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HUMAN SCAVENGER RECEPTOR CLASS B, TYPE II
(SR-BII) AND CELLULAR CHOLESTEROL EFFLUX

Abstract

A key feature of atherosclerotic lesions is the presence o f cholesteryl ester (CE)- 

engorged macrophages within the arterial intima. Cholesterol mobilisation from 

intracellular stores involves high-density lipoprotein (HDL) binding to an unknown cell 

surface receptor, activation o f signalling pathways, and translocation o f free cholesterol 

to the plasma membrane for efflux. The scavenger receptor, class B (SR-B) gene 

encodes for two different splice variants (types I and II), which have identical 

extracellular regions that bind HDL but C-terminal cytoplasmic tails that differ. I 

identified a number o f putative signalling motifs in the C-terminus o f SR-BII, which are 

absent from SR-B I, and hypothesised that: *upott HDL stimulation o f  SR-BII, its C- 

terminal cytoplasmic tail interacts with a signalling molecule to activate the CE 

mobilisation pathway, *

‘Pull-down’ assays to screen potential binding proteins revealed that biotin- 

tagged cytoplasmic SR-BII interacts with the Src Homology 3 domain of phospholipase 

C-yl, in an isoform-specific manner. However, I failed to detect this interaction within 

more physiological, cellular environments. Full-length SR-BI or SR-BII sequences were 

over-expressed in Chinese hamster ovary cells (CHO-SR-BI/II), and caveolae 

(cholesterol-rich microdomains of the plasma membrane) were isolated from cell lysates 

using sucrose density gradient ultracentrifugation. Human SR-BII was detected in this 

membrane fraction, while co-immunoprecipitation with caveolin-1 confirmed its true 

caveolar localisation. This finding implicates SR-BII in both signalling and cholesterol 

flux; two functions associated with caveolae.

Following the generation of an isoform-specific human SR-BII antiserum, cell 

surface expression of SR-BII protein in THP-1 monocytes and macrophages was 

revealed. To investigate the role of this isoform in CE mobilisation, recombinant CHO- 

SR-BII cells were labelled with [^H]-oleic acid and reductions o f cellular cholesteryl 

oleate were monitored during HDL incubation. Over-expression o f SR-BII, however, 

failed to promote the release o f stored CE pools. In contrast, studies comparing HDL- 

stimulated efflux o f free [^H]-cholesterol from CHO-SR-BI/II cells showed that SR-BII 

is significantly better than SR-BI at cellular cholesterol efflux. I conclude that SR-BII 

has an important role in cellular cholesterol homeostasis and reverse cholesterol 

transport.
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1. INTRODUCTION

1.1 Atherosclerosis

Cardiovascular disease is the leading cause of death in the United States and 

Western Europe [1]. Myocardial and cerebral infarctions, secondary to atherosclerotic 

disease, account for the majority o f these deaths [2]. Atherogenesis is a molecularly 

complex phenomenon involving interactions between cell types endogenous to the 

arterial wall with both circulating lipoprotein particles, and a variety o f inflammatory 

cells, such as monocyte-macrophages. The disease begins in childhood and develops 

progressively over decades o f life [3]. As increasingly complex vascular lesions form, 

the arterial wall thickens and blood flow becomes impeded. At later stages of the 

disease, plaque rupture and occlusive thrombosis lead to the clinical events associated 

with complex atherosclerotic lesions [1 ].

The endothelial cell is constantly exposed to various potential stimuli that can 

trigger atherogenesis: hyperlipoproteinaemia, oxidised lipids, shear stress, inflammatory 

agents and cytokines [4]. Repetitive stimulation of the vascular endothelium can cause 

endothelial dysfunction, allowing lipoproteins to penetrate and lipids to accumulate in 

the sub-endothelial space. The activated endothelium becomes hyperadhesive to 

promote leukocyte adhesion. This involves upregulating the expression o f several 

adhesion molecules, such as the intercellular adhesion molecule-1 (ICAM-1) and the 

vascular cell adhesion molecule-1 (VCAM-1), by cytokines [2]. Having tethered 

monocytes to the endothelial surface using E- and P-selectin, the monocytes 

subsequently firmly adhere to endothelial adhesion molecules via their complementary 

receptors. Following monocyte migration across the endothelium and recruitment into 

the artery wall, differentiation of the monocytes into macrophages occurs [4].

