine isothiocyanate/phenol/chloroform technique for the isolation of
total RNA originally published by Chomczinski and Sacchi [262] has been adapted for the
extraction of total platelet RNA. RINA is extremely sensitive to RNases and extreme care
must be taken to prevent contamination. Therefore, gloves were worn for all
manipulations and disposable Rnase-free plastic-ware was used in preference to glassware.

All solutions were treated with diethylpyrocarbonate (DEPC) and autoclaved.

Total RNA was extracted from washed cells and tissue using the guanidine
isothiocyanate/phenol/chloroform  total RNA  isolation  reagent (Advanced
Biotechnologies Ltd, Surrey, UK). The washed cells/tissue were homogenised in the RNA
reagent (1 ml per 0.5 - 1 x 10 cells) by repetitive pipetting and were incubated for 5 min at
4 °C to permit the complete dissociation of nucleoprotein complexes. Next, 0.2 ml of
chloroform was added per 1 ml of RNA reagent, the samples were covered tightly and
shaken vigorously for 15 s. The samples were placed on ice at 4 °C for 5 min after which
the homogenate was centrifuged at 12000 g (4 °C) for 15 min. After the addition of
chloroform and centrifugation, the homogenate formed two phases; an organic lower
phase and an aqueous upper phase. The aqueous phase was transferred to a fresh tube,
without disturbing the interface. An equal volume of isopropanol was added and the
samples were incubated for 20 min on ice, followed by a centrifugation step of 12000 g (4
°C) for 20 min. The supernatant was removed and the RNA pellet washed twice with 75
% ethanol by vortexing and centrifugation for 5 min at 7500 g (4 °C). The RNA pellet was

dissolved in 20 pl of DEPC-treated water by vortexing for 1 minute.

To ensure complete removal of genomic DNA contamination, RNA samples were
treated with DNase I (30 U per 20 pl RNA in 40 mM Tris. HCl, 6 mM MgCl, pH 7.5) for
1 h at 37 °C. The samples were then made up to 200 pl with DEPC-treated water and
extracted using phenol/chloroform/isoamyl alcohol [262]. The amount of RNA isolated

was measured in a spectrophotometer and calculated using the following equation:
RNA isolated (ug/ml) = A, x dilution factor x 40 pg/ml.

2.6.3 REVERSE TRANSCRIPTION PROTOCOL.

One pg or Y of the total amount of RNA isolated from each cell type was
converted to cDNA with MuLV reverse transcriptase using the GeneAmp RNA PCR Kit
(Perkin Elmer Applied Biosystems, Warrington, UK).
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A master mix for reverse transcription was prepared by adding the reagents in the

order and proportions shown below to 0.2 ml thin-walled PCR tubes:

Component Volume Final Concentration
25 mM MgCI, Solution 4 ul 5 mM

10 x PCR Buffer II 2l 1x

DEPC Water 5.2 ul -

dATP (100 mM stock) 0.2 ul 1 mM
dGTP (100 mM stock) 0.2l 1 mM
dTTP (100 mM stock) 0.2l 1 mM
dCTP (100 mM stock) 0.2 ul 1 mM
RNase Inhibitor 1l 1U/ul
MuLV Reverse Transcriptase 1pl 25U0/ul
Oligo d(T)16 1l 2.5 pM
Total RNA extracted from cells or 5ul <1 pg total RNA
DEPC water control.

Total volume, including sample. 20 ul

Tube contents were covered with 20 pl light mineral oil and incubated in a Perkin

Elmer GeneAmp PCR System 9600 as follows:

Annealing Reverse Transcription | Denaturation of Enzyme Cooling

25 °C for 10 min 42 °C for 20 min 95 °C for 5 min 4 °C for 5 min

2.6.4 GENERAL PROTOCOL FOR PCR AMPLIFICATION.
One-quarter of the total amount of cDNA (5 ul) from each cell type was amplified
with the GeneAmp AmpliTaq Gold PCR DNA polymerase system (Perkin Elmer Applied

Biosystems) using the following protocol.

A master mix for amplification was prepared by adding the reagents in the order and

proportions shown below to 0.2 ml thin-walled PCR tubes:

82



Component Volume Final Concentration

GeneAmp 10 x PCR Buffer (containing 5ul 1x
15 mM MgCl,)
DEPC Water 255l --
dATP (10 mM stock) 1l 100 pM
dGTP (10 mM stock) 1wl 100 uM
dTTP (10 mM stock) 1ul 100 uM
dCTP (10 mM stock) 1l 100 pM
3’ Primer 5ul 1-10 uM
5’ Primer 5ul 1-10uM
cDNA from reverse transcription 5ul <1 pug total cDNA
AmpliTaq Gold 0.5 ul / with an 2.,5U / 20 cycles

additional 0.5 pl added

every 20 cycles

Total volume, including sample. 50 pl

Tube contents were covered with 20 ul light mineral oil and incubated in a Perkin
Elmer GeneAmp PCR System 9600. The incubation steps were optimised for each

template and primer pair combination.

2.6.5 AGAROSE GEL ELECTROPHORESIS.

The results of a PCR reaction may be conveniently analysed using agarose gel
electrophoresis, followed by staining the DNA with ethidium bromide and visualisation by
ultraviolet (UV) irradiation of the gel [263]. The following protocol describes a typical
minigel analysis. The minigel apparatus (Horizon minigel apparatus: Life Technologies,
Paisley, UK) was set up as recommended by the manufacturer. The required weight of
agarose (AquaPor LE GTAC agarose; National Diagnostics, Hull, UK) was added to the
approptiate amount of 1 x Tris borate EDTA (TBE) buffer (from a 10 x stock; National
Diagnostics). Table 2.6-1 outlines the separation ranges for typical gel concentrations.
The mixture was heated in a microwave oven until the agarose just dissolved (usually 2
min) with mixing at regular intervals. The solution was cooled to 50 — 60 °C and, after
adding ethidium bromide (0.5 pg/ml), was poured into the cast. The gel was allowed to
set for ~30 min at room temperature. The comb and blocks were removed and a
sufficient volume of 1 x TBE buffer containing ethidium bromide (0.5 pg/ml) was added
to just cover the surface of the gel. The PCR products were mixed 9:1 with 10 x loading
buffer (10 mM Tris.HCl, pH 7.5 containing 50 mM EDTA, 10 % Ficoll 400, 0.25 %
bromophenol blue and 0.25 % xylene cyanol FF) and loaded (10 - 20 pl) into the wells.
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The gel was run at a constant voltage of 150 V for ~30 min or until the dye front had
migrated 2 cm from the bottom of the gel. After electrophoresis, the gel was removed,

visualised and photographed on an UV lightbox.

DNA Size (bp) Gel Concéntration

100 - 3000 200 54
150 - 4000 U75 A4
200 - 5000 1.50%
300 - 8000 1.25 54
400 - 12000 1.00 54
1000 - 23000 0J5 54

Table 2.6-1 Separation ranges for typical agarose gel concentrations.

2.6.6 Exi RACriON OF DNA from Agarose Gels.

DNA bands of interest were extracted from the agarose gel using the QIAquick gel
extraction kit (Qaigen, Crawley, UK). Briefly, the DNA fragment was excised from the
agarose gel with a clean, sharp scalpel, weighed and 3 vol. of buffer QX1 was added to 1
vol. of gel slice (100 mg = 100 pi). For > 2 % agarose gels, 6 vol. of buffer QX1 was
added. The gel mixture was solubilized at 50 °C for 10 min (20 min > 2 % agarose gels),
mixed with 1 gel vol. of isopropanol, followed by 10 pi 3 M sodium acetate, pH 5.0. The
sample was centrifuged in a QIAquick spin column and for 1 min at 12000 g The flow-
through was discarded and the column was washed with 0.75 ml of buffer PE and
recentrifuged. The dry column was placed in a clean 1.5 ml microfuge tube and eluted by
adding 30 pi TE buffer (10 mM Tris.HCl, 1 mM EDTA, pH 8.0), letting this stand for 1
min and then centrifuging for 1 min. The purified DNA fragment was either used

immediately or stored at -20 °C.

2.6.7 Restriction Digestion of PCR Products.

Restriction enzymes, also known as restriction endonucleases, recognise and cut
specific DNA motifs of different lengths and base composition [264]. The typical
restriction enzyme site is an exact palindrome of 4, 5, 6, 7 or 8 bp with an axis of
rotational symmetr)® (e.g. the EcoRI recognition site is GAATTC). Six base cutters are
used for cloning into specific regions of plasmids in which a series of unique sites known
as polylinkers have been engineered. Most enzymes will not cut DN A methylated on one

or both strands of their recognition site.
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Ten pi of the PCR product was restriction digested using the following protocol. A
master mix for digestion was prepared by adding the reagents in the order and proportions

shown below to 0.2 ml thin-walled PCR tubes:

Component Volume
Nuclease-free water 5 pi
Appropriate restriction enzyme 10 x buffer 2 pi
Acetylated BSA (1 mg/ml) 2 pi
DNA sample (in TE buffer) 10 pi
Restriction enzyme, 2 U 1 pi
Final volume 20 pi

All enzymes with their appropriate buffers were supplied by Life Technologies. The
contents were mixed gently by pipetting and sedimented by brief centrifugation at 12000*.
'Phe tubes were then incubated at the optimum temperature for 1 h. Table 2.6-2 outlines
the reaction conditions for the enzymes used in this thesis. Next, 2 pi of 10 x gel loading

buffer was added and the samples were run on agarose gels as before {section 2.6.5).

Enzyme Cleavage Site Reaction Conditions
BamHI GGATCC REact3 buffer at 37 °C
EcoRI GAATTC RE* /2 buffer at 37 °C

Smal CCCGGG BJ2act4 buffer at 30 °C
Pstl CTGCAG REact2 buffer at 37 °C

Table 2.6-1 Restriction enzymes and reaction conditions

2.6.8 Cloning and Sequencing of PCR Products.
To prepare DNA for sequencing, the PCR products must be cloned into a suitable
plasmid vector and amplified using a suitable cell type (usually E£. Coli), where they are

replicated by the DN A synthesizing machinery of the host [265].

The ease with which a DNA fragment is cloned into a plasmid vector depends on
several factors. Cloning is considerably more successful when only one DN A fragment is
to be ligated into a vector. The compatibility of the ends of the vector and fragment is
also important. Efficient cloning occurs when the vector and insert DNA contain

complementary, overhanging ends; cloning is less efficient when both DNA fragments
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possess blunt ends. The highest cloning efficiency is generally achieved with DNA cleaved
by two different restriction enzymes that produce non-complementary overhangs. Since
the insert DNA can only be ligated into the vector in one otientation, this is referred to as

“directional cloning”.

Many different plasmid vectors are commercially available. These include general
purpose cloning vectors as well as vectors designed for specialised applications, such as
mutagenesis, protein expression and reporter gene studies. However, in most cases a
standard sequencing vector, pUC18 (Stratagene, Cambridge, UK), was used to transfect E.
Coli. ‘

2.6.8.1 Preparation of Vector and PCR Products for Ligation.

The 5' end of each PCR primer was designed with a restriction site to facilitate
cloning. The 5 primer contained a BamHI site and the 3’ primer contained an EcoRI site.
The whole PCR reaction mixture was electrophoresed on a 2 % agarose gel to identify
products. Unique bands were excised from the gel and cut with EcoRI and BamHI. This
mixture was again separated on a 2 % agarose gel and excised from the gel. Pre-digested
EcoRI and BamHI cut pUC18 vector was supplied by Dr. D. Vinogradov (RFHSM,
London, UK).

2.6.8.2 Ligation Reaction.
The following ligation reaction was set-up and incubated at 4 °C for 16 h:

Component Volume
pUC18 DNA 1 ul (100 ng)
Cut PCR product 16 W or 50 ng
T4 DNA ligase (Boehringer Mannheim, Lewes, UK) 1ul

10 x ligase buffer (Boehringer Mannheim) 2l
Nuclease-Free Water to a final volume 20 pl

Following ligation, the vector was transformed in competent E. Co/.

2.6.8.3_Transformation of Plasmid DNA in Competent E. Co/.
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When bacteria are treated with ice-cold solutions of CaCl, and then briefly heated, a
transient state of “competence” is induced during which the bacteria are able to take up

DNA derived from a variety of sources including recombinant vectors.

Procedure.

A 50 pl aliquot of competent cells (strain DH5a; supplied by Dr. D. Vinogradov)
was thawed on ice and mixed with 10 ng of DNA (approximately 2 ul of the ligation
reaction) by gently swirling the pipette tip. The cells were incubated on ice for 30 min,
then 42 °C for exactly 90 s and again on ice for 2 min. Next, 125 pl of LB medium was
added and the tubes incubated for 45 min at 37 °C with shaking at ~150 rpm. To select
the transformants, the contents of each tube were spread onto LB agar plates containing
100 pg/ml ampicillin, incubated at room temperature for 1 h and then incubated in a dry
37 °C incubator overnight. Since the pUC18 plasmid contains an ampicillin resistance
gene, only transformed cells will grow. Positive colonies were picked up and grown
overnight in a 50 ml tube containing 6 ml of LB broth containing 100 pg/ml ampicillin
with constant shaking (200 rpm) at 37 °C.

2.6.8.4 Analysis of Transformants and DNA Sequencing.

Recombinants obtained from cloning experiments were screened to identify clones
containing the PCR products of interest. Promega's Wizard Plus Minipreps DNA
purification columns were used to isolate pure plasmid from 3 ml of cells as outlined by
the manufacturer (Promega, Southampton, UK). Plasmid DNA was eluted in 50 pl of pre-
heated nuclease-free water (80 °C). The desired clones were identified by restriction

digestion and agarose gel analysis.

Clones containing the desited PCR products were prepared for automated
fluorescent sequencing by mixing 500 ng plasmid DNA with 32 pmol of either “-40
universal” or “M13 reverse” sequencing primers and made up to a final volume of 10 pl.
Sequencing was carried out commercially by Oswel DNA sequencing services

(Southampton, UK).

2.6.9 STATISTICS.

Values in text, tables and figures were expressed as the mean * SE.M. Statistical
differences between means were determined by Student’s rtest and considered significant if
P<0.05. All analyses were petformed using SigmaPlot for Windows (Jandel Scientific, Erkrath,

Germany).
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Chapter 3



3. CHARACTERISATION OF THE ANTI-AGGREGATORY
EFFECT OF “NATIVE” HDL-E PARTICLES AND PURIFIED
APOLIPOPROTEIN E.

3.1 Introduction.

As outlined in Chapter 1 (section 1.4), Desai et al. have previously demonstrated that
HDL particles enriched in apoE (HDL-E) are potent inhibitors of platelet aggregation [7,
235]. Chemically modifying the apolipoprotein constituents of HDL-E blocked its
inhibitory effect implying that the active agent was the apoE polypeptide itself [7]. Further
evidence implicating apoE. was obtained by studying the anti-platelet effects of abnormal
HDL isolated from a group of cirrhotic patients. Such HDL is known to contain high
numbers of apoE molecules [235, 246]. Cirrhotic HDL was found to have a powerful
anti-aggregatory effect which correlated closely with its apoE content (r=0.70, P<0.001)
but not with its apoA-I (r=-0.17) or apoA-II (r=0.23) contents [235]. Although these data
provide strong evidence for an anti-platelet role for HDL-E, there is an inherent
methodological problem with these studies. The authors isolated HDL-E by a standard
procedure involving an initial ultracentrifugation step to float the total HDL and then
heparin-Sepharose chromatography. Unfortunately, although highly purified HDL is
obtained by ultracentrifugation, the composition and integrity of the particles is known to
be affected by this procedure. Indeed, some of the apolipoprotein molecules, particularly
apoE, dissociate from the surface [266-268]. It is reasonable to assume therefore, that the
HDL-E used in these studies may not be representative of the “native” HDL present in
the circulation. In order to circumvent such apolipoprotein loss, immunoaffinity
chromatography, employing antibodies specific for individual apolipoproteins, has
previously been used to prepare lipoproteins directly from plasma [269, 270]. ‘This
procedure is considered to produce particles representative of “native” circulating
lipoproteins. Accordingly, in the first part of this chapter, I have isolated HDL-E particles
by chromatography on anti-apoE immunosorbent gels and analysed the anti-platelet

activity of this more physiologically relevant lipoprotein preparation.

In addition to being an integral component of HDL-E, apoE is also present as the
sole apolipoprotein on lipoprotein particles synthesized and released by macrophages
[116]. These phospholipid-containing particles appear important for facilitating local

cholesterol redistribution and reverse cholesterol transport. Macrophage-derived apoE
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may also restrict development of atherosclerotic lesions by paracrine actions [116], one of
which may reflect its ability to inhibit platelet aggregation at the locality of the lesion.
Indeed, Higashihara and colleagues in Tokyo have shown that synthetically produced
apoE/phospholipid complexes (apoE:DMPC) are potent inhibitors of platelet aggregation
in vitro [271]. However, many basic aspects of the apoE-induced inhibition of platelet
aggregation were not addressed in this report. Therefore, in the second part of this
chapter, my aim was not only to confirm the anti-platelet action of purified apoE:DMPC

preparations but also to further characterise the underlying mechanism.

3.2 Specialised Materials and Methods.

3.2.1 MATERIALS.

Monoclonal anti-apoE antibodies were purified from hybridoma cells provided as a
kind gift from Dr. R. W. James (Geneva, Switzerland). Human apoE-3 was purified from
the plasma of normal volunteers or from patients with primary biliary cirrhosis (PBC)
whose plasma apoE levels were determined to be > 10 mg/dl. Rabbit apoE was purified
from the plasma of cholesterol-fed animals. Recombinant apoE-3 was provided as a kind
gift from Dr. T. Vogel (Jerusalem, Israel). All other chemicals unless otherwise stated

were supplied by Sigma Chemical Co.

3.2.2 PREPARATION OF ANTI-APOE SEPHAROSE AFFINITY MATRIX.
CNBt-Sepharose 4B (1.7 g) was added to 50 ml of 1 mM HCI and agitated on an
orbital shaker for 15 min at room temperature to remove stabilisers and to swell the gel to
~5 ml. The gel was transferred to a sintered glass funnel and washed with 500 ml 1 mM
HCl. Ten mg of purified anti-apoE IgG (clone F5M1/C3) in coupling buffer (0.1 M
NaHCOQO,, 0.5 M NaCl, pH 8.3) was added (2 vol. antibody/1 vol. gel) and the mixture
incubated overnight at 4 °C on an orbital mixer. The supernatant was analysed for protein
(by measuring A,q) to confirm that the antibody had coupled to the matrix and then the
gel was washed with 500 ml of coupling buffer. Ethanolamine (1 M) was added to block
reactive sites left on the gel by incubation on an orbital mixer for 2 h at room temperature.
'The matrix was washed again with 500 ml of coupling buffer and then washed alternately
with 4 x 250 ml of coupling buffer and 4 x 250 ml of 0.1 M glycine, 0.5 M NaCl, pH 3.0.
The anti-apoE immunoaffinity matrix was then stored in coupling buffer containing 0.25

% sodium azide at 4 °C.
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3.2.3 HDL-E ISOLATION FROM PLASMA.

Blood was collected from either normal volunteers or patients with primary biliary
cirthosis (PBC) as outlined in section 2.2.2. The plasma obtained from each sample was
divided into equal parts, one being processed by immunoaffinity isolation of HDL-E and
the other by conventional heparin-Sepharose methodology. In each case, the maximum
amount of HDL-E was isolated from each sample and was expressed as mg HDL-E
protein/ml of plasma. The apoE content of each sample was assessed qualitatively by dot

blot analysis of 10 ug HDL-E (section 2.3.3).

3.2.3.1 Affinity Chromatography on Anti-ApoE-Sepharose.

One ml of plasma from either PBC patients or normal subjects was pre-treated to
remove apoB-containing lipoproteins (section 2.2.3.6) and incubated with the
immunoaffinity matrix overnight at 4 °C with gentle rotation. Following incubation, the
matrix was poured into a2 10 x 1.5 cm glass column, which was subsequently connected to
a Multirac fraction collector, model 2111, linked to a single channel chart recorder, model
2210 (LKB Instrumentation, Surrey, UK). The absorbance range of the UV recorder was
set at 0.1, the chart speed set at 1 mm/min and the fraction collector at a 30 drop
collection per tube (1.5 ml fractions). The affinity matrix was then extensively washed
with equilibration buffer (PBS, pH 7.4), until the A, returned to the baseline. The bound
fraction (HDL-E) was eluted with 0.1 M glycine, pH 3.0, into 50 pl of 1 M Tms, pH 9.0
which adjusts the pH to 7.0. The elute was then concentrated in a Centriflo CF25
membrane cone (7 ml, 25000 MW retention; Amicon, UK). Analysis of the elute by SDS-
PAGE confirmed that the apolipoprotein profile resembled that of HDL-E (results not

shown).