Early atherosclerotic lesions are characterised by cholesteryl ester (CE)-engorged 

macrophages, known as foam cells, in the arterial intima [5]. These cholesterol-loaded 

foam cells are the hallmark o f fatty streaks and atherosclerotic plaques that form when 

macrophage cholesterol uptake from circulating lipoproteins exceeds cholesterol efflux. 

Macrophages limit the uptake o f lipids poorly and since no cellular cholesterol 

catabolism occurs, cholesterol homeostasis can easily be disturbed. Macrophage 

scavenger receptors bind a diverse array of endogenous and foreign molecules, and play
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important roles in host defence [6 ]. However, these receptors also contribute to the 

progression of atherogenesis, as they rapidly engulf modified low-density lipoproteins 

(LDL), such as oxidised LDL (Ox-LDL) [7]. This occurs in an uncontrolled manner 

because, unlike native LDL receptors, cellular cholesterol levels do not control the levels 

o f scavenger receptor expression [8 ]. Scavenger receptors provide the major mechanism 

for the uptake o f lipids by macrophages, although the LDL receptor-related protein 

(LRP) [9] and the VLDL receptor (VLDLR) [10] also contribute to the progression of 

atherogenesis, by mediating the uptake of triglyceride-depleted remnant particles [1 1 ]. 

Furthermore, uptake o f LDL takes place using a receptor-independent pathway, via the 

internalisation o f cell surface proteoglycan-bound lipoprotein lipase-LDL (LPL-LDL) 

complexes [12]. It is believed that LPL utilises both its heparan- and lipid-binding 

domains to act as a bridge between the matrix proteoglycans and the lipoprotein particle. 

In addition to lipid accumulation within macrophages, lipid also accumulates in large 

quantities in the extracellular space. This acellular lipid-rich core o f atherosclerotic 

lesions results from the deposition of plasma lipoproteins and the death o f cholesterol- 

loaded macrophages [13].

Endothelial injury is also associated with platelet adhesion and aggregation of 

platelets to the damaged endothelium [14], and smooth muscle cell (SMC) infiltration 

into the intima [15]. The subsequent proliferation o f SMCs within the intima contributes 

to the advancement o f lesion development. Advanced atherosclerotic plaques comprise a 

necrotic core surrounded by a fibrous cap consisting o f SMCs and extracellular matrix 

under a single endothelial layer. Eventually, as the cap calcifies and becomes more 

unstable, the plaque can rupture and release the highly thrombogenic debris fi*om its 

necrotic core into the bloodstream [16]. The thrombus that forms may occlude the 

artery, prevent blood flow and cause a myocardial infarction.

For decades, scientists have sought to identify the important regulatory processes 

o f atherogenesis, in order to develop new therapeutic strategies to slow disease 

progression. Epidemiological studies have revealed a number o f risk factors for 

atherosclerosis, including hypertension, cigarette smoking, hereditary factors, diabetes, 

obesity, age and gender [17]. Not surprisingly, one of the most significant risk factors is 

the level of cholesterol, and its major carrier LDL, in the bloodstream [18]. Considerable 

interest has focused on controlling plasma LDL levels as a means of slowing 

atherogenesis. This interest resulted in the pharmaceutical generation o f statins: effective
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lipid lowering drugs that upregulate LDL receptor expression and increase LDL 

clearance from the bloodstream [19]. However, these drugs do not significantly increase 

low levels o f plasma high-density lipoprotein (HDL), which is an equally important risk 

factor for atherogenesis [20], Despite the discovery that HDL functions in an 

atheroprotective manner to promote clearance o f cholesterol from peripheral cells, the 

underlying mechanisms involved in cellular cholesterol efflux remained elusive for over 

twenty years. During this time, our understanding of HDL-cell interactions failed to 