3.2.3.2 Heparin-Sepharose Purification of HDL-E.
Total HDL was also isolated from 1 ml of plasma by ultracentrifugation (section 2.2.3)

and then subfractionated by heparin-Sepharose affinity chromatography at 4 °C in a 10 x
1.5 cm glass column with 10 ml bed volume (Pharmacia). The heparin-Sepharose was
equilibrated with buffer 1 (50 mM NaCl, 5 mM Tris. HCI, 25 mM MnCl,, pH 7 4). Solid
MnCl, was added to the total HDL to give a final Mn®* concentration of 25 mM and this
mixture was then applied to the column via a peristaltic pump at a rate of 0.5 ml/min.
The unbound fraction (apoA rich HDL) was washed away with buffer 1 until the Ay,
returned to the baseline. The bound fraction (apoE rich HDL) was eluted with buffer 2
(95 mM NaCl, 5 mM Tris.HCl, pH 7.4) and the column was regenerated by sequential
washes of buffer 3 (600 mM NaCl, 5 mM Tris HCl, pH7.4) to remove additional material

(traces of Lp(a) or LDL) and then buffer 1 containing 0.02 % sodium azide but excluding
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MnCl,. The collected fractions were concentrated in Centriflo CF25 membrane cones as

before and stored at 4 °C.

3.24 APOE:DMPC COMPLEXES.
Pure apoE was incorporated into small, unilamellar vesicles of DMPC as outlined in
section 2.4.4. 'The apoE-liposome complexes were extensively dialysed against Tyrode's

buffer before use.

3.2.5 PREPARATION OF CHEMICALLY MODIFIED APOE:DMPC COMPLEXES.
Modification of the arginine residues of apoE was accomplished by established
procedures using cyclohexanedione [252]. Briefly, apoE:DMPC vesicles (1 mg protein in 1
ml saline) were mixed with 1 ml of 0.3 M 1,2-cyclohexanedione (CHD) in 0.1 M sodium
borate buffer (pH 8.1) and incubated at 37 °C for 2 h. The sample was then extensively
dialysed against Tyrode's buffer at 4 °C. The modified apoE:DMPC vesicles (CHD-
apoE:DMPC) were then filtered through a 0.45 um Millipore filter and used directly in the

subsequent aggregation experiments.

3.2.6 PLATELET AGGREGATION.

PRP (1 - 2 x 10° cells/ml) or washed platelet preparations (3 x 10° cells/ml) were
pre-incubated with Tyrode's buffer for the stated times and aggregation was initiated by
addition of increasing concentrations of ADP, adrenaline, collagen or thrombin at 37 °C in
a Payton dual-channel aggregometer fitted with 0.1 ml cuvettes. The minimum amount of
each agonist required to induce secondary aggregation within 3 min was determined; this
“threshold concentration” of agonist was used in subsequent experiments in which
Tyrode's buffer was replaced by increasing concentrations of the test samples (HDL-E,
apoE:DMPC, CHD-apoE:DMPC, free apoE or DMPC liposomes alone). Some variation
in the anti-aggregatory effects of apoE:DMPC was evident, presumably reflecting
differences in the particular platelets used or in the individual apoE:DMPC preparations,

but all experiments were repeated two or more times and were qualitatively reproducible.

3.2.7 ELECTRON MICROSCOPY.

Platelet samples were fixed in 3 % (v/v) glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4, containing 0.1 M sucrose. These samples were processed and analysed by
the electron microscopy unit at the Royal Free Hospital School of Medicine. Briefly, the
samples were dehydrated in a graded series of ethanol mixtures and critical point dried

before being coated in carbon and gold in an Ion Tech saddle field using an ion source
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sputter coater (Ion Tech, Teddington, UK). The platelets were then viewed ina Phillips

501 scanning electron microscope (Pye-Unicam, Cambridge, UK).

3.3 Results and Discussion.

3.3.1 EFFECTS OF NATIVE IMMUNOAFFINITY-ISOLATED HDL-E PARTICLES ON
PLATELET AGGREGATION.

HDL-E was isolated from normal plasma both by a conventional
ultracentrifugational method and by immunoaffinity chromatography. Subsequently, the
ability of each HDL-E preparation to inhibit platelet aggregation was assessed. Although
immunoaffinity chromatography removed significantly more HDL-E protein from normal
plasma than the conventional procedure (39 & 77 versus 8 & 12 pg/ml plasma, n=2), dot
blotting revealed that there was no difference in apoE content (mg/mg total protein)
between the two preparations (Figure 3.3-1 pane/ B). Consistent with this finding, both
populations of HDL-E particles had a similar ability to inhibit adrenaline-induced platelet
aggregation (Figure 3.3-1, pane/ A). Thus, this study confirms the findings of Desai et al.
[7, 235] and also demonstrates that “native” HDL-E particles, isolated by immunoaffinity

chromatography, are potent inhibitors of agonist-induced platelet aggregation.

Since important support for the anti-platelet effect of apoE was obtained from a
study using “abnormal” HDL-E isolated from patients with hepatic cirrhosis, I repeated
the above study with plasma obtained from jaundiced patients. In contrast to the studies
using normal HDL-E, cirrhotic HDL-E isolated by immunoaffinity chromatography
contained more apoE than that isolated conventionally (Figure 3.3-1, pane/ D). However,
both techniques removed similar quantities of HDL-E protein from plasma (22 & 36 versus
18 & 25 pg/ml plasma, n=2). This may be because some particles had more than one
apoE. molecule or because the grossly abnormal apolipoprotein and lipid composition of
cirthotic HDL [272-274] permits readier loss of apoE by ultracentrifugation. Accordingly,
the “native” HDL-E was a much more effective anti-platelet agent (Figure 3.3-1, pane/ C)
implying that isolation of cirrthotic HDL by ultracentrifugation may have under estimated
its biological potency. This suggests that the importance of plasma HDL-E as an
attenuator of platelet responsiveness in chronic liver disease [235], and hence its possible
contribution to the aetiology of variceal bleeding [235] should be reassessed. Such studies

are however, outside the scope of this thesis.
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Figure 3.3-1 Inhibition of adrenaline-induced platelet aggregation by HDL-E.

Panels A & Q washedplatelets (3 x 1(fIml) wen pn-hicubated with various concentrations of
immunoaffinity 1#/ or idtracentiifHgationlheparin-Sepharose isolated HDL-H /#) /or 30 } at 37 °C.
The extent of aggregation was measured 3 min after addition ofa pre-determined threshold concentration of
adrenaline (5 judl). Panels B & D, dot blot analysis of the HDL-E isolated by the two methods.
Briefly, 10jug of HDL-E was spotted onto nitrocellulose, which was in turn blocked and incubated with
1j 1000 dilution ofpolyclonal anti-apoE for 1 h. The blots were developed as outlined in section 2.3.3.3.
Panels A && B represent 11DL-E isolatedfrom normalplasma, whilepanels C cA D are [IDL-E from

cirrhoticplasma.
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3.3.2 INHIBITION OF PLATELET AGGREGATION BY APOE:DMPC.

Recently, Higashihara and colleagues reported that apoE:DMPC complexes were potent
inhibitors of collagen- and thrombin-induced aggregation in washed platelets [271]. However,
their incubation times with apoE:DMPC seemed prolonged (30 min) since Desai et al. have
shown that HDL-E potently inhibits ADP-, adrenaline- or collagen-induced aggregation with
only a 2 min pre-incubation [7]. Additionally, Higashihara et al. failed to examine the effects of
apoE:DMPC vesicles on aggregation induced by the so-called “weak” agonists, ADP and
adrenaline (see section 1.2.4.7). To clanify these methodological discrepancies, I re-examined the
time course for apoE-induced inhibition of aggregation and applied the appropriate time scale
to my experiments using a variety of agonists. ApoE:DMPC was found to be a rapid and
potent inhibitor of ADP-induced aggregation in both PRP and washed platelets (Figure 3.3-2
and Figure 3.3-3, pane/ A). However, there were clear differences between the two platelet
preparations.  Fifty g protein/ml of apoE:DMPC inhibited aggregation in washed
platelets after only a short incubation period (73.9 * 1.8 % inhibition with a 30 s pre-
incubation), while maximal inhibition (88.9 * 2.2 %) required a 2 min pre-incubation. In
contrast, apoE:DMPC inhibited PRP more slowly. Very little inhibition was observed
with a 30 s pre-incubation (9.3 * 2.2 % inhibition), but this rose to 62.5 £ 2.9 % with a 10
min pre-incubation. Based on these results, subsequent experiments with apoE:DMPC

used 30 s and 10 min pre-incubation periods for washed platelets and PRP, respectively.

3.3.3 APOE:DMPC INHIBITS PLATELET AGGREGATION INDUCED BY A VARIETY OF
AGONISTS.

When I pre-incubated washed platelets with apoE:DMPC for 30 s, I was able to confirm
the observation of Higashihara et al. that apoE:DMPC inhibited collagen-induced platelet
aggregation (Figure 3.3-3, pane/ C); similar findings were seen with adrenaline as an agonist
(Figure 3.3-3, panel B). However, in contrast to the findings of Higashihara et al., no inhibition
was observed when thrombin was used as the agonist (Figure 3.3-3, pane/ D), unless either very
high amounts of apoE were added (> 200 pg protein/ml) or the incubations were prolonged
(results not shown). A possible explanation of these discrepant results is discussed in Chapter 4 -
The Biochemical Basts for Inbibition of Platelet Aggregation by Apolipgprotein E.

3.3.4 EFFECTS OF FREE APOE, DMPC VESICLES AND APOE:DMPC COMPLEXES
ON ADP-INDUCED PLATELET AGGREGATION.
The biological activity of apoE is sensitive to its lipid environment;

aqueous solutions of apoE are unable to interact with the LDL-R [275]. Moreover, the
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Figure 3.3-2 Inhibition of ADP-induced aggregation by apoE:DMPC as a function
of time.

Washed plateiet (@) or PRP (B) preparations were pre-incubated with 50 pg protein/ ml
apoE:DMPC complexes at 37 °C for various times. The extent of aggregation was measured 3 min after
addition of a pre-determined threshold concentration of ADP (5-7 uM) and expressed as a percentage of controls
with buffer alone. Points are the mean percentage inhibition of aggregation (+ SEM) for three different

expenments.

apoE in the surfaces of VLDL and chylomicrons is inactive unless these lipoproteins are from
hypertriglyceridaemic subjects [276] or have undergone substantial lipolysis to form remnant
particles [277]. Similarly, free apoE in solution had no effect on ADP-induced aggregation
in both PRP and washed platelet preparations, although as before, it was a potent anti-
platelet agent when complexed with phospholipid (DMPC) vesicles (Figure 3.3-4). Indeed,
ADP-induced aggregation was inhibited in a dose-dependent manner by a physiological
range (10 - 50 pg protein/ml) of apoE:DMPC (79.3 £ 5.1 % inhibition at 50 ug
protein/ml apoE:DMPC, n=3, P<0.001 in washed platelets, [Figure 3.3-4, pane/ A and
57.6 £ 5.5 % inhibition at 50 pg protein/ml apoE:DMPC, n=3, P<0.001 in PRP, [Figure
3.3-4, pane/ B]). DMPC vesicles alone had no effect on aggregation. Presumably,
complexing the apoE polypeptide with DMPC allowed it to assume an appropriate
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orientation and conformation for biological activity [275]. Again, however, apoE:DMPC
was a less effective inhibitor of PRP preparations than washed platelets. This may be due
to a number of factors. Conceivably, the anti-platelet effect of apoE may have been
partially neutralised by components present in the citrated plasma.  Alternatively,
treatment of platelets with prostacyclin may have sensitized washed platelets to apoE-

induced effects, resulting in a higher degree of inhibition.
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Figure 3.3-3 Inhibition of agonist-induced platelet aggregation by apoE:DMPC

W ashed platelets (3 x 10°/ mi) were pre-incubated with various concentrations of apoE:DMPC for
30 s at 37 °C. The extent of aggregation was measured 3 min after addition of a pre-determined threshold
concentration of ADP (5 uM) (panel A), adrenaline (5 uM) (panel B), collagen (2 ug/ml) (panel
C) or thrombin (0.1 U/mi) (panel D). Al experiments were repeated two or more times and were
gualitatively reproducible. However, only single representative experiments are presented here.
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Figure 3.3-4 Inhibition of ADP-induced platelet aggregation by apoE:DMPC
Washed platelet (Panel A) or PRP (Panel B) preparations were pre-incubated with apoE:DMPC
(®), free apoE (M) or DMPC vesicles alone (M) for 30 s (washed platelets) or 10 min (PRP) at 37 °C. The
extent of aggregation was measured 3 min after addition gf a pre-determined threshold concentration of ADP (5-7
uM for washed platelets and 1-2 uM for PRP) and expressed as a percentage of controls with buffer alone.
Points for apoE:DMPC are the mean percentage inbibition of aggregation (£ SEM) for three different
preparations tested on three separate platelet suspensions; other points represent at least two independent
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3.3.5 EFFECTS OF APOE:DMPC ON PLATELET MORPHOLOGY.

To study the effects of apoE:DMPC on platelet morphology, PRP preparations in
the presence or absence of apoE:DMPC were examined under the scanning electron
microscope. The appearance of platelets without addition of agonist showed most of the
cells in an inactivated state. The platelets were in single cell suspension and displayed the
typical disc shape morphology (Figure 3.3-5, pane/ A). Addition of a threshold quantity of
ADP induced a shape change from discs to spheres with the formation of many
pseudopodia (Figure 3.3-5, panel/ B). Large clumps of aggregated platelets appeared, with
many cells displaying a loss of single cell identity, indicative of irreversible aggregation.
However, when PRP was pre-incubated with 50 pg protein/ml apoE:DMPC and then
stimulated with ADP, only small clumps of aggregated platelets were observed. Indeed,
many cells were not activated by the ADP and displayed a quiescent disc shape
morphology (Figure 3.3-5, pane/ C). These data confirm the results obtained from the
Born aggregometer and provide convincing evidence that apoE:DMPC is indeed a potent

inhibitor of platelet activation.

3.3.6 EFFECTS OF PURIFIED HUMAN P1.ASMA APOE, HUMAN RECOMBINANT
APOE AND RABBIT PLASMA APOE ON ADP-INDUCED PLATELET AGGREGATION.

The plasma concentration of human apoE is relatively low (30 - 60 mg/l), and
represents about 1 - 2 % of total apolipoproteins [89, 90, 278], and almost half of this can
be lost to the infranatant during conventional isolaton of lipoproteins by
ultracentrifugation [268]. This hampers the ready purification of large amounts of human
apoE from plasma. Commercially available recombinant sources of human apoE-3 have
helped alleviate this problem to certain degree. Unfortunately, this material is expensive,
thus prohibiting its use in large quantities. An alternative source of apoE is from
cholesterol-fed rabbits. Levels of apoE in cholesterol-fed animals can increase 10-fold
[247], potentially allowing readier isolation of large amounts of the pure polypeptide. The
primary structure of apoE has been determined in 10 species [89] and a high degree of
sequence conservation exists, particularly in the receptor-binding region. Rabbit apoE is
most homologous (~80 %) with human apoE-3 [89, 248], and it is suggested that the
physical and physiological properties of this polypeptide may be similar to the human
protein [248]. To determine whether these additional sources of apoE could be utilised to
help define the molecular basis of platelet-apoE. interactions, the anti-aggregatory effect of
recombinant human apoE-3:DMPC and rabbit apoE:DMPC were compared with that of
plasma purified human apoE-3:DMPC complexes.
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Figure 3.3-5 Scanning electron micrographs of PRP incubated in the presence or
absence of apoE:DMPC.

Sifspe?isions of PRP were incubated with buffer alone (panels A & B) or with 50 jugpwtein/ml
apoB:DINPC (panel C) for 10 min at 37 °G.  Three min after addition ofeither a saline control or apre-
determined threshold concentration ofAD P (1-2 fiA'l), the platelets werefixed in 3 % glutaraldehyde and
prieparedfor scanning electron microscopy.  The final magnification is x 5412. The white bar represents 10

um. The aggregation traces depict typical responses to the various treatments.
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As expected, all the apoR:DMPC preparations inhibited platelet aggregation to a
similar degree (plasma purified apoE-3; 69.8 £ 3.9 % versus human recombinant apoE-3;
72.5 £ 3.9 % versus rabbit apoE; 73.5 + 0.8 % inhibition at 50 pg protein/ml apoEiDMPC,
P>0.05, n=3. Figure 3.3-6). I hese results are consistent with the proposal that human and

rabbit apoFI have similar biological activities.
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Figure 3.3-6 Human plasma apoE-3, recombinant human apoE-3 and rabbit
plasma apoE all inhibit ADP-induced platelet aggregation.

plasma apoE-3, recombinant human apoE-3 or rabbit apoE complexed with DiMPCfor 30 s at 37 °C
and then thushold concentrations ofAD P added (5-7 juM). Agrégation measurements were carried out

in triplicate as describedin section 2.5.7.
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3.3.7 EFFECTS OF CHEMICALLY MODIFIED APOE:DMPC ON ADP-INDUCED
PLATELET AGGREGATION.

Selective chemical modification of the arginine residues of apoE by
cyclohexanedione (CHD) abolishes the ability of apoE to bind to its receptors [89, 252].
Recently, Desai et al. demonstrated that CHD-modified HDL-E was incapable of
inhibiting platelet aggregation. They also showed that CHD-modified HDL-E could not
bind to the platelet surface membrane [7]. In order to determine whether this effect was
mediated via apoE, I treated apoE:DMPC vesicles with CHD and assessed the anti-platelet
activity of these modified particles. In agreement with the results of Desai et al., CHD-
apoE:DMPC was an ineffective inhibitor of ADP-platelet aggregation compared to its
unmodified control (-2 £ 5 % versus 63 £ 4 % inhibition, respectively; P<0.001, Figure 3.3-
7). These data imply that both HDL-E and apoE:DMPC particles are bound by the same
specific receptor in the platelet membrane and that this receptor interacts with arginine
residues of apoE. Additionally, the benign nature of CHD-apoE:DMPC suggests that it
will be a good control in studies to characterise the molecular mechanisms for the apoE-
induced inhibition of aggregation. An in-depth analysis of these results can be found in
Chapter 5 — Molecular Characterisation of a Human Platelet Receptor that Binds Apolipoprotein E.

3.4 Conclusions.

The present study substantiates and expands on previous work implicating apoE as the
active anti-platelet constituent of HDL-E. Indeed, this study has provided clear evidence that
apoE, when complexed to phospholipid, is a potent inhibitor of agonist induced-platelet
aggregation. It has been reported that platelet activation increases the prevalence [279] and
incidence [280] of coronary heart disease and that macrophage produced
apoE/phospholipid vesicles are potent anti-atherogenic particles [116, 199, 200, 203]. The
intriguing possibility arises therefore, that inhibition of platelet activation by apoE may be
an important regulatory process in the progression of atherosclerosis. Obviously,
delineating the molecular basis for the anti-platelet effect of apoE is of fundamental
importance in understanding this unique role for apoE. To that end, the preliminary
observations outlined in this chapter have provided much of the experimental methodology
required for defining the underlying inhibitory mechanism. Thus, the incubation times
and doses of apoE:DMPC required for inhibition have been defined for both PRP and
washed platelet preparations; abundant sources of biologically active apoE have been
characterised; and a useful and benign control particle has been identified (CHD-
apoE:DMPC). In the following chapter, these molecular tools have been utilised to
further probe the anti-platelet effect of apoE.
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Figure 3.3-7 Failure of CHD-apoE:DMPC to inhibit ADP-induced platelet
aggregation.

Panel A, washedplatelets (3 x 1(f cellsI ml) were pre-incubated with CHD-apoE:DMPC or
apoE' ' DMPC (both 50  protein!ml) for 30 y and then threshold concentrations ofAD P added (5-7
juAd). The aggregation traces shown arefrom one representative experiment but were reproduced in two
independent assays. Panel B, washedplatelets were pre-incubated with apoE:DMPC () or CHD-
apoE.'"DAIPC (") for 30 j at 37 °C.  The extent of aggregation was measured 3 min cfter addition ofa
pre-deter’yined threshold concentration ofAD P (5-7 /uAl) and expressed as a percentage of controls with

buffer alone.  Points are the mean percentage inhibition of aggregation (= SEM) for three different
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Chapter 4



4. THE BIOCHEMICAL BASIS FOR INHIBITION OF PLATELET
AGGREGATION BY APOLIPOPROTEIN E

4.1 Introduction.

The experiments outlined in Chapter 3 gave convincing evidence that apoE:DMPC
complexes are potent inhibitors of ADP-induced platelet aggregation. However, very little
information was obtained concerning the molecular mechanism involved. In the initial
report by Higashihara and colleagues, the anti-platelet activity of apoE:DMPC on collagen- and
thrombin-induced aggregation was attributed to sequestration of cholesterol from the platelet
plasma membrane [271]. On first inspection, this proposal is attractive. Cholesterol-deficient
platelets are known to respond poorly to agonists [281]. Moreover, lipoprotein particles
containing only apoE (y-LpE) have recently been identified # #vo [107]. These particles
have been characterised as major contributors of the reverse cholesterol pathway, mainly
because they posses a strong capacity for removing cholesterol from the plasma
membrane of cells [107, 189, 190, 282]. However, this effect seems an unlikely explanation
for the inhibitory effect of apoE:DMPC on ADP-mediated aggregation since the platelet

responsiveness to this agonist is relatively unaffected by cholesterol depletion [281].

An alternative explanation is that the anti-platelet action of apoE is mediated through a
receptor-linked stimulation of platelet second messengers. Two important control elements
involved in the suppression of platelet activation are the cyclic nucleotides, cAMP and
cGMP, and agents that increase their intraplatelet levels, exert anti-aggregatory effects both
in vitro and in vive. For example, PGI, and adenosine limit platelet activation by raising
cAMP [58, 59], while NO and several other nitroso compounds have a similar restrictive
effect by increasing cGMP [283, 284]. In this chapter, I investigated whether the
inhibitory action of apoE:DMPC might reflect its ability to sequester cholesterol from the
platelet membrane, as well as its ability to stimulate cyclic nucleotide signalling within the

platelet.
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4.2 Specialised Materials and Methods.

4.2.1 MATERIALS.

NC-nitro-L-arginine methyl ester (L-NAME), N®-monomethyl-L-arginine (L-
NMMA), D-NMMA, S-nitroso-L-glutathione (GSNO) and 1H-[1,2,4]oxadiazolo[4,3-
aJquinoxalin-1-one (ODQ) were supplied by Alexis Corporation Ltd (Nottingham, UK).
3-isobutyl-1-methyl-xanthine (IBMX), diphenyleneiodonium chloride (DPI) and 2-ethyl-
isothiopseudourea (Ethyl-ITU) were obtained from Calbiochem-Novabiochem Ltd.
(Nottingham, UK). All other chemicals unless otherwise stated were supplied by Sigma
Chemical Co.

4.2.2 APOE:DMPC COMPLEXES.
ApoE:DMPC and CHD-apoE:DMPC were prepared as outlined in Chapter 3 and

were extensively dialysed against Tyrode's buffer before use.

4.2.3 PREPARATION OF [’H]CHOLESTEROL-LABELLED PLATELETS.

A PH]cholesterol-albumin emulsion was prepared as follows: a solution of 5 % HSA
(w/v) in phosphate buffered saline (PBS, pH 7.4) was heated at 56 °C for 30 min. The
solution was centrifuged (500 g for 15 min), 1 ml of supernatant was transferred into a
clean glass tube and its contents were weighed. Five pCi of ['H]cholesterol was transferred
into a clean tube and the storage solvent evaporated under nitrogen. The ["H]cholesterol
was redissolved in 100 pl acetone and added drop-wise into the vortexing HSA solution.
The tube was placed in a 20 °C water bath and the acetone evaporated under a stream of
nitrogen. The tube was vortexed after 10 min and 20 min. After 30 min the tube and
contents were reweighed and the amount of water lost was added back drop-wise whilst
vortexing. The [H]cholesterol-albumin emulsion was now ready to use. Platelets were
pelleted from PGI,-stabilised PRP, resuspended in the ["H]cholesterol-albumin emulsion
for 1 h and treated again with PGI, (300 nM). The mixture was then diluted 50-fold with
Tyrode's buffer, centrifuged at 750 g for 20 min and the platelet pellet resuspended in
buffer. The platelets were left to recover from the effects of PGI, and were used

immediately for cholesterol-depletion studies.

4.2.4 CHOLESTEROL REMOVAL STUDIES.
Aliquots of ["H]cholesterol-labelled platelet suspensions (600 wl, 3 x 10° cells/ml)
were incubated in the aggregometer with buffer, apoE:DMPC or CHD-apoE:DMPC at 37

°C. At defined time intervals up to 10 min, a portion (100 pl) was removed, rapidly
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centrifuged (12000 g for 30 s) and the [’H|cholesterol released into the supernatant (80 ul)
was measured by liquid scintillation counting. In addition, at zero-time an aliquot of the
total platelet suspension (100 pl) was dissolved in 1 M NaOH, neutralised and counted
similarly. The percentage cholesterol released into the supernatant was determined by the

following equation:
(dpm released into the supernatant/dpm in the total platelet suspension) x 100

4.2.,5 PLATELET AGGREGATION.

PRP or washed platelets (80 ul) were pre-incubated with Tyrode's buffer (20 pl) for
10 min or 30 s, respectively. Aggregation was initiated by addition of increasing
concentrations of ADP at 37 °C in a Payton dual-channel aggregometer fitted with 0.1 ml
cuvettes. The “threshold” concentration of ADP was determined (usually 3 — 7 uM) and
was used in subsequent expetiments in which the Tyrode's buffer was replaced by free
apoE, apoE:DMPC, CHD-apoE:DMPC, DMPC liposomes alone or GSNO at increasing
concentrations. In experiments using NOS inhibitors, PRP was pre-incubated for 10 min
at 20 °C with 300 uM of the chemical analogues of L-arginine, L-NMMA or L-NAME or
with 100 nM of haemoglobin. In the other inhibitory experiments, PRP was pre-
incubated with 100 nM DPI, 3 uM Ethyl-ITU or 10 uM methylene blue for 1 min at 37 °C
before addition of ADP. To examine effects of the SGC inhibitor, ODQ, washed
platelets (3 x 10°/ml) were pre-incubated at 20 °C with 100 nM ODQ for 30 min before
addition of either 200 nM GSNO or 50 pg protein/ml apoE:DMPC.

4.2.6 CycCLIC NUCLEOTIDE ASSAYS.

Intraplatelet cGMP and cAMP concentrations were measured in PRP with and
without 2 10 min pre-incubation at 20 °C with the PDE inhibitor, IBMX (1 mM).
Aggregation was terminated after 3 min by addition of 40 pl of 20 % (v/v) HCIO,. The
samples were then neutralised with 1.08 M K,PO, (80 pl), centrifuged (2000 g for 15 min at
4 °C) and after acetylation were assayed for cGMP and cAMP contents by commercial
radioimmunoassay kits (Amersham International plc, Buckinghamshire, UK). All samples
were corrected for the cGMP and cAMP content of PPP.

4.2.7 NO SYNTHASE ASSAYS.
A comprehensive review of all the methods outlined in this section can be found in

“Nitric Oxide in Health and Disease”’ [65].
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4.2.7.1 Nitrite/Nitrate Assay.

NO undergoes a series of reactions with several molecules present in biological

fluids. These include:

2*NO + O, 2>  2:NO,
2:NO, > N,O,+HO = NO,+NO,
*NO ++NO, =2 N,0,+H,0 -2 2NO,
NO + O, - NO;

The final products of NO degradation iz #ivo are nitrite (NO,) and nitrate (NOy).
The relative proportion of NO, and NO; is variable and cannot be predicted with
certainty. Thus, the best index of total NO production is the sum of both NO, and NO;.
These stable products can be detected using a discontinuous spectrophotometric assay. In
the first instance, NO, must be reduced to NO, using nitrate reductase (Aspergillus
species). Total NO, can then be directly detected by observing the magenta-coloured azo

dye that is formed from NO, and the Griess reagent.

Procedure.

NO, /NO; produced by the platelet was measured in PRP * 10 min pre-incubation
with apoE:DMPC (20 pg - 200 pg/ml, 20 °C). Aggregation was initiated with “threshold”
quantities of ADP. After 3 min, aggregation was terminated by a rapid centrifugation
(12000 g for 10 s). Eighty ul of the platelet supernatant was removed and total nitrate and
nitrite levels were measured using a commercial NO, /NO; assay kit (Alexis Corporation
Ltd, Nottingham, UK). Briefly, several dilutions of a NO; standard (NaNO;) were
prepared in 96-well plate. A typical standard curve in the range of 0 - 20 uM NO;, 1n a
final volume of 80 pl, was freshly prepared each time the assay was performed. The
triplicate unknown samples were transferred to a 96-well plate. To each well, 10 pl of the
supplied enzyme co-factor mixture was added, followed by 10 pl of the nitrate reductase
mixture. The plate was covered and incubated for 3 h, at room temperature. Fifty ul of
Griess reagent 1 (sulphanilamide) was then added, followed immediately by 50 pl of Griess
reagent 2 (N-(-1-Naphthyl)ethylenediamine). The colour was allowed to develop for 10
min at room temperature. The OD;,, was measured using a Titertek Multiskan MCC/340
plate reader. ODg,, versus concentration of standards was plotted and the unknown
samples determined from the standard curve. All samples were corrected for the NO,’

/NO; content of PPP.
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4.2.7.2 Haemoglobin Assay.

The haemoglobin assay is a simple, continuous assay based on the direct reaction of
NO and the oxygenated, ferrous form of haemoglobin (HbO,), which yields the ferric

form, methaemoglobin (metHb) and NO,". The reaction scheme is illustrated below:

Haemoglobin-Fe(I[)-O, + *NO — Haemoglobin-Fe(III) + NO,
The oxidation of HbQO, is stoichiometric with NO and occurs at a rate that is faster
than the reaction between molecular oxygen and NO. Consequently, the formation of
NO can be reported as the consumption of HbO,. The concentration of HbO, in a given

solution is calculated using the following equation:

[HbO,] (uM) = [1.013 (ODsy) - 0.3269 (ODjy,) - 0.7353(0ODyg)] x 10°

Procedure.

NO secreted into the supernatant was measured in washed platelets (final
concentration of 3 x 10° cells/ml), since plasma absorbs strongly in the 550 nm - 650 nm
range. Human A, ferrous HbO, was prepared in 100 mM HEPES (pH 7.5) as an 8 mg/ml
solution (~180 pM) and quickly frozen at -80 °C in small aliquots. The following assay

tubes were prepared:
Stock washed platelets (final concentration 3 x 10°/ml) 125 pl
Stock HbO, solution (final concentration 3.6 pM) 5ul
Tyrode’s buffer
or apoE:DMPC (final concentration 50 pg/ml) 100 pl

or GSNO (final concentration 2.5 uM)

A control tube containing only buffer and HbO , was also prepared.

Following 2 10 min incubation, at room temperature, Tyrode’s buffer + “threshold”
ADP were added to give a final volume of 250 ul. After 3 min, aggregation was terminated
by a rapid centrifugation (12000 g for 10 s). The platelet supernatant was then removed
and diluted to 1 ml in Tyrode’s buffer. The absorbance of each sample was measured at
560 nm, 576 nm and 630 nm and the concentration of HbO, consumed (relative to

control) was calculated.

109



4.2.7.3 The Citrulline Assay.

Measuring NOS activity by monitoring the stoichiometric conversion of L-arginine
to L-citrulline (and NO) is currently the standard assay for NOS activity in both crude and
purified enzyme preparations. The use of a radioactive substrate (L-[’H]arginine), allows
detection of pmol levels of conversion. The citrulline assay is a discontinuous assay that
uses a small cation-exchange resin to separate radiolabelled citrulline from argmine.
Before initiating the enzyme assay, it is essential to verify if the equilibrated resin
effectively retains the radioactive L-arginine substrate, otherwise a high blank value for the
liquid scintillation counting will greatly reduce the sensitivity of the assay. Greater than 95
% of the applied radioactivity should be retained by the resin. This represents a relatively
low blank value. If more than 5 % of the radioactivity flows through the resin, the L-
arginine must be purified before conducting the assay. Also, ['Hlarginine is prone to |

radiolytic decay and must be purified every 2 months.

Purification of L.-’H]Arginine.

A disposable spin column was packed with 0.5 ml of Dowex AG 50W-X8 (Na"
form) cation exchange resin which had been equilibrated in 50 mM HEPES, pH 5.5
containing 5 mM EDTA. One hundred uCi of L-[’H]arginine was applied to this resin
and the resin washed with 5 ml of distilled water. The pure L-[’H]arginine was eluted with
two 2 ml washes of 0.5 M ammonium chloride and then lyophilised. The L-[’H]arginine

was resuspended in 2 % (v/v) ethanol.

Intact Platelet Preparation.

Washed platelets were pelleted from PGI,-stabilised PRP, resuspended in 1 ml
Tyrode’s buffer containing L-[’H]arginine (7.25 nM; 0.1 pCi) for 1 h and treated again with
PGI, (300 nM). The mixture was then diluted 50-fold with Tyrode’s buffer, centrifuged at
750 g for 20 min and the platelet pellet resuspended in buffer. The platelets were left to
recover from the effects of PGI, and were used immediately for NOS measurements. The
platelets (3 x 10® cells/ml) were incubated for 10 min * apoE:DMPC liposomes (50 pg
protein/ml) in a final volume of 200 pl. They were then stimulated with a “threshold”
quantity of ADP for 3 min. The reaction was stopped with 1 ml of ice-cold NOS stop
buffer (50 mM HEPES, pH 5.5 containing 5 mM EDTA and 5 mM L-NAME) and then
centrifuged at 12000 rpm for 10 s. The supernatant was discarded and the pellet disrupted
by adding 800 pl of 20 % (v/v) HCIO,; the samples were then neutralised with 3 M K;PO,
(500 pl) and centrifuged (2000 g for 15 min at 4 °C). The supernatant was either directly

counted for total [’H] measurements or applied to a 2 ml column of Dowex AG 50W-X8
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(Na* form). The column was eluted with 2 x 3 ml water washes. The L-[’H]citrulline in
the eluate was measured by liquid scintillation counting. Non-enzymatic formation of L-
[PH]citrulline was controlled for by addition of the specific NOS inhibitor, L-NAME (1
mM), to a parallel set of tubes. The percentage conversion of L-[’HJarginine to L-

[’H]citrulline was calculated as follows:

(dpm eluted from resin/dpm in the total platelet suspension) x 100

Lysed Platelet Preparations.
Washed platelets (10° cells) were incubated with or without apoE:DMPC (50 pg

protein/3 x 10° cells) for 10 min at 37 °C in a final volume of 1 ml. The was reaction
stopped by addition of 100 pl of 10x homogenisation buffer (250 mM Tris. HCl, pH 7.4
containing 10 mM EDTA and 10 mM EGTA). The cells were pelleted in a microfuge for
30 s, resuspended in 75 ul of 1 x homogenisation buffer and lysed by two cycles of
freezing in liquid nitrogen and thawing on ice. NOS activity was measured by the
conversion of L-[’H]arginine to L-[’H]citrulline using the NOSdetect assay kit (Alexis) and
expressed as pmol/h/10° platelets. Briefly, 50 pul of platelet extract was incubated with 50
ul of substrate buffer (50 mM Tris.HCl, pH 7.4 containing 1 mM NADPH, 6 uM
tetrahydrobiopterin, 2 uM FAD, 2 uM FMN, 0.2 uM calmodulin, 1.2 mM CaCl, and 0.1
uCi L-['H]arginine) for 1 h at 37 °C. The reaction was terminated by addition of 400 pl
stop buffer (50 mM HEPES, pH 5.5 containing 5 mM EDTA) and 100 pl of cationic resin
(Dowex AF 50W-X8). The Ca** dependency of platelet NOS was determined in a parallel
set of experiments in which the CaCl, was omitted. The mixture was transferred to a spin
filter, micro-centrifuged for 30 s and the L-[’H]citrulline in the eluate was measured by
liquid scintillation counting. Non-enzymatic formation of L-[’H]citrulline was controlled

for by addition of 1 mM L-NAME to a parallel set of tubes.
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4.3 Results.

4.3.1 ABILITY OF APOE:DMPC TO REMOVE CHOLESTEROL FROM PLATELET
MEMBRANES.

Incubation of washed [’H]cholesterol-labelled platelets with apoE:DMPC (50 pg
protein/ml) or CHD-apoE:DMPC (50 ng protein/ml) released similar amounts of
cholesterol as a function of time. This corresponded to less than 1 % after my standard 30
s pre-incubation period and only about 2 % after a further 3 min when aggregation studies
would be completed (Figure 4.3-1, pane/ A). ADP-induced aggregation was initiated in
parallel incubations to monitor anti-platelet effects of apoE:DMPC (for the experiment, the
inhibition of aggregation was between 60 - 70 %). However, in agreement with Chapter 3,
CHD-apoE:DMPC was an ineffective inhibitor of platelet aggregation (-2 to 3 %
inhibition) compared to its unmodified control. Neither free apoE (100 pg protein/ml) nor
DMPC (375 pg phospholipid/ml) removed significant amounts of cholesterol from the
platelets compared to the apoE:DMPC complex (Figure 4.3-1, pane/ B). 'The above data

implies that an alternative mechanism to cholesterol sequestration exists.

4.3.2 EFFECTS OF APOE:DMPC ON INTRAPLATELET CGMP AND CAMP LEVELS.

Because attenuation of platelet responsiveness is frequently accomplished by
changes in intraplatelet cGMP or cAMP levels [32], I measured the influence of apoE on
these cyclic nucleotides during ADP-induced aggregation of PRP. The basal levels of
platelet cGMP and cAMP (3.7 + 1.1 and 11.7 £ 1.9 pmol/10’ platelets, respectively, Figure
4.3-2; panels A &» C) were not significantly altered by incubation with 50 pg protein/ml of
apoE:DMPC vesicles (1.9 £ 0.7 and 9.5 = 1.5 pmol/10’ platelets, respectively; Figure 4.3-
2, panels A & C). However, in the presence of threshold concentrations of ADP, the
same apoE:DMPC complexes produced marked dose-dependent increases in both cGMP
(33.9 + 3.2 versus 13.6 1.5 pmol/10° platelets at 50 pg protein/ml apoE:DMPC; P<0.001,
n=3; Figure 4.3-2, pane/ B) and cAMP (23.5 * 3.3 versus 7.4 £ 1.1 pmol/10° platelets at 50
ug protein/ml apoE:DMPC, P<0.001, n=3; Figure 4.3-2, pane/ D). These correlated with
the observed concomitant inhibition of aggregation after 3 min (r=0.85 for cGMP; Figure
4.3-3, panel A, and 0.81 for cAMP; Figure 4.3-3, pane/ B; both P<0.01, n=10). No
significant changes in cGMP levels were noted with CHD-apoE:DMPC, free apoE or
DMPC alone (Table 4.3-1).
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Figure 4.3-1 Release of cholesterol from platelet membranes by apoE:DMPC as a
function of time.

Panel A, [H]cholesterol-labelled platelet suspensions were incubated with 50 ug protein/ ml of
apoE:DMPC (@), CHD-gpoE:DMPC (W) or with buffer alone (A). Panel B, [H]cholesterol-
labelled platelet suspensions were inoubated with 100 g protein/ml apoE:DMPC (@), 375 ug
phospholipid| mi DMPC liposomes (B) or 100 ug protein/ ml free apoE (M). Results (mean £ SEM
of three separate experiments) are expressed as a percentage of the initial cell [H]cholesterol which was

released to the test acceptors in the media.
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Figure 4.3-2 ApoEiDMPC complexes increase intraplatelet cGMP and cAMP levels in
a dose-dependent manner but only in the presence of ADP.

PRP (2-3 X I(f cells! ml) was pre-incuhated mth 20 or 50 sugprotein!ml ofcpoEiDMPCfor 10
min at 20 °C.  The samples were transferred to an aggregometer (37 °C, 900 rpm). Bifet' (panels A & O
or ‘threshold” quantities ofADP (1-2 jjAl) (panels B& D) were added and cfier afurther 3 min
inmbation the platelets were immeaatef processedfor ¢cGMP and cAAIP measurements.  Results are

expressed as mean + SEM ofthree separate experiments. The dfference between the means (£ apoE) was

assessed  Student's t-test. *P<0.05, ***P<(.001.
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Sample 0 Rg/ml 50 iig/m1
apoEiDMPC 13.6 £ 1.54 24.0 £ 2.3*" 33.9 + 3.1*"
CIID-apoEiDMPC 16.3 £ 4.0 144 + 2.6
free apoE 19.7 £ 4.8 183 £ 5.3
DMPC alone 16.6 = 3.0 14.7 £ 3.3

Table 4.3-1 CHD-apoE:DMPC, free apoE or DMPC alone do not increase
intraplatelet cGMP levels.

PRP (2-3 X 1(f cells!ml) nm pre-irimbated with 0, 20 or 50 jigproteinjml ofapoE" DMPC, CHD-
apoE" DMPC andfree apoE or ndth DMPC micles (0, 75 or 187.5 jugphospholipid!ml) for 10 min ai 20
°C. The samples were transfened to an aggregometer (37 X) 900 rpm), ‘threshold™ quantities ofAD P (1-2
JuM) added and cfter afurther 3 min inashation theplatelets were immediatelyprocessedfor cGMP content.  The
results given as pmol cGMP!ICf platelets (+ SEM) with the difference between the means (= apoE)
assessed by Student's t-test. *** P<(.001.

4.3.3 E ffecis of IBMX ON ApoEiDMPC Treated Piatelets.

Levels of ¢cGMP and cAMP are controlled directly by the activities of their
synthesising enzymes, guanylate cyclase and adenylate cyclase, respectively, and catabolising
enzymes, cGMP and cAMP PDEs [52, 285]. When platelets were pre-incubated with the
general PDE inhibitor, IBMX (1 mM) [286], cAMP levels in the presence of ADP were
increased two-fold (14.8 + 3.0 versus 7.4 = 1.1 pmol/10" platelets; Eigure 4.5-4, panel B)
because of inhibition of platelet cAMP phosphodiesterase. Paradoxically, control levels of

¢GMP in the presence of ADP were diminished (2.6 + 1.1 versus 13.6 = 1.5 pmol/Uf

platelets; Figure 4.3-4, panel A). TImportantly, however, apoEiDMPC vesicles (50 |lg
protein/ml) still elicited a dose-dependent rise in ¢cGMP levels in the presence ot IBMX
(10.8 £ 0.8 versus 2.6 = 1.1 pmol/l10" platelets at S0 pg protein/ml apoEiDMPC; Figure
4.3-4, panel A). This indicated an apoE-induced increase in synthesis of this cyclic
nucleotide rather than a decrease in its catabolism. By contrast, IBMX abolished the rise
in cAMP (14.7 £ 3.4 versr/s 14.8 = 3.0 pmol/10~ platelets at 50 pg protein/ml apoEiDMPC;

Figure 4.5-4, panel B).
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Figure 4.3-3 ApoE:DMPC induced increases of intraplatelet cGMP and cAMP
levels correlate with the concomitant inhibition of aggregation.