develop at the same rate as that o f LDL, since no physiological HDL receptors had been 

identified. Recently, however, two important proteins involved in HDL metabolism 

were discovered: the scavenger receptor class B, type I (SR-BI), and the ATP-binding 

cassette transporter, class A1 (ABCAl) [reviewed in 21,22]. Thus, the situation has now 

changed, as scientists seek to understand the mechanisms by which HDL enhances 

cellular cholesterol efflux, and thereby promotes the regression o f pre-existing 

atherosclerotic lesions. It is likely that these mechanisms will provide new therapeutic 

targets in the future. In this thesis, I studied the alternative splice variant o f SR-BI (SR- 

BII) and sought to establish an atheroprotective role for this HDL receptor.

1.2 Cellular Cholesterol Homeostasis

Cholesterol is an essential component o f cellular membranes, where it functions 

to modulate fluidity and maintain the barrier between the cell and its environment. In 

hepatocytes and steroidogenic tissues, it also provides the raw material for the 

manufacture of bile acids and steroid hormones, respectively (Figure 1.1). Nevertheless, 

there is a darker side to cholesterol, as it contributes to the pathology o f disease, such as 

coronary heart disease. In this case, cholesterol accumulates in the arterial wall where it 

cannot be readily mobilised, and its presence promotes the development of an 

atherosclerotic plaque [22,23]. Therefore, in order to prevent cholesterol accumulation 

and maintain cellular cholesterol homeostasis, it is critical that cells tightly control both 

cholesterol synthesis and uptake, as well as cholesterol deposition, mobilisation and 

efflux.
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Figure 1.1 Cholesterol metabolism

Cholesterol is an essential constituent o f  cell membranes and is the building block for  

steroid hormones (e.g. testosterone) and bile acids (e.g. cholic acid). It is esterified with fatty  

acids fo r storage as CE, either in the core o f  lipoproteins or as intracellular lipid droplets.

1.2.1 CHOLESTEROL SYNTHESIS AND UPTAKE

Cells obtain cholesterol from lipoprotein endocytosis, as well as endogenous 

synthesis. Cholesterol synthesis de novo transforms a simple two-carbon substrate 

(acetate) into a complex four-ring structure, containing twenty-seven carbons, through 

the action of at least thirty enzymes. The pathway can be broken down into three stages, 

beginning with the generation o f mevalonate in the endoplasmic reticulum (ER). Three 

molecules of acetyl-CoA condense to generate 3-hydroxy-3-methylglutaryl-CoA (HMG- 

CoA). The HMG-CoA reductase enzyme is then responsible for catalysing the reduction 

of HMG-CoA to mevalonate. This reaction represents the first committed step in 

cholesterol synthesis. The second stage involves several cytosolic reactions, which 

convert mevalonate into squalene. Lastly, squalene undergoes cyclisation to lanesterol in 

the ER. before a further twenty reactions finally generate cholesterol [24].

Another important source o f cholesterol for peripheral tissues is the uptake of 

esterified cholesterol from circulating LDL particles by endocytosis. Circulating LDL 

particles contain two-thirds o f total plasma cholesterol, with CL contributing to 40 % of 

their weight. LDL therefore plays a crucial role in the delivery of cholesterol to 

peripheral tissues [24]. In addition, hepatocytes and steroidogenic tissues are able to 

selectively remove CL from HDL (Section 1.6.3.1). The importance of successful LDL 

CL delivery to extrahepatic cells is highlighted in patients with the hereditary condition
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known as familial hypercholesterolaemia (FH). Patients suffering with the rare 

homozygous form of this disease exhibit grossly elevated plasma cholesterol levels and 

develop advanced atherosclerotic lesions early on in life, usually resulting in heart 

disease and death by the age of twenty. Patients with the more common heterozygous 

form exhibit less severely elevated levels o f cholesterol, but still are at a higher risk of 

heart disease before the age of fifty.