PRP (2-3 x 107 cells/ ml) was pre-incubated with 0, 20 or 50 ug protein/ ml of apoE:DMPC for 10
min at 20 °C. _Aggregation was initiated by addition of “threshold” concentration of ADP (1-2 uM) at 37 °C
and allowed to proceed for 3 min at which point the platelets were immediately processed for <GMP (panel A)
and cAMP (panel B) measurements. Individual points were obtained from three separate experiments.
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Figure 4.3-4 In the presence of IBMX, apoEiDMPC vesicles still elicited a dose-
dependent rise in cGMP but not cAMP.

PRP (2-3 X 1(f cells!ml) v>aspre-incubated in the absence orpresence ofIBhPX (1 mM)for 10 min
and then incubated mth 20 or 50 jug pwteinj ml of apoP ' DMPCfor 10 min at 20 °C. Aggregation was
iZiitiated ™ addition of ' threshold” concentration ofA D P (1-2 juM) at 37 °C a?id allowed topwceedfor 3 min
at which point the platelets were immeadately pweessedfor cGMP (panel A) and cAMP (panel B)
measurements. Results are expressed as mean = SUM ofthree separate experiments. The afference between

the means (£ apoE) assessed by Stuants ttest. *** P<0.001. * P<0.05.
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4.3.4 EFFECTS OF THE NO DONOR, S-NITROSO-L-GLUTATHIONE, ON ADP
INDUCED PLATELET AGGREGATION.

NO, S-nitrosothiols, and other NO donors activate intraplatelet SGC [287, 288].
This results in increased cGMP concentrations and inhibition of platelet aggregation [287,
289]. S-Nitroso-L-Glutathione (GSNO), an S-nitrosothiol, has been shown to be an
extremely potent inhibitor of collagen-induced platelet aggregation [288]. However, no
data exists on the 7n uitro effects of GSNO on ADP-stimulated aggregation. When washed
platelets were pre-incubated for 30 s with GSNO, ADP stimulated aggregation was
inhibited in a dose dependent manner (Figure 4.3-5). Indeed, ADP-induced aggregation
was as sensitive to GSNO (IC, value of 128 * 28 nM) as that reported for collagen (IC,
value of 120 = 4 nM) [288]. This implies that both collagen- and ADP-induced platelet
aggregation are exquisitely sensitive to extracellular NO generation and thus intracellular
c¢GMP production.
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Figure 4.3-5 GSNO inhibits platelet aggregation in a dose dependent manner.

Alignots of washed platelets (3 x 10°/ml) were pre-incubated with various concentrations of
GSNO for 1 min at 37 °C.  The extent of aggregation was measured 3 min after addition of a pre-
determined threshold concentration of ADP (5-7 uM) and expressed as a percentage of controls with buffer
alone. Results are expressed as mean + SEM of three separate experiments. The 1Cs, was calculated

using Microcal Origin software.
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4.3.5 EFFECTS OF SOLUBLE GUANYLATE CYCLASE INHIBITORS ON APOE:DMPC
TREATED PLATELETS.

Further support for cGMP having a pre-eminent role was obtained by use of SGC
inhibitors. Methylene blue has been used as a selective inhibitor of SGC for a number of
years [290] and indeed this reagent effectively reversed the anti-platelet effect of 20 pg
protein/ml apoE:DMPC vesicles (Figure 4.3-6, panel/ A). However, this compound has
been reported to inhibit PGI, production [291], generate superoxide anions [292], and
directly inhibit NOS [293]. Recently, a more potent and specific inhibitor of SGC has
been described; 1H-[1,2,4Joxadiazolo[4,3-a]quinoxalin-1-one (ODQ) [283, 294]. This
reagent not only impaired the anti-platelet action of the NO donor, GSNO, but also
efficiently blocked the anti-aggregatory effect of 50 ug protein/ml apoE:DMPC vesicles
(7.5 £ 8.9 versus 68.7 £ 4.4 % inhibition; P<0.001, n=3; Figure 4.3-6, pane/ B). This agent
also blocked the apoE:DMPC- and GSNO-induced rise in intraplatelet cGMP levels

(Figure 4.3-7).

4.3.6 EFFECTS OF NOS INHIBITORS ON THE AGGREGATION OF APOE:DMPC
TREATED PLATELETS

One important cellular mechanism for up-regulation of cGMP 1is through
stimulation of NOS [295, 296]. This enzyme acts on L-arginine to produce NO, which
then activates heme-containing SGC, its physiological target [67, 297]. When I pre-
incubated platelets with L-NMMA or L-NAME, the chemical analogues of L-arginine and
competitive inhibitors of NOS [295, 296], the anti-platelet action of apoE:DMPC vesicles
was found to be essentially blocked (Figure 4.3-8, pane/ A). These inhibitory reactions
were enantiomer-specific since D-NMMA was ineffective. Moreover, two additional
inhibitors of NOS, Ethyl-ITU [298, 299] and DPI [300], also reversed the anti-platelet
effect of apoE (Figure 4.3-8, pane/ B) while having no discernible effect on platelet
aggregation themselves. Finally, haemoglobin, a competitor for NO binding to guanylate
cyclase [301], also suppressed the anti-aggregatory effect of apoE:DMPC (Figure 4.3-8,
panel A).
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Figure 4.3-6 SGC inhibitors prevent the anti-aggregatory action of apoEiDMPC
complexes.

Panel A, aliquots of PRP (2-3x 1(f cells! ml) werepre-incubated with 10 juAl methylene bluefor 10
min at 20 °C and thenfor afirther' 10 min with 20 fxgprotein!ml apoE:DMPC. The extent of agrégation
was measured 3 min cfter addition of a pre-detewnned threshold concentration ofAD P (1-2 fiM) and
expressed as a percentage of controls with buffer alone. Results are expressed as mean = SEM ofthree
separate experiments. Panel B, aliquots ofwashedplatelets (3 x 1(fj ml) werepre-incubated mth 100 nM
ODQfor 30 min at 20 °C and thenfor afurther 1 min at 37 °C with either buffer, apoE"DMPC (50 jug

proteinlml) o, as a positive control the NO donor, GSNO (200nM). The extent of aggregation was
measured 3 min after addition of a pre-determined threshold concentration of ADP (5-7 juM) and

expressed as a percentage of controls with buffer alone. Results are expressed as mean £+ SEM ofthree
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Figure 4.3-7 SGC inhibitors prevent cGMP increases induced by apoEiDMPC
complexes.

Aliquots ofwashedplatelets (3 x 1(f cells/ml) "sre pre-hicubated uith 100 uM ODQ for 30 min at
20 XL Thenfor afurther 1 min at 37 X3 mth either biffer, apoFxDMVC (50 /agproteinj ml) or, as apositm
control, the NO donor, GSNO (200nAl). Agrégation was initiated bg adétion of ‘threshold” concentration of
ADP (5-7 jjAi) at 37 °C and allowed to proceedfor 3 min at which point the platelets were immediate”

processedfor cGMP measurements. Kesults are expressed as mean = STM ofthree separate experiments.

4.3.7 STIMIIIJVTION OF PHATELET NOS ACTIVITY BYAPOEiIDMPC VESICLES.

4.3.7.1 Haemoglobin Assay

Incubation of freshly prepared HbOj with washed platelets (3 x 10® platelets/ml)
and GNSO produced the theoretical molar response curve (Figure 4.3-9, panel AS).
However, when the HbOz (3.6 pM) was pre-incubated with unstimulated, ADP-stimulated
or apoEiDMPC (50 pg/ml) treated platelets no significant differences in Hbs .
consumption were noted (Figure 4.3-9, panel B). Greater than 35 % of the HbOj was
consumed in all the preparations tested. However, this was regarded as being non-specific

to NOS activity since addition of L-NMMA (1 mM) had no effect.
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Figure 4.3-8 NOS inhibitors prevent the anti-aggregatory action of apoE:DMPC
complexes.

Panel A, aliquots of PRP (2-3 x 1(f cells! ml) were pre-incubated mth 300 NiM L-NAME, L-

NMA4A4, D-NMMA or 100 nM haemoglobin (Hb)for 10 min at 20 °C and then for afurther 10 min with
"E;DMPC % da/tiz » A A

determined threshold concentration ofA D P (1-2 /uM) and expressed as apercentage ofcontrols with buffer

alone. Results are expressed as mean + SEM ofthree separate experiments. Panel B, aliquots ofPRP

(2-3X I(fcellsiml)  pre-incubatedmth 20 jig proteinj mlcpoE:DMPCfor 9 min at 20 °C and thenfor a

further 1 min at 37 °C uith 100 nM DPI or 3 juM Ethyl-ITU. Aggregation measurements were carvied out

as before and results are expressed as the mean + SEAI ofthree independent experiments.
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Figure 4.3-9 Consumption of HbOg by platelets.

Panel A, Aliquots of “washed platelet suspensions (600 fil, 3 x 1(f cells!ml) were incubated in
the apgregometer with 3.6 fiM HbO:2 and 5 juM GSNO at 37 °C. A t defined time intervals up to 10
min, aportion (100 jal) was removed, rapidly centrifuged (12000 gfor 30 s) and the amount of HbO:?
consumed calculated.  Panel B, Aliquots ofplatelet suspensions (100 fil, 3 x 1(f cellslml) were
incubated at 20 °C with 3.6 juM HbO: and either buffer, apoE:DMPC (50 jag protein!/ml), L-
NMAIA (1 mAl) or GSNO (2.5 fidl)for 10 min. The samples were transferred to an aggregometer (37
°C 900 1pm) where ‘threshold” quantities ofA D P were added (5-7 fidl). After afurther' 3 min incubation,
aggregation was terminated by a rapid centrifugation (12000 g for 10 s) and the amount of HbO:?

consumed was calculated.  Also, adational control tubes in which A D P was omitted wereprepared
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4.3.V.2 Nitrite/Nitrate Assay.

VCTien PRP (2 x 10® platelets/ml) was pre-incubated for 10 min with increasing
quantities of apoE:DMPC, no significant increase in the NOj /N O content of PRP was
noted (Figure 4.3-10). Additionally, no significant differences were noted between the
NO:/NOs PPP content and that of the aggregating PRP in the absence of apoEiDMPC
(2.79 = 0.03 pM versus 3.49 £ 0.75 pM respectively, P>0.05).

0 50 100 200
Concentration of ApoErDMPC (pg protein/ml)

Figure 4.3-10 Production of NOg /N O 3 by platelets.

The NO2/NOJ pwduced by platelets was measured in PRP + 10 min pre-incubation with
apoE:DMPC (20 fig - 200 fig protein!ml, 20 °C). Aggregation was initiated with ‘threshold"
quantities of A DP (1-2 fiM). After 3 min, aggregation was terminated by a rapid centrifugation
(12000gfor 10 s). Eighty fil ofthe platelet supernatant was removed and total N O | and NOj levels
wen measured using a commercial NO2 (N O . assay kit. Results an expnssed as the mean + SEM of

thne independent experiments. A 11 samples wen correctedfor the NO2/N O] content of PPP.
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4.3.7.3 The Citrulline Assay.
Intact Platelet Preparation.
No signiticant increase in enzyme activity could be detected in unstimulated, ADP-

stimulated or apoE:DMPC (50 pg protein/ml) treated platelets (Table 4.3-2).

Platelet Treatment 3 i“pH]ai0#Ke ConveMon ( %)

Unstimulated 1.79 £0.04
ADP Stimulated 1.68 + 0.04
ApoE:DMPC + ADP 1.73 + 0.06
L-NAME 4 ADP 1.65 £0.03

Table 4.3-2 Conversion of L-[*"H] arginine to L-[*H] citrulline in intact platelet
preparations.

L-fH]ar"i?iine-labelled washedplatelets (3 x 1(f cells!ml) were incubatedfor 10 min with buffer,
apoE:DMPC liposomes (50 jig proteinj ml) or L-NAAIE (1 mAi). The sanpks were tranferred to an
aggregometer (37 °C, 900 pm). Buffer or ‘threshold” quantities ofAD P (5-7 fjAi) were added and afier a

further 3 min inmbation, the samples wereprocessedfor L - f HJcitnslline measurements as outlined in section

4.2.7.3. Results are expressed as the mean + SE Ai ofthree independent experiments.

Lysed Platelet Preparations.

The basal rate of L-[*H]citrulline formation in platelet lysates, in the presence of all
essential co-factors was 0.18 £ 0.03 pmol/h/10* platelets. In the absence of Ca*" the
formation of L-[*14]citrulline was not detectable. When platelets were incubated with
apoE:DMPC vesicles for 10 min, the activity of NOS was markedly increased as judged by
the 4-fold increase in conversion of L-[*I I]arginine to L-[*H]citrulline (0.71 = 0.17 pmol/h
/10" apoE:DMPC-treated platelets; P<0.05, n=4). Addition of L-NAME (1 mM) negated

any such increase (Figure 4.3-11).
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Figure 4.3-11 ApoErDMPC complexes increase intraplatelet NO synthase activity in
lysed platelet preparations.

Washed platelets (ICf cells) mre incubated with or without apoE-DMPC vesicles (50 jug
protein!3 x 1(f cells)for 10 min at 37 °C in afinal volume of 1 ml and cell lysates were prepared as
describedin section 4.2.7.3. NOS activity was assessed by measuring the conversion of E-fH]arginine to
L-fH]citrulline in the absence andpresence ofthe specific inhibitor L-NAME (I mM) and CaCp (1.2
mM) using the N O Sdetect assay kit. Results are expressed aspicomoles ofE-fEfcitndline producedper
hper 1 (fplatelets and are correctedfor non-enrp”maticproduction ofE-fH Jdtmlline; values are the means

+ SEM ofat least three independent experiments.
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4.4 Discussion

4.4.1 CHOLESTEROL REMOVAL STUDIES.

Recently, Higashihara and colleagues reported that apoE:DMPC complexes inhibit
collagen- or thrombin-induced aggregation, apparently by avidly sequestering cholesterol
from platelet plasma membranes [271]. Cholesterol-deficient platelets are known to
respond poorly to agonists, in part because phospholipase-mediated release of
arachidonate from membrane phospholipids, and its conversion to pro-aggregatory
thromboxane A,, i1s impaired [281, 302, 303]. However, several reasons suggest that
sequestration of platelet cholesterol is an unlikely explanation for our findings with ADP
as agonist. Thus, our pre-incubations with apoE:DMPC were much shorter (30 s zersus 30
min) and the small amount of cholesterol released (<1 % wersus 10 %) would seem
insufficient to cause the concomitant marked inhibition of aggregation observed (typically
60 - 70 %). Indeed, ADP-induced aggregation is relatively unaffected by membrane
cholesterol depletion; platelets with 20 % less cholesterol retain a normal sensitivity to
ADP [281]. Moreover, Desai et al. [235] and I (Chapter 3, Figure 3.3-1) have previously
shown that HDL-E from cirrhotic plasma is a highly potent inhibitor of platelet
aggregation; such HDL is enriched in free cholesterol [273] and would tend to donate
rather than remove cholesterol from the platelet plasma membrane [273, 304, 305].
Finally, I provided direct evidence that cholesterol removal was implausible by use of
chemically modified apoE; CHD-apoE:DMPC was unable to suppress platelet aggregation
but still removed the same amount of platelet cholesterol as inhibitory apoE:DMPC.
Interestingly, and in contrast to the report of Higashihara et al. [271], I found human
apoE:DMPC complexes to be ineffective inhibitors of thrombin induced platelet aggregation
during the 30 s time scale studied (Chapter 3, Figure 3.3-3). However, these discrepant results
could be explained by the orginal hypothesis of Higashihara et al. 'Their prolonged pre-
incubation period with apoE:DMPC (30 min), removed 10 % of the platelet membrane
cholesterol. Since the thrombin receptor in the platelet surface membrane is known to be
sensitive to cholesterol depletion and decreased membrane microviscosity [306], this may

explain why apoE was able to inhibit thrombin-induced aggregation in their study.

4.42 APOE:DMPC STIMULATES INTRAPLATELET CGMP PRODUCTION.

As outlined in section 1.2.5, calcium is central to the control of platelet reactivity,
interacting with diverse second messengers through a myriad of complex, but tightly regulated,
signalling pathways. Two important control elements involved in the suppression of Ca*
mobilisation and hence, platelet activation are the cyclic nucleotides, cAMP and cGMP. 1
found that apoFE induced increases in both cGMP and cAMP. Nevertheless, additional
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experiments implicated a stimulation of guanylate cyclase activity and a rise in cGMP as
prerequisites for the anti-platelet action of apoE. Thus, inhibitors of SGC; methylene blue
and more importantly ODQ, which has greater selectivity [283, 294], were able to reverse
the anti-aggregatory action of apoE. Inhibition by ODQ also blocked the apoE:DMPC-
induced rise in cGMP. Similarly, studies with the general PDE inhibitor, IBMX supported
a primary role for cGMP, since this reagent abolished the apoE:DMPC induced rise in
cAMP but not the dose-dependent increase in cGMP. Interestingly, these findings were
consistent with second messenger “cross-talk” [32], namely that the increase in cGMP
invoked by apoE in the absence of IBMX had inhibited cAMP PDE III [86, 307, 308],

permitting cAMP levels to rise.

4.4.3 INDIRECT EVIDENCE FOR AN APOE:DMPC STIMULATION OF PLATELET
NOS.

The involvement of platelet NOS in mediating the anti-aggregatory action of apoE
was suggested by several lines of indirect experimental evidence. Thus, NOS inhibitors of
distinct structural and functional types, the amino acid analogues of L-arginine, L-NMMA
and L-NAME, a non-amino acid analogue, Ethyl-ITU and the flavoprotein inhibitor, DPI,
all reversed the anti-platelet action of apoE. These chemicals inhibit cellular production of
NO by binding to NOS to displace either L-arginine or, in the case of DPI, essential
cofactors [300]. Because all these reagents were used at concentrations close to their
quoted ICs, values for specific NOS inhibition, it seems unlikely that they will be acting via
diverse NO-independent mechanisms to block the apoE:DMPC effects. Furthermore,
haemoglobin, which strongly inhibits the actions of NO on guanylate cyclase by forming a
haemoglobin-NO adduct, was found to suppress the anti-platelet action of apoE. As
haemoglobin does not penetrate platelets [309], this implies that apoE generated sufficient
NO for secretion too occur. Presumably, this secreted NO functions in a paracrine
manner thus, sustaining the dampening influence on platelet activation. Indeed, it has
recently been demonstrated that endogenously produced platelet NO is a potent inhibitor

of platelet recruitment as well as aggregation [310].

4.4.4 DIRECT EVIDENCE FOR AN APOE:DMPC STIMULATION OF PLATELET NOS.
4.4.4.1 Background.

Evidence of a direct involvement of platelet NOS was more difficult to obtain since
platelet NOS activity is known to be low compared with other cell types [311]. Indeed,
before any effects of apoE:DMPC could be evaluated, an accurate and sensitive assay of platelet

NOS activity had to be developed.
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To date, there have been at least 13 reports of intraplatelet NOS activity
measurements in humans [296, 310, 312-322]. Activity was evaluated by a variety of
techniques including: highly specialised (non-commercial) porphrynic microsensors [310,
312, 313], the haemoglobin assay [314, 296], the nitrite/nitrate assay [315, 316] and the
citrulline assay [315, 317-322]. However, many discrepant results were reported
concerning: whether NO is released spontaneously by unstimulated platelets; the absolute
amounts of NO produced by stimulated platelets (estimates range from fmol to nmol
NO/10° platelets); and the number of platelets required for reliable detection (ranging

from 1 x 10" to 2 x 10" platelets/assay tube).

These discrepancies may not only reflect differences in methodology, but also in the
platelet populations studied. Platelets are formed by fragmentation of the cytoplasm of
megakaryocytes [8, 11, 12, 323, 324]. Recently, megakaryocytes have been identified as
containing at least two forms of NOS [325-329]. One is the Ca**-dependent, constitutive,
low activity, endothelial enzyme, eNOS. The other is the Ca®" independent, cytokine-
inducible, high activity enzyme, iNOS, which requires de-nowo protein synthesis for
expression (see sectzon 1.2.6.2). In human platelets some authors report the presence both
eNOS and iINOS [318, 329, 330] others, however, find only eNOS [296, 320, 331]. Indeed,
of the 13 reports, five describe high basal activity without agonist stimulation (indicative of
INOS activity) [314-316, 318, 322], while five report a strict dependency on agonist
stimulation and a relatively low activity (classical markers of eNOS activity) [296, 312, 313,
317, 320]. ‘Three reports do not comment on NOS characteristics [321, 310, 319].
Platelets are anucleated and thus have only a limited residual capacity for synthesizing
proteins [8, 11, 12, 323, 324]. It is likely, therefore, that both platelet NO synthases are
synthesized at the level of the megakaryocyte and are acquired by platelets during their
formation. This raises the possibility that platelets prepared from volunteers with
endotoxemia or other cytokine-related conditions [328], would contain both iNOS and
eNOS isoforms and hence have a relatively high basal enzyme activity. In the studies
outlined in this thesis most platelets preparations were obtained from young (age 19 - 32
years), healthy individuals. From the current literature, it was difficult to predict the level
of NOS activity in my platelet population. Accordingly, I examined platelet NOS activity
using three distinct assays each offering a differing degree of sensitivity: the haemoglobin

assay, the nitrite/nitrate assay and the citrulline assay.

129



4.4.4.2 NOS Assays.
HbO, awvidly binds NO to form metHb and this reaction can be monitored

spectrophotometrically by following the consumption of HbO,. The technique was
readily established and incubation of freshly prepared HbO, with platelets and the NO
donor, GNSO, produced the theoretical molar response curve. However, even with a
reported sensitivity of 2 nM [314, 332], no changes in absorbance were seen when HbO,
was added to my platelet system with and without apoE. This indicated that insufficient
NO was secreted for detection by this assay. Similarly, attempts to measure the amount of
NO, and NO;, the solution decomposition products of NO, were unsuccessful because
insufficient NO was formed. Using this method, the sensitivity of this assay is reported to
have a detection limit of 2.5 uM [333], well beyond the range of NO detection reported
for platelet eNOS activity [296, 312, 313, 317, 320]. Modifications of the Griess reaction,
using fluorescent probes [2,3-diaminonaphthalene (DAN) assay] [334] and free radical
scavenger molecules (carboxy PTIO) [335] can increase the sensitivity of this assay to 10
nM. However, results from the HbO, experiments suggest that even this level of
sensitivity would be insufficient to produce meaningful NOS observations in my platelet

preparations.

In principle, the third technique to quantify platelet NOS activity, the conversion of
L-PHjarginine to L-[H]citrulline plus NO, should not lack sensitivity because the
radioactive substrate is available with high specific activity and several uCi can be added
per assay [336]. However, NOS measurements using this method on intact platelets
proved unsuccessful. This was probably due to a combination of insufficient platelets for
a strong signal (1 x 10° platelets/assay tube), a low level of L-[’H]arginine uptake into the

platelet and a subsequent dilution of label by intracellular stores of arginine.

Indeed, I was only able to demonstrate involvement of the L-arginine: NO pathway
in mediating the anti-platelet effects of apoE:DMPC by utilising a lysed platelet citrulline
assay. Measurement of platelet NOS activity used very large numbers of lysed platelets (10°
cells per assay tube), with the cofactors required for optimal activity added into the assay
“cocktail”. Under these conditions, lysates from platelets pre-treated with apoE:DMPC had a
4-fold increased ability to convert L-[’H]arginine to L-[’H]citrulline, which could be abolished
in the presence of L-NAME. In addition, the formation of L-[H]citrulline was entirely
dependent on the presence of Ca*". It is therefore likely that my platelet populations
contain only eNOS. Indeed, this is in good agreement with my intraplatelet cGMP data;
platelets had a very low cGMP content that was only up regulated in the presence of

agonist. Platelet eNOS requires Ca**-calmodulin for activation and presumably, an agonist
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is needed to supply the initial burst of Ca®* needed for such up-regulation [296].
Intriguingly, this may explain the paradoxical results obtained using IBMX to inhibit
platelet PDEs. Basal cAMP levels were increased two-fold because of inhibition of platelet
cAMP PDE. However, control levels of cGMP were diminished. Presumably, this was
because the rise in cAMP restricted Ca®* mobilisation. Since platelet eNOS, requires
activation by Ca®’, the reductions in Ca® flux would limit NO release and hence

production of cGMP [32, 295, 296].

Although, only relatively low levels of NO could be detected in my system
(fmol/h/10° platelets), this observation is not contradictory to a pre-eminent role of
eNOS in apoE:DMPC-induced inhibitton. Thus, I have shown that platelets are
exquisitely sensitive to NO with even a very small increase in the extracellular supply of
NO having dramatic effects (only 40 pmol GSNO per 10° platelets inhibits platelet
aggregation by 50 %). Presumably intracellular NO production would be even more

potent.

After my preliminarily experiments implicating the L-arginine:NO pathway as the
anti-platelet mechanism of apoE:DMPC were underway, a report was published indicating
that total HDL decreases platelet function by the same pathway [316]. Although these
results provide compelling support for my observations using apoE:DMPC, there are a
number of important differences between our reports. Firstly, the authors showed an
impressive basal production of platelet NO without agonist stimulation. This activity
could be detected by both the citrulline and nitrite/nitrate assay indicating the presence of
INOS activity. Indeed, the same authors have recently published two reports identifying
both iINOS and eNOS in their platelet population [318, 330]. This basal iINOS activity
could be upregulated in the presence of HDL. Secondly, the authors used thrombin as their
agonist of choice during the entire study. However, it is thought that eNOS is not activated
during platelet aggregation induced by this agonist [295, 313]. Indeed, although the reasons for
this effect are obscure, my observation that apoE:DMPC does not inhibit thrombin-stimulated
aggregation are in agreement with this finding. Interestingly, these authors report that control
levels of NOS activity are not stimulated by thrombin. However, NOS activity in the presence
of thrombin and HDL is greatly enhanced. These studies indicate that HDL in conjunction
with thrombin could possibly modify platelet iNOS activity by some unknown mechanism.
Since my platelet population did not contain iNOS, the effects of apoE:DMPC on iNOS
activity could not be evaluated. However, human macrophages have recently been
demonstrated to over-produce NO in response to apoE [337]. Since these cells express an

abundance of iNOS, an apoE-iNOS link is highly probable. However, these authors did
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not investigate the mechanism of action of apoE on iNOS activity, therefore it is unclear
whether the effect was due to an increase in gene expression or by post translational

modification/phosphorylation.

4.4.5 CONCLUSIONS.

In summary, as indicated in Figure 4.4-1, I believe that my findings provide clear
evidence for the L-arginine:NO signal transduction pathway as the mechanism by which
apoE exerts its anti-platelet effect. Less clear, however, are the initial steps to activate this
pathway. The ability of HDL-E [7] and apoE:DMPC [271] complexes to be bound by
platelets in a saturable manner suggests that a distinctive apoE receptor may be present in
the platelet surface membrane, a proposal consistent with the benign action of CHD-
apoE:DMPC. Platelet eNOS activity could be up regulated, in lysed isolated platelets
supplemented with its essential cofactors. This indicates that apoE does not increase
arginine uptake into the platelet [338, 339] since there is no extracellular arginine in washed
platelet suspensions. It also implies that apoE activates the enzyme by a mechanism
independent of the availability of cofactors. Furthermore, apoE:DMPC failed to stimulate
cGMP production in the absence of an agonist. This indicates that apoE:DMPC cannot
directly activate platelet eNOS. This raises the intriguing possibility that occupation of
specific receptors by apoE may “prime” platelets to help attenuate eNOS activation when
challenged by agonists or other agents. However, the mechanisms that control NO
production in platelets are unclear. Indeed, very little is known about the nature of the
enzyme itself. While both eNOS and iNOS mRNAs have been identified in human
platelets [318, 329, 330], the low levels of expressed protein have hindered their
characterisation. Indeed, as well as the “native” 135 kDa eNOS protein [320, 326], a novel
80 kDa isoform of eNOS has been identified by 2 groups [329, 331]. Platelet eNOS was
also reported to be membrane-bound [320, 326], this leads to the appealing prospect that
translocation from the membrane to the cytosol could affect platelet NOS activity,
possibly by an apoE receptor stimulated phosphorylation of the enzyme. Alternatively,
location of eNOS at the plasma membrane could play a direct role in apoE induced signal
transduction; either by directly coupling the enzyme’s activation to occupancy of the apoE
surface receptor or potentially via an indirect apoE receptor-mediated signalling cascade.
Both these events could be localised in caveolae-like domains at the platelet surface, which
are known to rich in signalling receptors and signalling intermediates [68, 340]. Obviously,
identifying and characterising the apoE receptor on the platelet surface membrane is of

extreme importance in further elucidating the anti-platelet role of apoE:DMPC.
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NADPH

Inhibition of
Platelet
Aggregation

Figure 4.4-1 Proposed mechanism for apoE-mediated inhibition of agonist-induced
platelet aggregation

Occupation of putative cell-suface receptors (apoE-R) apoE  causes upregulation of the
constitutive ens"me eNOS when an agonist-induced burst of Cf""-calmodulin occurs (Cf-CAM ). Some
ofthe N O generated acts on SG C to produce inhibitory cGMP, the concomitant vise in cAMP occurving
fy second messenger ‘cross-talk'. The remainder ofthe N O produced rapidly diffuses out of the cell and,
since extracellular haemoglobin restricts the apoE inhibitory effect, appears to function in a paracrine
manner to sustain the danpening influence onplatelet activation. Whether this apoE-generated diffusible

NO can also act on other cell types remains to be established.

133



Chapter 5



5. MOLECULAR CHARACTERISATION OF A HUMAN
PLATELET RECEPTOR THAT BINDS APOLIPOPROTEIN E

5.1 Introduction.

Since the molecular characterisation of the LDL-R, an ever-increasing number of
related apoE-binding proteins have been discovered. As outlined in section 1.3.7, the
known mammalian members of the LRSF comprise LDL-R itself, the VLDL-R, the newly
characterised brain receptor, apoER2 (also termed LR7/8B), the giant (~600 kDa)
multifunctional a2-macroglobulin receptor/LRP and gp330/megalin (reviewed in [141-
144, 168]). In addition, several related receptors have been discovered in chicken [174,
341). The LRSF members are type 1 receptors with short cytoplasmic tails containing one
or a few FxNPxY internalisation motifs. The extracellular domains contain: i) clusters of
the ~40 residue LDL-R class A repeats that bind ligands, including apoE, RAP and in
some cases lactoferrin, ii) clusters of “spacer” regions containing the consensus peptide
YWID, and iii) single elements or pairs of EGF repeats. In addition to the LRSF
members, other proteins with LDL-R class A repeats include: perlecan, a large
multidomain basement membrane HSPG composed of four LDL-R class A domains and
four growth factor-like domains [342] and GRL101, a hybrid receptor described in the
mollusc Lymnea stagnalis composed of an amino-terminal cluster of LDL-R class A repeats
and a carboxyl-terminal domain similar to regions in guanine nucleotide binding protein-
coupled receptors [343]. To date, however, the exact nature of the apoE receptor on
platelets is unknown; cells of the megakaryocytic lineage do not contain the classical LDL-
R [226, 227] and the presence of other LRSF members has yet to be established.-

The aim of the study outlined in the following chapter was to search for a platelet
receptor capable of binding apoE. Identification and molecular characterisation of
candidate receptors was achieved using two separate strategies.  Initially, the
structural/functional sites on the apoE polypeptide capable of invoking an anti-platelet
response were identified using a variety of tools including apoE variants, thrombolytic
fragments, synthetic peptides and receptor antagonists. Then, using the insights gleaned
from these analyses, molecular biology strategies were employed to identify the presence

of residual platelet mRNA with homology to known apoE receptors.
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5.2 Specialised Materials and Methods.

5.2.1 MATERIALS.

ApoE-2 was purified from plasma obtained from type III hyperlipidaemic patients
as described previously (section 2.4.3). Purified recombinant human apoE-4, apoE-3 and
the 22 kDa apoE thrombolytic fragment were provided as a kind gift from Dr. K.
Weisgraber (San Francisco, USA). Three synthetic peptides Ei4 155, Era1.1550, and Eogs 54
corresponding to areas of the apoE polypeptide were supplied by Dr. J. Harmony (Ohio,
USA). The additional apoE peptide, Ey;;445, was synthesized by Genosys (Cambridge,
UK). Recombinant human RAP, purified human placental LRP and monoclonal anti-
human LRP antibody («2ZMR2) were supplied as a kind gift from Dr. J. Gliemann (Aarhus,
Denmark). The megakaryoblastoid cell lines, HEL and Meg-01 cells were provided as kind
gifts from Dr. A. Goodall (RFHSM, London, UK) and Dr. J. Martin (University College
London, London, UK), respectively. Foetal liver RNA was kindly provided by Dr A.
Walker (RFHSM). CHO cell extracts from cells over-expressing either full length apoER2
without cytoplasmic insert, apoER2A4-6 with insert or VLDL-R were supplied by Dr. X.
Sun (Hammersmith Hospital, London, UK). All other chemicals were supplied by Sigma

Chemical Co. unless otherwise stated.

5.2.2 APOE:DMPC COMPLEXES.
All apoE isoforms, fragments and peptides were incorporated into small, unilamellar
vesicles of DMPC as outlined in section 2.4.4 and were extensively dialysed against Tyrode's

buffer before use.

5.2.3 PLATELET AGGREGATION.

- Washed platelets (80 pl) were pre-incubated for 30 s with Tyrode's buffer (20 pl) and
aggregation was initiated by addition of increasing concentrations of ADP at 37 °C in a
Payton dual-channel aggregometer fitted with 0.1 ml cuvettes. The “threshold”
concentration of ADP was determined and was used in subsequent experiments in which
the Tyrode's buffer was replaced by the 22 kDa apoE thrombolytic fragment, apoE
peptides, lactoferrin, apoE-2:DMPC, apoE-3:DMPC or apoE-4:DMPC. For receptor
competition experiments, washed platelets were co-incubated for 10 min at 37 °C with

1.47 uM RAP and 1.47 uM (~50 pg protein/ml) apoE:DMPC.

5.2.4 HEPATOCARCINOMA CELL CULTURE.
HepG2 cells were grown in Dulbecco’s Modified Eagle’s Medium (Life

Technologies) supplemented with 2 mM glutamine, 10 % heat inactivated foetal bovine
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serum (FBS), 100 ug/ml streptomycin and 100 U/ml penicillin. ‘The cells were cultured as
a monolayer in 75 cm? tissue culture flasks at 37 °C in a humidified atmosphere of 5 %
CO, and 95 % air. The cells were passaged every 7 days by trypsinization and passing
through a 19 G needle to produce a single cell suspension. The cells were then reseeded at
1 x 10° cells/ml. For receptor studies, the cells were harvested from the flasks by scraping
and centrifuged at 450 g for 10 min at 4 °C. The cell pellet was washed by dispersion in
PBS (pH 7.4) and recentrifugation.

5.25 MEGAKARYOBLASTIC CELL CULTURE.

HEL and Meg-01 cells were cultured in RPMI 1640 (Life Technologies) media
supplemented with 2 mM glutamine, 10 % heat inactivated FBS, 100 pg/ml streptomycin
and 100 U/ml penicillin. The cells, grown in suspension culture, were incubated at 37 °C
in 2 humidified atmosphere of 5 % CO,and 95 % air. The cells were passaged every 3 to 5
days and reseeded at 2 x 10° cells/ml. For mRNA extraction and membrane preparations,
HEL and Meg-01 cells were harvested by centrifugation at 450 g for 10 min at 4 °C and
washed in PBS.

5.2.6 PREPARATION OF PURIFIED CELL MEMBRANES.

Membrane vesicles were prepared from extensively washed HepG2 cells (1 x 10°),
HEL cells (1 x 10%) or PGI,-treated platelets (1 x 10°). The cells in 1 ml of lysis buffer (50
mM HEPES, 150 mM NaCl, 1 mM CaCl,, pH 7.4 containing the protease inhibitors: 1
mM PMSF, 0.02 mg/ml leupeptin, and 10 mM benzamidine) were disrupted by controlled
ultrasonication of 9 x 10 s bursts, allowing a cooling time of 10 s between each burst
(Sanyo Soniprep 150, small probe, set on an amplitude of 8 microns). Lysates were
centrifuged at 19000 g for 30 min to eliminate intact cells, mitochondria and granules. The
supernatant was centrifuged at 100000 g for 1 h to pellet the membrane fraction. This
pellet was resolubilised in membrane buffer (50 mM HEPES, 150 mM NaCl, 1 mM CaCl,,
0.05 % Tween 20, 20 mM CHAPS and protease inhibitors). Protein concentrations were
determined by the BCA method (Pierce & Warriner, Chester, UK) using BSA as a
standard. Membrane preparations were used either immediately for Western blotting or

were stored at -70 °C for up to 2 weeks.

5.2.7 WESTERN BLOTTING OF THE LRP.

HepG2, HEL and platelet membrane fractions (all 200 pg/lane), and purified
placental LRP (2 pg/lane), were subjected to 3 - 8 % gradient SDS-PAGE under non-
reducing conditions and electrophoretically transferred to Hybond ECL nitrocellulose

membranes (Amersham International plc). Following transfer, the membrane was
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removed and immunoblotted essentially as outlined in section 2.3.3. using: a 1/10 dilution of
monoclonal anti-LRP (a2MR2), a 1/1000 dilution of anti-primary antibody-horse radish
peroxidase conjugate and the blot was visualised using an enhanced chemiluminescence
(ECL) substrate (Amersham International plc). Briefly, the ECL detection reagent was
prepared by mixing equal volumes of the two ECL ingredients (5 ml per mini-gel blot).
The nitrocellulose blot was incubated in a clean trough with the ECL reagent for 1 min at
room temperature. The excess detection reagent was drained from the blot by touching
each side against filter paper before the blot was carefully wrapped in cling film. The blot
was transferred to a film cassette, secured with tape and briefly exposed (usually 30 s — 5

min) to X-ray film (Hyperfilm ECL, Amersham International plc).

5.2.8 PREPARATION OF WASHED PLATELETS, MONOCYTES, LYMPHOCYTES AND
NEUTROPHILS FOR RNA EXTRACTION.

Washed platelets were isolated from 200 ml freshly drawn blood as outlined in section
2.5.5. Care was taken to avoid contaminating PRP with nucleated cells when removing it
from the buffy coat and red blood cell fractions. The final platelet preparations were free

of other cell types as determined by phase contrast microscopy.

Mononuclear cells and polymorphonuclear leukocytes were isolated from 40 ml of
fresh blood. The blood was collected into 4 ml of 2.7 % EDTA, pH 7.0, and
erythrocytes were sedimented by incubation with 3.3 ml of 2 % methyl cellulose for 30 -
40 min at 37 °C. The supernatant containing leukocytes and platelets was removed and
centrifuged at 250 g for 10 min at 4 °C. The subsequent supernatant containing platelets
was discarded and the leukocyte pellet resuspended in a total of 50 ml of ice-cold
erythrocyte lysis buffer (0.82 % NH,CI containing 5 mM KCI brought to pH 7.4 with 4.4
% NaHCO,). This procedure lysed any remaining erythrocytes during 10 min incubation
on ice and the leukocytes were collected by centrifugation (10 min, 250 g). The cell pellet
was fractionated further by resuspension in 20 ml of PBS and centrifugation (450 g for 30
min) through Ficoll-Paque (10 ml). Blood neutrophils sedimented through the Ficoll-
Paque layer to form a pellet, whereas a mixed suspension of monocytes and lymphocytes
remained at the interface. The two cell populations were removed and washed in 50 ml of

cold PBS.

5.2.9 ASSESSMENT OF RNA INTEGRITY.

RNA  was extracted from  platelets, HEL cells, Meg-01 cells,
monocytes/lymphocytes, neutrophils and human liver tissue as outlined before (section
2.6.2). The quality of this RNA was assessed by RT-PCR for UIA RNA [344]. UlAisa
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“housekeeping” RINA species which forms part of the U1A spliceosome complex [345]
and 1s required by all living cells. Briefly, 500 ng aliquots of the reverse transcription
reaction mixture (section 2.6.3) were subjected to PCR (section 2.6.4) with 5 uM U1A1 primer
(GGC CCG GCA TGT GGT GCA TAA) and 5 uM U1A2 primer (CAG TAT GCC
AAG ACC GAC TCA GA) 1n a total volume of 50 ul. After heating at 95 °C for 5 min,
amplification proceeded for 35 cycles, with denaturation for 30 s at 95 °C, annealing of
primers for 30 s at 56 °C and extension for 30 s at 72 °C. Finally, the reaction was
completed by an extension step at 72 °C for 10 min. Reaction products were visualised
and photographed under UV light after electrophoresis of 10 pl of the product in a 2 %
agarose gel containing 0.3 ug/ml ethidium bromide. A successful RNA preparation gave a
clean PCR product of 230 bp in length (see Figure 5.3-8, pane/ B).

5.2.10 INITIAL RT-PCR AMPLIFICATION OF LRSF MEMBERS FROM HEL CELL
CDNA.

Sequences of oligonucleotide primers used for PCR amplification were based on
alignment of published cDNA sequences corresponding to the highly conserved cysteine-
rich LDL-R class A binding domains from human LRSF members. Sufficient degeneracy
was incorporated into the primers to encompass divergence among the various receptors.
Two different degenerate sense primers were designed. LDLA1 was designed against the
LDL-R, VLDL-R and apoER2, while LDLA2 was designed against the LRP and gp330.
The anti-sense degenerate primer, LDLA3, was designed against all the human LRSF
members. Additionally, all the sequences were designed to incorporate restriction sites for
easy cloning of the PCR products. The sense primers (LDLA1: 5-GAT CGG ATC
CTG (C/T)(C/G)(A/C) (G/T)GA TGG (C/T)TC (T/C/A)GA TGA-3’ and LDLA2: 5-
GAT CGG ATC CTC TGG GGA (C/T)(G/A)(G/A) CAG TGA (C/T)GA-3)
contained a BamHI site (underlined) while the antisense primer (LDLA3: 5-GAT CGA
ATT C(C/T)C (G/A/C)CC (A/G)TC (A/G)CA (G/T)(C/A)(G/T) CCA-3’) contained
an EcoRlI site (doubly underlined).