In 1972, Goldstein and Brown began to study this disease using cultured 

fibroblasts fi*om patients with FH and from healthy individuals. Normal fibroblasts were 

incubated in the presence of serum and the activity o f HMG-CoA reductase was found to 

be low, indicating that endogenous cholesterol synthesis was also low. When 

lipoproteins were removed from the culture medium, HMG-CoA reductase activity in 

normal fibroblasts rose by at least 50-fold over 24 h. This enzyme activation was 

subsequently rapidly suppressed by the addition o f lipoproteins back to the medium. In 

fact, o f the two major cholesterol-carrying lipoproteins in human plasma, LDL and HDL, 

only LDL was effective. In contrast, fibroblasts from FH patients exhibited HMG-CoA 

reductase activities that were 50- to 100-fold above normal whether cultured in the 

presence or absence of serum [25,26]. Their findings suggested that normal fibroblasts 

were transporting cholesterol into the cell, where it regulates its own synthesis by 

suppressing the activity of the rate-limiting enzyme, HMG-CoA reductase. In FH 

patients, it appeared as though this cellular cholesterol uptake was defective. Brown and 

Goldstein went on to demonstrate the presence o f high-affinity LDL-binding sites (i.e. 

LDL receptors) on the surface of normal cells, which were absent on FH-homozygous 

cells [27]. Mutations in the LDL receptor gene subsequently explained the inability of 

FH patients to take up LDL cholesterol. These mutations interrupt either receptor 

synthesis, binding, processing or subcellular localisation [19].

The LDL receptor was found to cluster in clathrin-coated pits and mediate LDL 

uptake by endocytosis [28]. Receptor-mediated endocytosis is a process by which cells 

internalise and degrade many extracellular molecules, including LDL (Figure 1.2). 

Following LDL receptor synthesis, the receptors concentrate in coated pits and bind any 

available LDL. Within 3-5 min the coated pits invaginate to produce endocytic vesicles, 

which subsequently fuse and generate endosomes. Once the pH of the endosomes falls 

below 6.5, LDL particles dissociate from their receptors, which recycle back to the 

surface. A receptor undergoes a cycle o f endocytosis every 10 minutes, irrespective of
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LDL binding interactions. Finally, the endosome containing LDL fuses with a lysosome, 

where the protein component of LDL is hydrolysed to amino acids, and the CE is 

hydrolysed by lysosomal acid lipase to free cholesterol (FC) [19]. Lipoprotein-derived 

cholesterol subsequently joins the intracellular FC pool, to be used by the cell during the 

synthesis o f plasma membranes, bile acids and steroid hormones, or stored as cytosolic 

CE lipid droplets.

Intracellular FC acts on three different pathways in order to regulate cellular 

synthesis and uptake o f cholesterol. Firstly, it suppresses HMG-CoA reductase gene 

transcription [29] and accelerates degradation o f the enzyme [30]. In addition, 

cholesterol is responsible for suppressing LDL receptor synthesis [31], as well as 

activating a cholesterol-esterifying enzyme called acyl-CoA:cholesterol acyltransferase 

(AC AT) [32]. AC AT acts to promote the storage of excess cholesterol as cytosolic CE 

droplets [33]. Together these regulatory mechanisms serve to maintain a constant level 

of unesterified cholesterol, despite fluctuations in cellular requirements and exogenous 

supplies.

LDL receptor

LDL particle
Apolipo- Cholesterol 
protein /  ester

Free
cholesterol Ligand 

binding

Cell membrane

Lysosome

Cytoplasm

Figure 1.2 Internalisation of LDL by receptor-mediated endocytosis

LDL receptors cluster in clathrin-coated pits, hind LDL particles, and mediate endocytosis. 

The LDL is degraded in lysosomes to release FC, while the receptor recycles back to the surface. 