RNA was extracted from HEL cells and human liver tissue as outlined before (section
2.6.2). Five pl (~ 500 ng) aliquots of the reverse transcription reaction mixture (section
2.6.3) were subjected to “hot-start” PCR (section 2.6.4) with 10 uM sense primer (LDLA1
or LDLA2) and 10 uM anti-sense primer (LDLA3) in a total volume of 50 ul. After
heating at 95 °C for 10 min, amplification proceeded for 40 cycles, with denaturation for

30 s at 95 °C, annealing of primers for 1 min at 53 °C, and extension for 1 min at 72 °C.
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After 20 cycles, additional Taq polymerase was added to each tube. Finally, the reaction
was completed by an extension step at 72 °C for 10 min. One tenth (5 pl) of the products
of the initial amplification reaction were then subjected to a subsequent round of PCR
amplification thereby greatly increasing detection of rare transcripts. Reaction products
were visualised and photographed under UV light after electrophoresis of 10 pl of the
product in 2 2 % agarose gel containing 0.3 pg/ml ethidium bromide. DNA bands of
interest were extracted from the agarose gel using the QIAquick gel extraction kit (section
2.6.6) and digested with EcoRI and BamHI. These digested PCR products were again
separated on a 2 % agarose gel, purified, cloned into pUC18 and sequenced (section 2.6.8).

5.2.11 PLATELET, HEL AND MEG-01 CELL RT-PCR AMPLIFICATION.

To specifically amplify the O-linked sugar domain, the transmembrane region and a
unique cytoplasmic insertion sequence of apoER2, “hot-start” PCR was carried out on
platelet, HEL, Meg-01, monocyte/lymphocyte and neutrophil ¢cDNA. Briefly, 5 pl
aliquots (~ 500 ng cDNA) of each reverse transcription reaction mixture were subjected to
RT-PCR with 40 cycles and primer annealing at 65 °C in a total volume of 50 pl (sense
primer: 1 pM of oligonucleotide 2092: 5-GGA GG(C/A) TGT GAA TAC CT(G/A)
TGC-3" and antisense primer: 1 puM of oligonucleotide 2696: 5-CGA TCA AAG CTG
CTG ATT GC-3). Again, after 20 cycles additional Taq was added to each tube. The
reaction products were cloned into pTAG (R&D Systems Europe Ltd, Abingdon, UK)
according to the manufacturet’s instructions and sequenced as before. To amplify the
region corresponding to the ligand binding domain, PCR was carried out using conditions
and primers (oligonucleotide 24: 5-TCT CCG GCT TCT GGC GCT-3 and
oligonucleotide 1114: 5°-TCT GGT CCA GGA GCT GGA A-3’) as described elsewhere
[173]. Since multiple products of unexpected length were obtained due to mis-priming, the
ligand binding domain PCR products were subjected to Southern blotting [346]. Briefly, after
denaturation, the PCR products were blotted onto a Hybond-N nylon membrane
(Amersham International plc) and crosslinked under UV light for 5 min. Membranes were
probed with an internal oligo probe (oligonucleotide 71: TGC GGC TCC AGC ATC
TTG) which had been 5’ **P-labelled using polynucleotide kinase (Promega). Membranes
were pre-hybridized at 50 °C for 2 h in a buffer containing 5 x saline sodium citrate (SSC),
7% SDS, 20 mM NaPQ,, 10 x Denhardt’s solution before the addition of 10 fmol/ml of
labelled probe. Hybridization was performed at 50 °C for 16 h and the membrane

subsequently washed in a solution containing 3 x SSC, and 1% SDS at 50 °C. Membranes
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were autoradiographed overnight at -70 °C using Kodak XOMAT-AR film in cassettes

fitted with Dupont Lightening Plus intensifying screens.

5.2.12 LoNG RT-PCR.

To amplify the full length open reading frame of apoER2, the Expand Long
Template PCR system (Boehringer Mannheim) was used. Briefly, 2 pl (~ 200 ng cDNA)
of HEL cDNA was subjected to “long” PCR using the “system 1” protocol described by
the manufacturers. The primer annealing temperature was 64 °C in a total volume of 50 pl
(sense primer: oligonucleotide 24 and antisense primer: oligonucleotide 2918: 5-GAG
GCA CGA AGG GGG TGA T-3, both at 300 nM). Reaction products were analysed by
electrophoresis of 10 ul of the product in a 1 % agarose gel containing 0.3 pg/ml ethidium
bromide. The reaction products were cloned into pCRII (Invitrogen, Leek, Netherlands)
according to the manufacturer’s instructions and restricton mapped by Dr. D.
Vinogradov, using the following enzymes: Blpl, EcoRI, BstYI, HindIII, Smal, Avall, Sacl,
Hincll, Pstl, BbsI and Xhol (New England Biolabs, Hitchin, UK). Various restriction

fragments were sub-cloned into pUC18 and sequenced.

5.2.13 PREPARATION OF ANTI-APOER2 ANTIBODIES.

An anti-peptide antiserum directed against human apoER2 was commissioned
(Genosys) using the deduced polypeptide sequence from the published cDNA. The
peptide chosen corresponded to 17 amino acids (865-881: CLGETREPEDPAPALKE)

within the unique cytoplasmic insert of apoER2.

Western blotting was employed to assess the quality the anti-peptide antiserum,
which was designated aER2Ins. CHO cell extracts from cells over-expressing either full
length apoER2 (without cytoplasmic insert), apoER2A4-6 (with insert) or, as a negative
control, VLDL-R were all subjected to 8 % SDS-PAGE under non-reducing and reducing
conditions. Separated proteins were electrophoretically transferred to Hybond ECL
nitrocellulose membranes and any binding sites blocked for 30 min at room temperature
or overnight at 4 °C in PBS containing 5 % milk powder, 0.1 % Tween-20 and 0.2 % 2-
chloracetamide. The oER2Ins was diluted 1/3000 in blocking buffer and incubated with
the blot for 1 h. The blot was washed 6 x 5 min in wash buffer (PBS containing 0.1 %
Tween-20 and 0.2 % 2-chloracetamide) and then incubated for 30 min in a 1/10000
dilution of anti-rabbit IgG coupled to horseradish peroxidase. Finally, after washing, the
blot was visualised using the ECL chemiluminescence substrate.
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5.2.14 IMMUNOPRECIPITATION OF PLATELET APOER2.

One ml of platelets (1 x 107 cells) were cell surface labelled using the ECL protein
biotinylation module (Amersham International plc). The subsequent platelet pellet was
washed in PBS and lysed at 4 °C in 250 pl of lysis buffer (PBS containing 1 % CHAPS and
Complete Mini protease inhibitor cocktail [Boehringer Mannheim]). The lysed sample was
diluted to 0.25 % CHAPS using PBS containing protease inhibitors and incubated
overnight on a rotating wheel with 10 pl pre-immune serum at 4 °C. Protein A beads (50
ul) were added for 3 h and the mixture was then centrifuged for 1 min at 13000 g. The
supernatant was removed and divided into 2 x 450 pl aliquots. One portion was incubated
overnight with 10 pl pre-tmmune sera, the other with 10 pl ER2Ins, and then for a
further 3 h with 50 ul Protein A beads. The beads were isolated as before, washed ten
times with PBS containing 0.25 % CHAPS and protease inhibitors, and were boiled in
SDS-PAGE buffer to elute the immunoprecipitated proteins. The samples were run on
an 8 % gel, electroblotted onto mnitrocellulose and the cell surface labelled
immunoprecipitates detected using a streptavidin alkaline phosphatase conjugate and

NBT/BCIP substrate as outlined in section 2.3.3.3.

5.2.15 ISOLATION OF CYTOSOLIC PLATELET PROTEINS WHICH BIND CYTOPLASMIC
APOER2.

Cytosolic proteins were prepared by ultrasonic disruption of washed platelets
suspended in 20 ml of ice-cold PBS, containing 2 mM sodium orthovanadate and the
protease inhibitor cocktail, using a Sanyo Soniprep 150 (15 x 20 s bursts at 8 um amplitude
with 20 s cooling intervals). Lysates were freed of intact cells, mitochondria and granules
by centrifugation at 19000 g for 30 min at 4 °C and then recentrifuged at 100000 g for 1 h
to pellet the membranes, leaving cytosolic proteins in the supernatant. Ten mg of the
peptide used for aER2Ins production was coupled to a 1 ml NHS-Sepharose HiTrap
column (Pharmacia) as described by the manufacturers. The platelet cytosol was pre-
cleared by passage through a Sepharose 4-B column (10 ml) equilibrated in sonication
buffer and then recirculated through the peptide-Sepharose matrix overnight at 4 °C. The
column was washed with 10 vol. of buffer and bound proteins eluted with PBS containing
0.5 M NaCl. The eluate was concentrated and desalted using a Vivaspin 15 ml
concentrator (10000 MWCO; Vivascience Ltd., Binbrook, UK) and the proteins separated
by SDS-PAGE. Gels were either silver stained or immunoblotted for phosphotyrosine
(P-Tyr Western Blotting Kit; Calbiochem).
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5.3 Results and Discussion.

5.3.1 IDENTIFICATION OF THE ANTI-PLATELET DOMAIN WITHIN THE APOE
MOLECULE.

A step towards understanding the mechanism(s) by which apoE inhibits platelet
aggregation, is identification of functionally important domains within this
apolipoprotein. Indeed, if an anti-platelet domain is defined, it could be used to identify
the nature of the cellular interactions that lead to changes in intracellular NO signalling.
To this end, I sought to identify a fragment or synthetic peptide of apoE that would

mimic the inhibitory activity of the native apolipoprotein.

5.3.1.1 The Inhibitory Activity of ApoE is Located in its Amino Terminus.

'Thrombin cleaves apoE at residues 191 and 215 (reviewed in [89]), generating a 22
kDa amino-terminal fragment (1-191) and a 10 kDa carboxyl-terminal fragment (215-299)
that closely approximate the two functional domains of apoE {section 1.3.6). Preliminary
experiments indicated that the anti-platelet activity of apoE was localised in the amino-
terminal domain of the protein, since the 22 kDa thrombolytic fraction of apoE was

equally as potent as “native” apoE when tested at 0.57 pM (Eigure 5.3-1).

ADP 3 min
[ apoE
. 22 kDa
w apoE fragment
Buffer

Figure 5.3-1 The inhibitory activity of apoE is located in its amino terminus.

Washedplatelets (3 x 1(fj ml) wem pn-incnbated mth 0.57 juM of either apoE:DMPC or the
apoE 22 kD afragmentfor 30 s at 37 °C and then threshold concentrations ofA D P added (5-7 juM).
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5.3.1.2 Effects of ApoE Synthetic Peptides and Lactoferrin on Platelet Aggregation.

A number of approaches, including the use of monoclonal antibodies, natural
mutants, site-specific mutants generated in vifro and synthetic peptides have indicated that
residues 130-160 of apoE are important for its physiological function (reviewed in [89]).
Indeed, this region of apoE facilitates its binding to both HSPG and LRSF members [89].
Since the 22 kDa thrombolytic fragment of apoE contains residues 130-160, several

peptides corresponding to sequences within this region (Table 5.3-1) were tested for their
ability to inhibit platelet aggregation. This included a tandem peptide, E(y,ss} , which is

reported to have a higher affinity for LRSF members than its monomeric equivalent (Eq,
155), probably due to its abilit)* to form an a-helical structure similar to “native” apoE [347].
A peptide sequence within the carboxyl 10 kDa apoE fragment (E:..:.sc) served as a

control.

Activity was localised to the region encompassed by residues 133-155 since peptides:
Eiss_iis, E,«iss and E(j:,.jss). all inhibited platelet aggregation to a similar degree, ~ 30 % as
effective as “native” apoE when tested at 3.0 pM (Table 5.3-2). In contrast, a peptide
corresponding to the carboxyl-terminal 10 kDa apoE fragment (E..;.S) had no significant
anti-platelet activity. The essential feature of the inhibitory activity appeared to be the
presence of a lysine and arginine rich area; amino acids 142-145 (RKLR). Indeed, the
importance of arginine residues for the anti-platelet effect of apoE was demonstrated
directly in Chapters 3 <&4. Thus, neutralisation of the arginine residues of apoE blocked
not only the anti-aggregatory effect {Section 3.3.7) but also the increase in intra-platelet
levels of ¢cGMP {section 4.3.2). Taken together, these data support the idea that the
positively—eharged motif encompassed by residues 142-145 ot apoE is particularly

important in facilitating inhibition of platelet aggregation.

Peptide i . Amino acid sequence

LRKI.RKRI.LRDADDL
~141-155

. LRK1.RKRLLRDADDL-LRKI.RKRLLRDADDL
Tandem E**| jgg -

LRVRLASHLRKI.R
E133-145

r263-286 SWFEPLVEDMQRQWAGLVEKVQAA

Lactoferrin24_35 QRNMRKV*RGPPV

Table 5.3-1 Amino acid sequences of apoE and lactoferrin peptides.

Arginine (%) and lysine (K) residues implicated in receptor binang are highlighted in bold.
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Polypeptide of Aggregation (% of control)

“native” apoE 70.05 £ 7.3 %, P<0.001
26.5 = 3.0 %, P<0.001
~141-155
Tandem 26.3 £5.9%, 7°<0.05
21.9 + 3.5 %, P<0.02
~133-145
4.2 + 31 %, P=NS
"~263-286

Table 5.3-2 Synthetic peptides inhibit ADP-induced platelet aggregation.
PIW (1-2 X Iff cells!ml) was pre-incubated with peptide or apoE:DMPC (all 3.0 /uM) for 10

concentration ofAD P (5-7 juM) and is expressed as apercentage of controls with buffer alone. Points are
the mean percentage inhibition of aggregation (= SEAI) for three separate platelet suspensions. The

afference between the means (£ apoE) assessed bg Student's t-test.

It is intriguing that the putative anti-platelet sequence (142-145) is located within the
LRSF-binding region, since 1 have previously shown that aqueous solutions of apoE,
which bind poorly to LDL-R [275], are ineffective inhibitors of platelet aggregation
{section 3.3.4). TIndeed, additional support for the involvement of a LRSF member was
provided by the observation that lactoferrin, though less potent than apoE, also exhibited
anti-platelet properties (25.0 = 13.4 % versus 88.9 £ 3.3 % inhibition at 3.0 uM, P<0.05,
n=3, Figure 5.3-2, panels A ér B and [348, 349]). This 76 kDa glycoprotein contains a
RKvVR motif in its amino-terminal domain (residues 28-31, Table 5.3-1), which binds to
platelets and inhibits aggregation [350, 351]. Interestingly, lactoferrin also binds to LRSF
members: LRP, gp330 and VLDL-R [159, 352]. However, this must be viewed with some
caution as human lactoferrin has been shown to possess both high-affinity and low-
affinity binding sites on platelets [348]. The high-affinity site has recently been shown to
be a specific lactoferrin receptor that is distinct from the LRSF members [353].
Nevertheless, the identification of the low-affinity site is still unknown but might be a
receptor that shares affinity for both lactoferrin and apoE. Interestingly, however, the
VLDL-R may be discounted at this stage, since the putative anti-platelet sequence of

apoE (RKxR:142-145) does not mediate binding to VLDL-R [354].
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Figure 5.3-2 Lactoferrin inhibits ADP-induced platelet aggregation.

Panel A, Washed platelets (3 x 107 cells/ mi) were pre-incubated with increasing quantities of lactofernin
Jor 30 s at 37 °C and then threshold concentrations of ADP (5-7 uM) added. Panel B, Washed platelets (3
x 10° cells/ mi) were pre-incubated with lactofernin (=) or aqpoE-3:DMPC (®) as before. The extent of
aggregation was measured 3 min after addition of a pre-determined threshold concentration of ADP (5-7
uM) and is expressed as a percentage of controls with buffer alone. Points are the mean percentage
inbibition of aggregation (+ SEM) for three separate platelet suspensions.
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5.3.2 CHARACTERISTICS OF THE PLATELET APOE RECEPTOR.

The circumstantial evidence cited so far suggests that the anti-platelet effects of
apoE are mediated via an interaction with a LRSF member. In order to further test this
hypothesis, a LRSF antagonist, which would compete with apoE for binding to these

receptors, was sought.

5.3.2.1 Effect of RAP on ApoE-Induced Inhibition of Platelet Aggregation.

The LRSF antagonists most commonly used in the literature include: specific anti-
LRSF blocking antibodies [355-359], lactoferrin [159, 352, 360] and the 39 kDa
endoplasmic reticulum/Golgi receptor-associated protein (RAP) [178-180]. Unfortunately,
anti-LRSF blocking antibodies are not generally available and problems may occur if the
antibody binds to the platelet Fc receptor; an interaction that can lead to unpredictable
effects on platelet aggregation [361, 362]. Similarly, although lactoferrin could be used, its
effects on newly-characterised LRSF members are still to be elucidated and its ability to
inhibit platelet aggregation would confuse the interpretation of any results obtained. RAP,
on the other hand, is well characterised; it binds to all the known mammalian LRSF
members, and iz vitro experiments show that it inhibits binding of apoE to these receptors
[178-180]. When RAP and apoE:DMPC were co-incubated with platelets, the anti-platelet
action of apoE:DMPC was found to be significantly reduced (30.6 £ 6.6 wersus 62.5 £ 2.9
% inhibition; P<0.001, n=3, Figure 5.3-3, panels A and B). In contrast, no significant effect
on platelet aggregation was observed with RAP treatment alone when compared to
untreated controls (9.8 £ 6.6 versus 0.0 £ 2.8 % inhibition; P>0.05, n=3, Figure 5.3-3, pane/
A). Thus, these data provide compelling evidence that the anti-platelet effects of apoE are

mediated via an interaction with a2 LRSF member.

5.3.2.2 HEL Cells and Platelets Do Not Contain the LRP.

Since apoE, lactoferrin and RAP are all recognised by the well characterised LRP [159], it
is a candidate cell surface protein for mediating the anti-platelet effects of apoE. Recently, a
monoclonal antibody has been raised against LRP, which has been used to investigate the
expression of LRP on a variety of cell types [156]. This antibody, designated a2MR2, was
used to probe membrane extracts from both platelets and HEL cells for the presence of
LRP. Membrane extracts of the hepatocarcinoma cell line, HepG2, and purified placental
LRP served as controls. As shown in Figure 5.3-4, both HepG2 extracts and purified LRP
readily stained a 500 kDa species, however, HEL and platelet extracts were devoid of
staining. Since this study was performed using the highly sensitive ECL detection system,

it is unlikely that cells of the megakaryocytic lineage express the LRP.
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ApoErDMPC
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Figure 5.3-3 RAP blocks the anti-aggregatory effect of apoEiDMPC.

Panel A, Aliquots of PRP (1-2 x 1(f cells!ml) were pre-incuhated with either 1.47 /uAl
apoE.-DMPC (50 jj.g proteinj ml), 1.47 /uM RAP or both apoE"DMPC and RAP for 10 min at 20
"C then threshold concentrations ofAD P (1-2 juAl) were added. The agrégation traces shown arefrom
one experiment hut were reproduced in two independent assays. Panel B, The extent ofaggregation was
measured 3 min cfter adation of a pre-determined threshold concentration of ADP (5-7 juM) and is
expressed as a percentage of controls with buffer alone. Points are the mean percentage inhibition of

aggregation (£ SEM ) for three separate platelet suspensions.
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Figure 5.3-4 Immunoblot analysis of LRP in platelet membranes.

Cell membranes were isolated as described in section 5.2.6. Membrane extracts (200 jug) and

punfied LRI (2.5 jug) were run on a 3 - 8 % SDS-PAGE gel under non-nducing conations prior to

Western blotting using a2MR2. The LR P bands were visualised using the Amersham E CL substrate.

5.3.2.3 Inhibition of Platelet Aggregation by ApoE Isoforms.

Human apoE exists in three common polymorphic forms {section 1.3.5): apoPl..
(Argl58Cys), apoE-3 (wild type) and apoE-4 (Cysll2Arg), which have been shown to
possess differing affinities towards the various LRSF members. ApoE-3 and apoE-4 both
exhibit high affinity binding to all LRSF members studied to date [89]. ApoE-2, on the
other hand, binds poorly to both the LDL-R and LRP (only 1 % [278, 363] and 40 %
[154] of apoE-3 binding activity, respectively) but binds normally to the VLDL-R [354,
364]. In an attempt to further clarify the ligand specificity of the platelet apoE receptor,
the inhibitory potency of the three apoE isoforms was determined. ApoE-3, apoE-2 and
apoE-4 (all 20 pg protein/ml) inhibited ADP-induced aggregation to a similar degree
(Figure panel A). Repeated experiments could not distinguish the ability of apoE-2,

apoE-3 and apoE-4 to inhibit washed platelet aggregation (E-2; 70.0 £ 8.3 % versus E-3;

81.8 =+ 8.4 % versus E-4; 749 + 7.7 % inhibition at 50 pg protein/ml [1.47 piM]
apoE:DMPC, P>0.05, n=3. Figure 3).3>Apanel B). These data indicate that the anti-platelet
effects of apoE are mediated via an interaction with a LRSi' member that has a rehtxed
specificity towards the apoE isoforms, probably reflecting a ligand binding domain

structure similar to that of the VLDL-R.
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Figure 5.3-5 ApoE-2, apoE-3 and apoE-4 ail inhibit ADP-induced platelet
aggregation.