As cellular cholesterol accumulates, synthesis o f  LDL receptors and endogenous cholesterol 

synthesis is suppressed.
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1.2.2 CH OLESTERO L DEPOSITION AND M OBILISATION

Interconversion of cellular FC and CE, by re-esterification-hydrolysis cycling, is 

controlled by the action o f two enzymes, AC AT and CE hydrolase (CEH). These 

enzymes help to maintain cellular FC within narrow limits, since the sterol can be toxic 

when present in excess [34]. As intracellular FC accumulates in the ER, ACAT is 

activated to promote estérification in order to maintain membrane integrity [33]. The 

addition o f long chain fatty acids reduces the solubility o f FC in the membrane thereby 

causing the CE to form lipid droplets within the cytoplasm [35]. Cytosolic CE is 

converted back to FC by the action of neutral (n) CEH, activated by a cAMP-dependent 

protein kinase A (PKA) [36]. The released cholesterol is transferred to the plasma 

membrane, where it can be transported to the ER for another cycle o f re-esterification- 

hydrolysis [33]. This cycling is interrupted by the presence o f extracellular cholesterol 

acceptors, such as HDL, that promote FC efflux [37,38].

Specialised cells employ additional mechanisms to maintain cellular FC levels. 

For example, hepatocytes and enterocytes are able to secrete FC and CE in VLDL and 

chylomicrons, respectively. In both of these cells, a second ACAT gene product is 

active, named ACAT2 [35]. Following absorption o f dietary and endogenous FC from 

the intestinal lumen by mucosal cells, intestinal ACAT2 esterifies 75-80 % of the 

cholesterol. Generated CEs are then secreted into the circulation contained within 

chylomicron particles. Not surprisingly, transgenic mice deficient in ACAT2 exhibit 

reduced intestinal cholesterol absorption [39]. Chylomicron CEs are subsequently 

removed from the circulation by the liver and hydrolysed. Hepatic ACAT2 then re- 

esterifies the FC to produce CE, which in turn gets incorporated with triglycerides to 

form secreted VLDL particles, or is recycled back to FC by nCEH. Hepatocytes also 

convert FC to bile acids, which are secreted along with FC into bile. Finally, 

steroidogenic tissues use FC as a substrate for the generation o f steroid hormones [38].

The regulation o f cholesterol mobilisation and efflux from macrophages is of 

great interest, since these cells cannot self-limit cholesterol uptake and therefore 

accumulate a large proportion of intracellular cholesterol. Following lipoprotein uptake 

and lysosomal hydrolysis of the CE, the unesterified cholesterol is transferred to the ER 

either directly or indirectly via the plasma membrane. In the ER, ACAT re-esterifies FC 

to CE, which appears as cytosolic lipid droplets, and gives cholesterol-engorged 

macrophages their foamy appearance [8 ]. In order to increase cholesterol efflux and
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prevent foam cell development, macrophages must divert FC from estérification by 

ACAT, promote net CE hydrolysis by nCEH, and transfer FC to the plasma membrane. 

It appears as though HDL interactions with the macrophage cell surface might promote 

each o f these steps [ 1 1 ]: firstly, when cholesterol-loaded mouse peritoneal macrophages 

were incubated in the presence o f HDL, CE levels were significantly reduced [40,41]; 

and secondly, apolipoprotein (apo) A-I-mediated cholesterol efflux from macrophages 

has been linked to the mobilisation o f cholesterol from an intracellular pool used by 

ACAT to a specific pool for FC efflux [42].

HDL not only acts as an extracellular acceptor o f cholesterol, but also promotes 

the trafficking o f cholesterol from intracellular pools to the plasma membrane using 

cellular signalling pathways [43]. Slotte et al. [44] used cultured human fibroblasts to 

show that binding o f HDL apolipoproteins to a high affinity cell surface receptor induced 

cholesterol movement from intracellular stores to the plasma membrane. Identical 

conclusions were also obtained using cholesterol-loaded human monocyte-derived 

macrophages [45]. Subsequently, Théret et a l  [46] provided the first evidence that a 

signalling pathway controlled this HDL-stimulated efflux. This group showed a rapid 

and transient formation o f diacylglycerol (DAG) by adipose cells in response to HDL3 , 

Consistent with these findings, cholesterol-loaded fibroblasts treated with HDL3 

promoted a transient increase in membrane-associated protein kinase C (PKC) activity 