Panel A, Washedplatelets (3 x 1(f cells!ml) mre pre-incubated with 20 jugproteinjm | apoE-
2:DAIPC, apoE-3:DMPC or apoE-4:DMPCfor 30 s at 37 °C and then threshold concentrations of
ADP (5-7/iiAl) added. Panel B, VAashedplatelets (3 x 1(f cellsj ml) werepr*-incubated with apoE-
2:DMPC (©), apoE-3:DMPC (A) or apoE.-4:DMPC (") as before.  The extent of agrégation was
measured 3 min cfter addition of a pre-determined threshold concentration of ADP (5-7 fiM) and is
expressed as a percentage of controls with buffer alone.  Points are the mean percentage inhibition of

aggregation (£ SEM)for three independent experiments.
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5.3.3 CHARACTERISTICS OF THE PLATELET APOE RECEPTOR - CONCLUSIONS.

The evidence cited so far strongly suggests that the trigger for NO release, and
hence for inhibition of aggregation, is an interaction of apoE with a LRSF member.
However, 1s it highly unlikely that the well charactenised receptors, LDL-R, LRP or VLDL-R,
mediate the apoE-induced inhibition of platelet aggregation. Thus, it has previously been
reported that platelets and megakaryocytes do not contain “classical” LDL receptors [226,
227). Likewise, in the present study, I have demonstrated by an extremely sensitive Western
blotting procedure that cells of the megakaryocytic lineage are devoid of LRP. In agreement
with these observations, I found that the monomeric apoE peptide, E,,; 455, Was just as
effective an anti-platelet agent as the tandem peptide E ,, ;55,, however, due to its low a.-
helical content [347], E,,; ;55 has a low binding affinity for both the LDL-R [365] and LRP
[366]. Additionally, apoE-2, which is defective in binding to both the LDL-R and LRP,
inhibited platelet aggregation to the same extent as wild type apoE-3. Since both iz witr
[354] and in vivo [364] experiments have demonstrated that the VLDL-R binds to apoE-2
with the same affinity as apoE-3 and apoE-4, it would seem a likely candidate for
mediating the anti-platelet effects of apoE. However, the putative anti-platelet sequence
of apoE (RKxR: 142-145) is not involved in mediating its binding to the VLDL-R. This
conclusion is born from the observation that 1D7, an anti-apoE monoclonal antibody,
binds to an epitope in the immediate vicinity of residues 143-145 [138] but fails to
compete with apoE for binding to the VLDL-R [354]. This implies that the anti-platelet
effects of apoE are mediated by one of the newly characterised apoE receptors, gp330 or

apoER2. Alternatively, platelets might contain a completely novel receptor.

5.3.4 HOMOLOGY CLONING OF THE PLATELET RECEPTOR.

In order to identify the platelet receptor, a homology cloning approach was
instigated. Sets of degenerate primers were used in RT-PCR to amplify the cysteine-rich
class A, apoE binding repeats of the LRSF members. This domain was chosen because
class A repeats are highly conserved not only between the individual LRSF members but
also within each individual receptor. This greatly increases the chance of detecting
proteins that contain multiple class A repeats, since the oligonucleotide primers can anneal
to many different sites along the cDNA transcript. In addition, this domain has been
identified in a number of related proteins/receptors, which are not regarded as LRSF
members. Of particular interest is a newly identified gene in L. stagnalis, which has

homology with both class A repeats and G-protein activating domains [343]. If
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mammalian cells express similar hybrid receptors, these proteins might well mediate apoE-
induced intra-platelet NO production. Therefore, the oligonucleotide primers were
designed to incorporate sufficient degeneracy to amplify unknown proteins/receptors as
well as known LRSF members. However, based on the cDNA sequences of known
human class A repeats, the level of degeneracy required for the sense primer was deemed
excessively high. Therefore, two degenerate sense primers were designed, one to amplify
human “LRP-like” class A repeats, the other to amplify “LDL-R-like” repeats.
Additionally, since human peripheral blood platelets are anucleate fragments of precursor
megakaryocytes and as such contain only small amounts of residual intact mRNA, two well
characterised human leukaemia megakaryoblastic cell lines HEL [258, 259] and Meg-01
[258, 260] were also used in the RT-PCR.

5.3.4.1 RT-PCR Using Degenerate Primers Designed Against “ILRP-like” Class A Repeats.
Initial RT-PCR experiments using HEL mRNA and the LDLA2/LDLA3 primer

pair (designed against the LRP and gp330) gave a specific 130 bp product (Figure 5.3-6,
panel A) which is consistent with the distances between each class A repeat (~40 amino
acids). However, sequence analysis of this product revealed 100 % identity with the
human basement membrane HSPG, perlecan. Neither LRP nor gp330 were found, thus
confirming the earlier LRP Western blotting data (section 5.3.2.2). In contrast, two specific
PCR products (~130 bp and ~275 bp) were successfully amplified from foetal liver mRNA
(Figure 5.3-6, pane/ B). Upon sequencing, both products were identified as LRP
transcripts; the 130 bp product representing one complete class A repeat and the 275 bp
product representing two repeats, thus demonstrating the ability of these oligonucleotides

to identify LRSF member transcripts.

Perlecan HSPG contains four class A repeats [367], binds apoE. iz uitro and in vive
and has been previously characterised as an endocytotic receptor for apoE-containing
lipoproteins (reviewed in [342]). Nevertheless, previous experiments characterising the
nature of the platelet receptor precluded a prominent role for perlecan in mediating the
anti-platelet effects of apoE. Thus, RAP does not block apoE binding by perlecan [158,
159, 368-370] and apoE-2 is bound with much lower affinity than apoE-3 [125].
Moreover, petlecan is regarded as a passive endocytotic receptor, since ligand binding does

not appear to trigger intra-cellular events [342].

152



A: HEL Cell A B: Liver

130 bp

Figure 5.3-6 RT-PCR using degenerate primers designed against the LRP and
gp330.

Five 111 aliquots of tIHL (panel A) orfoetal liver (panel B) cDNA wen subjected to “hot-
statt” PCR (section 5.2.10) in a total volume of 50 fil, with either 10 iiM sense primer (LDLA2)
alone, 10 fiM anti-sense primer (L.DLA.3J alone or both LDLA2 and L.DLA3 together. After
heating at 95 °C for 10 min, amplification proceededfor 40 cycles, with denaturationfor 30 s at 95 °C,
annealingfor 1 min at 53 °C and extensionfor 1 min at 72 °C. Finally, the reaction was completed by
an extension step at 72 °C for 10 min. One tenth (5 [il) of the pwducts of the initial anrplification
naction wen then subjected to a subsequent mund of PCR amplification.  Reaction pwducts wen
visualised andphotographed under 1J]/" light after electwphonsis of 10jil ofthepwduct in a 2 % agawse
gel containing 0.3 ycg!ml ethidium bwmide. PCR pwducts that wen unique to the FDIA.2jID [ A.3

primerpair were excisedfwm thegel, cloned and sequenced as outlined in sections 2.6.6-2.6.8.
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5.3.4.2 RT-PCR Using Degenerate Primers Designed Against “LDL-R -like” Class A
Repeats.

Experiments using HEL mRNA and primers designed against the LDL-R, VLDL-R
and apoER-2 (LDLA1/LDLA3) produced more promising results. Sequence analysis of a
specitic 120 bp product (Figure 5.3-7, panel A) revealed 100 % identit) with the newly
described human apoER2. Neither the VLDL-R nor any other LRSF member was

detected in HEI. cells. Control experiments using the same primer pair and human foetal

liver mRNA gave a specific 130 bp product (Figure panel B) that had 100 % identity
to human LRP.
A: MEL Cell B: Liver
130 b
120 bp P

Figure 5.3-7 RT-PCR using degenerate primers designed against the LDL-R,
VLDL-R and apoER2

Finejil aliquots of HEL (panel A) orfoetal liver (panel B) cDNA subjected to "hot-stail”
PER (section 5.2.10) in a total volume of 50 ///, with either 10 fiM senseprimer (LD IA1) dlone, 10
JuA'l anti-senseprimer (1J) !5 ) alone, or both LD IAil and LJOLA3 together. PER was pefomed
as outlined in Pignre 53-6. PER products that were unique to the LD\ A 2 j LD LA3 pnmerpair were

excisedfrom the gel, cloned and sequenced as outlined in sections 2.6.6-2.6. H
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As outlined in section 1.3.7.5, apoER2 is expressed predominantly in the mammalian
brain and placenta and consists of five domains that resemble those of the LDL-R and the
VLDL-R [172]. An important structural difference among these three receptors is the
number of class A repeat sequences in their ligand-binding domains; apoER2 and LDL-R
contain seven, whereas the VLDL-R has eight. Although apoER2 and LDL-R contain the
same number of repeats, the ligand-binding domain structure of apoER2 is more closely
related to that of VLDL-R. This is reflected not only in the amino acid homology
between the proteins (ranging from 45 - 63 % identity per class A repeat) but also in the
ligand binding domain architecture [172]. Moreover, the high degree of homology
between apoER2 and VLDL-R make it an ideal candidate for mediating the anti-platelet
effects of apoE. Thus, the ligand specificity of apoER2 resembles that of a “VLDL-R-
like” platelet protein; apoER2 binds to both RAP [174] and apoE-containing lipoproteins
[172, 173] with high affinity. Indeed, apoE-2 binds to apoER2 with the same affinity as
apoE-3 and apoE-4 (personal communication, T. Yamamoto). Intriguingly, the major
difference between apoER2 and the VLDL-R is an insertion sequence of 59 amino acids
in the cytoplasmic tail of apoER2 (Figure 5.3-8, pane/ A), which is stated to represent a
unique sequence not found in any published protein [172, 175]. Can this insertion
sequence mediate apoE-induced NO production? Clearly, further characterisation of

platelet apoER2 is required.

5.3.5 CHARACTERISATION OF PLATELET APOER2.
5.3.5.1 RT-PCR Using Specific Primers Designed Against ApoER2.

To confirm the presence of apoER2 in cells of the megakaryocytic lineage, RT-PCR
was carried out using mRNA from HEL cells, Meg-01 cells and platelets with a specific
primer pair. These primers, encompass the O-linked sugar domain, the transmembrane
region and the unique cytoplasmic insertion sequence of apoER2 and are predicted to
amplify a 604 bp product (Figure 5.3-8, pane/ A). Accordingly, a product of ~600 bp was
amplified from HEL, Meg-01 and platelet mRNA but not from blood monocytes,
lymphocytes or neutrophils (Figure 5.3-8, pane/ B).

Analysis of the published cDNA sequence for apoER2 indicated that the 604 bp
PCR product should contain one restriction site for Smal and two for Pstl. The expected
sizes of the restriction fragments are indicated in Figure 5.3-9, pane/ A and were indeed
obtained on both Smal and PstI digestion (Figure 5.3-9, pane/ B). Further confirmation
that the 604 bp product was apoER2 was obtained by direct sequencing (results not

shown).
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Functional P
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Figure 5.3-8 Specific primers directed towards apoER2 amplify a 604 bp product in
platelets.

Panel A, The relevant structuralfeatures of if>0ER2. The LDL-R class A repeats (J - 1TLJ,
epidermal growth factor (EGF) homology repeats (A,B C), Y/FW'xD repeats, O-linked sugar
domain (0), transmembrane region (TM) and cytoplasmic td| containing a unique 59 amino acid insert
(Insert) are indcated. Panel B, mRNA from platelets, HEL cells, Meg-01 cells,
monogtes! lymphocytes and neutrophils were usedfor cDNA synthesis with reverse transcriptase. The
integrity ofthe cDNA produced was confirmedly a UIA RT-PCR (section 5.2.9). The resulting viable
cDNAs were usedfor apoER2 PCR a??jplification with the indicated primer combinations (red arrwms.
Panel A).  Ampdfied products were separated on 2 % agarose gels.  The t'esuits shorvn werefrom one

experiment but were reproduced in two independent reactions.
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Figure 5.3-9 Restriction mapping of the platelet 604 bp PCR product.

Panel A, The predictedproduct si¥es cfter digestion of the 604 bp apoEK2 PCR product with
the restriction enrijmes, Smal and Pstl. Panel B, The 604 bp PCR product was incubatedfor 1 h with
either buffer alone, Smal or Pstl using the reaction conditions outlined in Table 2.6-2. Digestedproducts

were separated on a 2% agarosegel

5.3.5.2 Alternative Splicing of Platelet ApoER2.

Recent studies at the cDNA and genomic level have revealed that several splice variants
of apoER2 are produced in the brain [173, 175]. These include variants of apoER2 either
lacking repeats 4-6 (apoER2A4-6) or 4-7 (apoER2A4-7) in the ligand binding domain. In order
to determine whether any of these variants are expressed in cells of tine megakary'”oghc lineage,
RT-PCR was earned out using mRNA from HEL cells, Meg-01 cells and platelets with
published primers that flank the ligand-binding domain of apoER2 [173] (Figure panel
A). As previously reported, multiple products of unexpected length were obtained probably
due to mis-pnming. However, Southern hybndisation using an internal probe radiolabelled

with gave a major band of ~700 bp (Figure S.”>-\0,panelB). This is tine expected length for

tine PCR product corresponding to apoER2A4-6 (704 bp).
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To determine whether .my additional vanmts are expressed, long RT-PCR was carried
out using mRNA isolated from 111{T cells with a pair ot primers that tlank the open reading
trame of apoTdl2 (figure 5.3-11, panel A). A major PCR product of about 2500 nucleotides
(-95 "o of totill) md a minor product of about 2300 nucleotides (-5 % of total) were obtained
(bigure 5.3-1 |\, panel B). Both products are substmtially shorter than the 2894 bp expected for
full-length apof{R2. Cloning, restriction mapping and parti.il sequencing of the long RT-PCiR
products confirmed the absence of repeats 4-6 of the ligmd-binding domain in both trmscnpts
(expenments performed by Dr. D. Vinogradov, results not shown). Additionally, the minor

bmd at 2300 bp corresponded to a variant of apoPiR2A4-6 lacking the 59 amino acid insertion

sequence in the cytoplasmic domain (apoF.R2A4-6A Insert; Figure 5.3-1 panel C).

A Oligo 24

tllill B Insert

<m
Oligo 71 Oligo 1114

704 bp

Figure 5.3-10 Expression of apoER2A4-6 in human platelets.

cDNA from platelets, UHL cells and AUg-OUells were used for PCR with the indicated pnmer
combinations (ved airows). PCR pwducts wen sidiseqnently subjected to Southern blotting using an
internal oligonucleotide pwbe (oligo 71, blue aironj as outlined in section 5.2.11. T'he results shown were

Jfwm one expenment hut wen repwduced in two independent reactions.
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Figure 5.3-11 Long PCR of HEL cell apoER2.

A & tDNX //yw //LV. tghA /W /o' PCR

combinations (rved anoiis). Amplifiedpwducts irere separated on 1% agawsepels. Panel C, Structural

Jeatures ofapoliR2 in (IHL cells with the fiinctional domains indicated as described in bigure 5.1-8.
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5.3.6 PRODUCTION OF AN ANTI-PEPTIDE ANTISERUM TO APOER2.

Due to the extreme sensitivity of RT-PCR, the identification of mRNA transcripts
in platelets by this procedure does not necessarily imply that the protein is expressed.
Moreover, the instability of residual platelet mRINA makes Northern blot analysis difficult.
I therefore decided to produce an anti-peptide antiserum against apoER2 and use this to
detect any expressed protein in platelets.

In order to identify an immunogenic region of the apoER2 polypeptide, three main
criteria were assessed: the hydrophilicity of the region (using the Hopp and Woods scale
[371]), the presence of B-turns and the presence of charged residues [372, 373]. Using
these criteria, the most antigenic region of apoER2 was estimated to be a stretch of 17
amino acids (865-881: CLGETREPEDPAPALKE) within the unique cytoplasmic insert
of the receptor. Therefore, a rabbit anti-peptide antiserum (®ER2Ins) directed against this
peptide was commissioned (Genosys, Cambridge, UK). However, although anti-peptide
antisera invariably react strongly with the synthetic antigenic peptide, the ability of this
antisera to react with “native” protein is not guaranteed. Thus, Western blotting of
solubilized lysates from recombinant CHO cells over-expressing apoER2 was employed to
assess the specificity and titre of ER2Ins. As shown in Figure 5.3-12, o ER2Ins readily
stained a non-reduced ~130 kDa species and a reduced 160 kDDa species in extracts of
CHO cells over-expressing apoER2A4-6 with cytoplasmic insert. This shift in molecular
mass between reduced and non-reduced apoER2A4-6 is characteristic of all LRSF

members [374]. In contrast, *ER2Ins failed to detect any proteins in the extracts of CHO

cells over-expressing the VLDL-R or apoER2 without cytoplasmic insert (apoER2AInsert).
Additionally, the pre-immune sera did not produce any signals in any of the CHO cell
extracts tested (results not shown). Thus, these results indicate that a ER2Ins is a sensitive
and specific antiserum for the detection of apoER2. However, because this antiserum was
commissioned before alternative splicing of apoER2 was recognised, it is only useful for

the detection of apoER2 variants containing the cytoplasmic insert.

5.3.7 IMMUNOPRECIPITATION OF PLATELET APOER2.

Western blotting of platelet extracts with aER2Ins, under identical conditions as
described above, produced multiple bands of unexpected sizes due to the secondary
antibody cross-reacting with numerous cellular platelet proteins (results not shown). To

circumvent this problem, an immunoprecipitation protocol employing cell surface labelled
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platelets was adopted. Using this procedure, aER2Ins recognised a specific platelet cell
surface protein with a reduced molecular mass of 132 kDa (Figure 5.3-13). The apparent
differences in molecular mass between CHO cells over-expressing apoER2A4-6 and
platelet apoER2A4-6 (-160 kDa s 132 kDa) may be explained by differences in the
glycosylation. Indeed, it has been recently shown that differences in the ability of cells to
glycosylate the VLDL-R can lead to molecular mass shifts of —7 kDa in SDS-PAGE
analysis [375]. Since apoER2 has almost double the potential O-linked glycosylation sites
in its O-linked sugar domain as compared to the VLDL-R, it is reasonable to assume that

an even greater molecular mass shift of the apoER2 can occur between different cell types.

<-160 kDa
116 kDa-> " A130 kDa

97 kDa ->

A: Non-reduced B: Reduced

Figure 5.3-12 Western blotting of apoER2 using the anti-peptide antiserum
aER2Ins.

CHO cell extracts over-expressing either apoER2Alnsert, cpoER2A4-6 (with insert) or I"LDL-
R werv subjected to 8 % SDS-PAGE under non-reducing (panel A) and reducing (panel B)
conditions, prior to Westmi blotting using aER21ns. ApoER2 bands were visualised using the ECL

substrate (Amersham Internationalpic).
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Figure 5.3-13 Immunoprécipitation of platelet apoER2.

Intact platelets were hiotinylated, lysed and subjected to immunoprécipitation.  Precipitated cell
surfaceproteins were reduced and separated by electrophoresis on an 8 % gel, transferred onto nitrocellulose
and detected with streptavidin-alkaliviephosphatase. The results shown werefrom one experiment but were

reproducedin two independent immunoprécipitations.

538 THE ROLE of APOER2 VARIANTS in PLATELETS AND MEGAKARYOCYTES.

A striking feature of platelet apoER2 expression is the deletion of ligand binding
repeats 4-6 (apoEII2A4-6). This presumably reflects the skipping of exon 5 during RNA
processing of the apoER2 gene in the parent meg”akaryocyte. Intriguingly, Kam and
colleagues in Japan have demonstrated that deletion of binding repeats 4, S5, 6 and 7 of
apoER2 have no effect on apoE binding to this receptor [173] indicating that only repeats
1-3 of apoER2 are required for apoE recognition. One could therefore speculate that the
gross structural reorganisation of the binding domain of platelet apoER2A4-6, compared
to the LDL-R and VLDL-R, might explain its apparent rekixed specificit)' towards apoE
isoforms and peptides (Table 5.3-3). However, it should be noted that the precise

molecular interactions occurring between apoE and its receptors are still subject to debate.

162



Indeed, until very recently the binding reaction seemed to be based on ionic interactions
between the positively charged helices of apoE (residues 130-160), and negative residues in
the binding repeats of the LRSF members [89]. However, a recent crystallographic
analysis of repeat 5 in the LDL-R has revealed that most of the negatively charged residues
are co-ordinated with Ca™ and are, therefore, unavailable to bind apoE [148]. Clearly, for
a definitive explanation of the apparent dilferences in ligand specificity between the LRSF
members, we need to know the crystal structure of each of the apoE/LRSF complexes

[147].

Platelet iH

Ligand Specificity Receptor VLDI*R LDL-R
(apoER2A4-6)
ApoE RKxR motif 0 X [354] 1 189]
Monomeric RKxR peptide 0 p X [347)
ApoE-2 O 1 [3541 X [278]
Lactoferrin 1(?) () [352] p
RAP 0 /178 / [180)]

Table 5.3-3 Comparison of the ligand specifies of the LDL-R, VLDL-R and the
platelet apoE receptor.

Another feature of platelet apoER2 mRNA analysis was the apparent expression of
two different splice variants (apoER2A4-6 and apoER2A4-6Ainsert) within the one cell

ty’'pe. Note, however, that definitive evidence for apoER2A4-6Ainsert protein expression
must await the production of an antibody that can immunoprecipitate both variants.
Placing this aside, it has been known for some time that the VLDL-R and its chicken
homologue, LRs, are expressed as splice variants with and without the O-linked sugar
domain [169, 376-378]. However, these variants appear to be expressed in a mutually
exclusive fashion in different cell types [377, 378]. This implies that the two platelet
receptors have different functions to perform in the megakaryocyte and platelet. Thus,
since apoERZ can endocytose and degrade apoE-containing lipoproteins [172, 173] and
hence supply extracellular lipids, it is conceivable that apoER2A4-6Ainsert could act as a
classical “LDL-R-t)"pe” receptor and provide a lipid source to the growing megakaryocyte.
Indeed, as apoER?2 is the only LRSF member characterised in megakaryocytic cells so far,

such a role for this receptor is expected. On the other hand, since it is unlikely that the
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mature circulating platelets contain the conventional endocytotic pathways required for
lipoprotein utilisation, it is feasible to assume that apoER2A4-6 with cytoplasmic insert is
packaged into the platelet to perform a cell signalling function. Obviously, additional

studies are required to clarify the functional roles of apoER2 splice variants in platelets and

megakaryocytes.

5.3.9 ISAPOER2 A SIGNAL TRANSDUCTANT?
5.3.9.1 Src Homology 3 (SH3) Recognition Motifs.

In summary, I believe that my findings provide clear evidence that platelets contain
the newly described LRSF member, apoER2. Since it is the only characterised LRSF
member expressed in cells of the megakaryocytic lineage, this implies that it mediates the
anti-platelet effects of apoE. Indeed, the amino acid sequence of the cytoplasmic domain
of apoER2 suggests a cell-signalling role for this receptor. In particular, platelet apoER2
contains a 59 amino acid insert that is missing from all other LRSF members. This insert
has a high degree of conservation between human and mouse apoER2, implying a
functional significance [175]. However, Brandes et al,, state that it represents a unique
sequence not found in any published protein [175]. I disagree. By searching protein
domain databases [379] (Internet address: http://www.nchi.nlm.nib.gov/BLAST), 1 have
identified three proline-rich motifs, designated P7, P2 and P3 (Figure 5.3-14) which fulfil
minimal consensus sequences for Src Homology 3 (SH3) domain recognition, namely
PxxP with each proline usually preceded by an aliphatic residue. In particular, the arginine
and additional proline in sequence P7 (REPEDPAP) almost certainly confer high affinity
binding [380-382].

SH3 domains were first defined in the human proto-oncogene product Src and have
now been identified in a large number of proteins, many of which participate in tyrosine
kinase-mediated signal transduction. Tyrosine kinase signalling pathways proceed through
a series of modular protein-protein recognition domains. These domains recognise small
specific sequence motifs in target proteins, thereby non-covalently tethering proteins so
that they can act together, or upon one another. They include Src-homology-2 (SH2) and
phosphotyrosine-binding domain (PTB), which both bind specific phosphotyrosine
(pTyr)-containing peptide motifs, as well as SH3 domains that bind to PxxP motifs
(reviewed in [380-384]). In response to binding, SH3 domain containing signalling
molecules often undergo tyrosine (de)phosphorylation, which may evoke positive or
negative regulation of specific intracellular signalling cascades (cf. platelets [46]). Recent

structural and mutagenic analysis of PxxP peptide-SH3 complexes show that peptides
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associated with SI 13 domains adopt a left-handed polyproline type II helix [385].
Intriguingly, when the ammo acid sequence of the apoER2 cytoplasmic insert was
submitted to the Fischer and Eisenberg's Fold Recognition algorithm [386] (Internet
address: /Attp:j I wwu'.doe-mbi.ucla.edul’y® which predicts three-dimensional structure from
primary sequences, the P/ motif of apoER2 was predicted to have a 3D structure
resemblmg the SH3 recognition motif present in human protein tyrosine phosphatase IB
[387] (results not shown). Although supporting the concept that apoER2-P/ is a SH3
recognition motif, it should be noted that this method of prediction is, at tlie present time,

unreliable.

¢cGiMP/cAMP dependent protein kinase

phosphorylation sites ~N3 Recognition Motifs
P/ P2 P3
FDNPVY LPGEPR IP KNPL COOH
PTB Motif Cytoplasmic Insert

Figure 5.3-14 The cytoplasmic tail of apoER2 contains PTB recognition motifs,
SH3 recognition motifs and cGMP/cAMP dependent protein kinase
phosphorylation sites.

The cytoplasmic domain ofplatelet cpoER2 consists of 115 amino acids with the amino-terminal
25 residues containing the internalisation fPTB-binding) motifcommon to all LRSF members. Flanking
this region are two cGMPIcAAIP dependentprotein kinase phosphorylation sites. The unique 59 amino
acidinsert ofapoER2 contains threeproline-rich motifs (PI1-P3) whichfulfil the PxxP consensus sequence

for SH3 domain recognition.

5.3.9.2 Cytoplasmic ApoER2 Binds a 40 kDa Tyrosine Phosphorylated Protein in Platelet
Cytosol.

Fortuitously, the 17-mer peptide we selected for antibody production encompasses
PI, the proline-nch motif most likely to undergo hi” affinity bindmg by SII3 domains.
To assess whether tins motif could interact with platelet proterns, the peptide was linked
to Sepharose and equilibrated with platelet cytosol. A 40 kDa protein was bound and this
was tyrosine phosphorylated, as determined by Western blotting using a monoclonal anti-
phosphotyrosine antibody (Figure 5.3-15). This implies that this putative SFI3 motif is

indeed functional.
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40 kDa

Figure 5.3-15 Cytoplasmic apoER2 binds a 40 kDa tyrosine-phosphorylated protein
in platelet cytosol.

A 17-residue peptide sequence eiiconrpassing a potential SH3 recognition motif within gtoplasmic
apoER2 was coupled to NHS-Sepharose and equilibrated with platelet lytosol. ~ Bound pmteins were
eluted with 0.5 M NaCl, separated by SDS-PAGE and detected by silver staining or by Western
blotting using the monoclonal anti-phosphotyrosine antibody, PY20.

5.3.9.3 The Phosphotyrosine-Binding Motif.

Interestingly, the so-called internalisation motif (YXNPxY, where * is hydrophobic,
Figure 5.3-14), common to all LRSF members, is also implicated in tyrosine kinase signal
transduction [388]. This motif can be recognised by PTB domains present in numerous
signalling molecules, including X 11 neuronal protein or when tyrosine phosphorylated the
docking molecules She and IRS-1 [389]. Indeed, these YXNPxY motifs are responsible
for propagating the outside-in signalling of the insulin receptor and Trk.\ nerve growth
factor receptor (reviewed in [384]) to name just a few. Intriguingly, two obsen”ations
suggest that this P4B recognition motif in platelet apoER2 is functional. Firstly, platelet
GPIIb-IIIa also has the TxNPxY sequence and this undergoes phosphorylation to bind
She [390]. Secondly, although phosphorylation of the conserved LDL-R sequence,
FDNPVY', IS not required for endocytosis [391], tyrosine-phosphorylation is implicated in

regulating receptor degradation [392].

166



5.3.10 PLATELET APOER2 AND eNOS ACTIVATION.

The principle factor determining the formation of tyrosine kinase signalling
complexes is the presence of many different signalling motifs covalently linked within the
same polypeptide chain (reviewed in [380-384]). This allows for the formation of a
protein-protein network that disseminates signalling information to diverse cellular
processes. Since the cytoplasmic domain of apoER2 contains both PTB (YxNPxY) and
SH3 (PxxP) recognition motifs, it is extremely likely that activation of apoER2 triggers the
formation of a tyrosine phosphorylation signalling cascade which ultimately leads to
increases in platelet NOS activity. This hypothesis is strengthened by the observation that
insulin also inhibits platelet aggregation by activating eNOS in a mechanism analogous to
that of apoE [286, 393]. Moreover, platelets express an insulin receptor [394], which
contains 2 WxNPxY motif in its cytoplasmic domain [395] and has the potential to
stimulate tyrosine kinase signalling pathways (reviewed in [396]). Indeed, the ability of
insulin to activate platelet eNOS is blunted when platelets are incubated with the general
tyrosine kinase inhibitor, genistein [286]. Less clear, however, is how an apoER2 (or
indeed, insulin) mediated tyrosine kinase signalling cascade could ultimately influence

platelet eNOS activity.

All NOS isoforms undergo reversible phosphorylation by a variety of protein
kinases, implying that cross-talk may occur between NO and other signalling pathways.
However, the nature and consequences of NOS phosphorylation are poorly understood
(68, 397, 398]. Indeed, although regulation of eNOS activity by phosphorylation at
multiple sites, including tyrosine [397], has been suggested [68, 399], the activation of
different kinases and/or phosphatases appears stimulus-dependent so that either down- or
upregulation of eNOS can occur [397, 399]. Obviously, the confusion expressed in the
current literature make it difficult to predict the precise nature of any downstream
signalling cascades from apoER2, particularly since I have yet to identify any signalling
molecules that bind to apoER2 recognition motifs. However, this dilemma is not unique
[400-402]. The concept of conserved protein domains that act as key regulatory
participants in different, often interconnecting, pathways is still relatively new and there
remain many gaps in our current understanding. Obviously, a key step forward will be
characterisation of the cytosolic 40 kDa protein recognised by the putative SH3 motif in
cytoplasmic apoER2. This has been amino-terminal sequenced (results not shown) and, as
this has no match in databanks, future efforts will be directed at cloning its gene.
Nevertheless, I believe that there is strong circumstantial evidence to support my

hypothesis. Namely, that the cytoplasmic tail of apoER2 is activated by apoE allowing
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SH3/PTB domain-mediated binding of either a protein tyrosine kinase, phosphatase or
adaptor molecule; and that any of these events constitutes the initial module of a protein-
protein signal transduction network that upregulates eNOS to produce NO (Figure 5.3-
16). Finally, the Thrgjs (RKNT) and Thrggg (RKTT) residues flanking the PTB motif of
apoER?2 are potential targets for cGMP- or cAMP-dependent protein kinases [403, 404].
Because the biochemical consequence of apoE-induced release of platelet NO is a nse in
intracellular cGMP and cAMP, it is tempting to speculate that this constitutes a feedback

loop to inactivate apoER2 and restore the cell to a functional state.

B
0000Mo0O0O0D0D0D0O0O 0000
PTB PY]'B
Protein-Protein
SH3 Signalling Cascade

SH3 to NOS

Adapter molecule
/ Kinase

Figure 5.3-16 Hypothesis - a novel cell signalling role for apoER2 in platelets.

1 propose herein, a unique cell signalling rolefor apoE and its nendy discovered receptor - apoER?2.
ApoER?2 is activated by apoE (A) to bind a 40 kD a cytosolic adaptor molecule or tyrosine kinase, via its
SH3 motifs (B). This binding causes a tyrosine phosphorylation of either the PTB motif (shorw) or the
adaptor molecule! kinase itself, rhich in turn binds other adaptor molecules or tyrosine kinases ivhich
ultimately triggers additional (de)phosphorylation events to upregulate eNOS (C). The subsequent cGMP
and cAAtPproduced activates the cGMPjcAMP dependentprvtein kinases thatfeed back to cpoER2.
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Chapter 6



6. GENERAL DISSUSSION

6.1 The ApoE/ApoER2/NO Link: Implications for Vascular

Disease.

As outlined in section 1.3.8, atherosclerosis is an arterial disease that is recognised as a
principal cause of death in the western world [193]. Intensive epidemiological, genetic and
biochemical studies have indicated that atherosclerosis is a multifactorial disorder to which
hyperlipidaemia, increased oxidative stress, hypertension and increased platelet reactivity
may contribute (reviewed in [194, 195]). Indeed, blood platelets are intimately involved in
the atherosclerotic process. They play a central protagonistic role both in early lesion
development and in forming the platelet-rich thrombi characteristic of the final arterial
thromboembolism [405]. Moreover, recent evidence also indicates that platelets can
directly initiate an inflammatory response of the vessel wall by expressing CD40 ligand
(CD40L) within seconds of activation [406]. CD40L on platelets induces endothelial cells
to secrete chemokines and express cell adhesion molecules [406], thereby generating
signals for the recruitment and extravasation of leukocytes at the site of injury. Such

mechanisms promote the formation of atherosclerotic lesions [194, 195].

Obviously, establishing apoE as an important regulatory mechanism for the control
of platelet homeostasis, by augmenting platelet eNOS activity, has profound consequences
for atherosclerosis biomedical research. Not simply because large surveys confirm that
platelet reactivity increases prevalence [279] and incidence [280] of coronary heart disease,
or that low or dysfunctional apoE and HDL-E are important risk factors for coronary
heart disease [407-412], but because my work constitutes the first link between apoE and
NO. Thus, in the cardiovascular system perturbed NO synthesis or action has been
implicated in almost all diseases associated with increased vascular tone, vasospasm or
enhanced adhesion of platelets or leukocytes to the arterial wall [413]. Such studies suggest
that the ability of apoE to stimulate platelet production of NO, some of which may be
secreted and hence potentially available to function in a paracrine manner, can have wider
implications. Indeed, in addition to their fundamental role in homeostasis, platelets are
also regarded as a good model system for the study of signal transduction pathways [3-5].
Therefore, one could postulate that the newly assigned cell signalling function of apoE and
apoER2 presented in this thesis may have a physiological significance beyond its role in
inhibiting platelet aggregation.
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Intriguingly, there is also evidence from our laboratory that an apoE/NO link also
occurs in endothelium. Using human umbilical vein endothelial cells (HUVECs), we
initially confirmed that upregulation of VCAM-1 by inflammatory cytokines could be
inhibited by co-incubation with NO donors [414]. Similar inhibitions were achieved by
transfecting HUVECs with pCMV.apoE3 and the secreted apoE correlated closely with
VCAM-1 downregulation (r=-0.93, P<0.001) [415]. We also found an increase in L-
["H]arginine = L-[’H]citrulline, implying that high local levels of apoE act in a paracrine
fashion to stimulate NO production and suppress VCAM-1 [unpublished observation].
As vascular endothelium overlying atherosclerotic lesions is also exposed to an abundance
of apoE secreted by resident macrophages, we have proposed that this will limit
endothelial activation and stem further monocyte recruitment. Significantly, HUVECs
also express apoER2 containing the cytoplasmic insert [unpublished observation and 416]
and we currently hypothesize that its activation by apoE suppresses VCAM-1 expression
via NO production. Interestingly, there is further circumstantial evidence in the literature
to suggest an apoE/NO link in endothelium. Thus, apoE inhibits endothelial cell
proliferation [417], an effect that can be mirrored by NO donors [418, 419]. Clearly, a
more detailed investigation of eNOS activation by apoE in platelets and endothelial cells is

imperative for understanding the role of apoE in the atherosclerotic process.

6.2 The apoE/apoER2/NO Link: Implications for

Neurological Diseases.

Until 10 years ago, apoE was best known for its central role in plasma lipoprotein
metabolism and cholesterol transport [89, 90]. Although less widely appreciated, apoE
also serves a lipid transport role in the nervous system [90, 113, 121, 420, 421], where it
plays an important role in neuronal gro;xzth and regeneration. In 1993, the view of apoE
was significantly changed when investigators at Duke University made the unexpected
discovery that one of the three common apoE alleles, apoE-4, was associated with
Alzheimer’s disease (AD) [207, 208). This landmark observation stimulated much interest,
and attention is now focusing on the underlying mechanisms of how apoE might

contribute to the aetiology of AD.

Although the exact biochemical mechanism connecting the presence of apoE-4 with
neuronal dysfunction in AD patients has yet to be resolved, one may speculate that apoE-
induced NO over-production contributes to the pathophysiology of the disease. Indeed,
over-production of NO by activated microglia has been implicated in the pathogenesis of
numerous neurological disorders, including AD [422, 423]. Microglia are a brain-specific
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form of monocyte-derived macrophages. Intriguingly, human macrophages have recently
been demonstrated to over-produce NO in response to apoE [337]. Moreover, in a recent
collaborative study with Dr. P. Cullen of Miinster University, Germany, we have found
that activated macrophages also express high levels of apoER2 (unpublished observation),
although inactivated monocytes do not (section 5.3.5). Importantly, these macrophages also

increased NO production in response to apoE.

Intriguingly, there is also indirect evidence to suggest that apoE can act directly on
neuronal cells to elicit production of NO. Thus, apoE influences neurite out-growth in
cultured neurones [421, 424], while broadly analogous findings are found for NO
inasmuch as activation of NOS causes growth arrest and differentiation of cultured
neuronal cells [425]. This is of particular interest since platelets show many similarities
with neurones [426, 427] and can exhibit functional abnormalities in a number of
neurological disorders, including Alzheimer’s disease [428, 429]. The reasons for the
similarities between these two physiologically distinct cell types are unclear but may be due
to 2 common embryonic origin [427]. This could possibly explain why platelets contain

apoER2, a receptor that is predominantly expressed in the brain.

If apoER2-mediated over-production of NO in neuronal cells and microglia is
implicated in the pathogenesis of AD, this in itself would not explain the over-
representation of apoE-4 in AD cases, since apoE-4 binds normally to apoER2 (section
5.34.2). However, it should be noted that the characterisation of apoE-containing
lipoproteins in the brain is ongoing [430] and is still relatively unknown, mainly due to the
technical difficulties of isolating lipoproteins from human brain tissue. In human plasma
apoE-3 and apoE-4 have differing preferences in their lipoprotein associations; apoE-3
associates with HDL, while apoE-4 prefers VLDL. Since, the lipid environment of apoE
effects its ability to bind to its receptors [89], the possibility arises that “native” brain
apoE-4-containing lipoproteins might have a greater affinity for apoER2. Clearly, further
basic experiments are required to establish whether an apoER2/NO link is present in
neuronal cells and to define the interactions between apoER2 and “native” brain

lipoproteins.

6.3 Conclusions.

The primary aim of my thesis was to characterise the anti-platelet properties of apoE and
to investigate the molecular mechanisms involved. These data were expected to give valuable

insights to a possible cell signalling function for apoE. Therefore, using the platelet as a
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convenient model system for identifying and characterising signalling pathways [3-5], I
sought to delineate the molecular influences that apoE might exert.

I initially verified that apoE purified from plasma was a highly potent inhibitor of
platelet aggregation, and somewhat to my surprise, found that apoE could directly
influence the activity of platelet NOS. Further studies implied that the trigger for NO
release was an interaction between apoE and a LRSF member. Therefore, based on the
conserved cysteine-rich binding region of this super family, I used sets of degenerate
primers and RT-PCR to identify the platelet receptor. Again surprising results were
obtained; platelets contained splice variants of apoER2, a newly described receptor
reported to be confined mainly to the brain. Finally, I focused my attention on the
cytoplasmic tail of apoER2 since this is the area where “outside-in” signalling from apoE
would be propagated. Thus, and in contradiction to published observations, I discovered
a number of interesting sequence motifs that implicated apoER2 in tyrosine kinase
signalling.

Therefore, in many regards the aims of this thesis have been satisfied, since the
results presented here have begun to characterise a unique role for apoE and its receptors.
Indeed, to quote the title of the St Clair & Beisiegel editorial in October 1997’s Current
Opinions in Lipidology - “What do all the apoE receptors do?” [431]. Although, many
open questions are still posed, I believe that my present hypothesis provides a key answer
regarding apoER2, namely that apoE-activated cytoplasmic apoER2 contains recognition
motifs, which generate a signal transduction network through modular protein-protein
interactions that ultimately triggers additional (de)phosphorylation events to upregulate
eNOS. Note, however, it is also conceivable that apoER2 will not only link to NO
production, but may signal to a variety of different pathways via its PTB and SH3
recognition motifs. The very fact that modular protein-protein interactions exist to
disseminate signalling stimuli to a variety of often interconnecting pathways makes this a
distinct possibility.

Obviously, a more detailed molecular description of eNOS activation by apoE is
required. Presently, the role of apoER2-mediated tyrosine kinase phosphorylation pathways in
the regulation of eNOS is far from clear (setion 5.3.10). However, a detailed molecular
dissection of the downstream signalling from apoER2 is now an achievable goal. Indeed, the
identification of signalling motifs within cytoplasmic apoER2 has provided the necessary
impetus to further characterise apoE-mediated signalling cascades. Hopefully, this will one day
allow insights into the physiological regulation and actions of not only apoER2 but also eNOS,
and may aid the design of specifically-targeted therapeutic drugs [432] for both atherosclerosis

and Alzheimer’s disease.
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