[47]. This activation only occurred in response to HDL3 binding to the cell surface, as 

tetranitromethane-modified HDL3 was without effect. In addition, translocation of 

intracellular cholesterol to the plasma membrane was stimulated with PKC activators and 

reduced with PKC inhibitors [47]. Finally, in the presence o f HDL, cAMP was found to 

stimulate CE clearance from macrophages [36], possibly via PKA activation [48]. PKA 

is believed to phosphorylate nCEH and promote the hydrolysis o f cytosolic CE, thereby 

increasing CE mobilisation and FC efflux [8,49]. The receptor(s) involved in binding 

HDL and activating the mobilisation and efflux o f stored cholesterol via signal 

transduction is central to this process but, to date, the nature o f this receptor remains 

elusive.

1.2.3 CAVEOLAE AND INTRACELLULAR CHOLESTEROL TRAFFICKING

Caveolae are small clathrin-free invaginations o f the plasma membrane 

containing cholesterol-binding proteins, called caveolins, which are essential for 

caveolae formation, [reviewed in 50,51]. Relative to other domains o f the plasma
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membrane, caveolae are rich in FC and sphingomyelin and play an important role in 

cellular cholesterol flux. Caveolae serve as a terminus for the intracellular trafficking of 

recycled and newly synthesised cellular FC, and as a site for cellular FC efflux. In 

addition, caveolae are rich in several other intermediates o f lipid signalling pathways, 

including ceramide and phosphoinosides [52,53]. These microdomains have been 

implicated, therefore, as scaffolds where signalling complexes are assembled and second 

messenger pathways are activated [54]. Finally, caveolae also serve to internalise 

selected ligands by endocytosis [50].

FC, derived from de novo synthesis, translocates in complexes containing 

caveolin from the ER to caveolae [55-57], possibly via an intermediate compartment, 

such as the trans-Golgi network (TON) [50]. If an extracellular acceptor is present, the 

majority o f FC is transferred out o f the cell. However, in the absence of acceptors, 

newly synthesised FC distributes to other domains of the plasma membrane. 

Subsequently, FC-depleted caveolin is thought to recycle from the cell surface back to 

the ER, although this mechanism is poorly understood [50]. The majority o f intracellular 

FC trafficking, however, does not result from FC synthesised de novo, but instead 

involves the recycling of lipoprotein-derived cholesterol. Two alternative models have 

been proposed, and each model involves the initial fusion o f FC-depleted caveolin with 

endosomes containing LDL-derived FC. These vesicles would then either return to the 

cell surface directly, or via the TON, where this pathway might integrate with the 

trafficking of FC synthesised de novo, as described above [50].

The majority o f FC efflux from plasma membranes occurs by diffusion: 

cholesterol desorbs from the plasma membrane pool to the surface o f extracellular 

phospholipid-containing acceptor particles, such as bulk HDL, due to a cholesterol 

concentration gradient between the membrane and acceptor [58]. Since the caveolar FC 

pool is the only plasma membrane pool o f FC found to be reactive with cholesterol 

oxidase [59], caveolae are thought to contribute to cholesterol efflux by increasing the 

accessibility o f FC in this microdomain to its extracellular acceptor. The structural 

protein caveolin is believed to displace FC to the extracellular leaflet of the plasma 

membrane and thereby promote its efflux [51]. A number o f sterol-response elements 

have been identified in the promoter region of the caveolin-1 gene, indicating that 

cellular levels o f FC control the expression of this cholesterol-binding protein [60]. 

Indeed, LDL-derived FC has been found to upregulate the expression o f caveolin and
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caveolae in many different cell types [61,62]. These findings are consistent with the 

postulated role of caveolae in FC efflux.

1.3 High-Density Lipoproteins (HDL)

The primary function o f lipoproteins is to transport water-insoluble lipids around 

the bloodstream. It is not surprising, therefore, that each member o f the lipoprotein 

family shares a common macromolecular structure: a lipid-rich core of triglycerides and 

CE, contained within an amphipathic layer comprising phospholipid and FC molecules, 

as well as a variety of polypeptides, named apolipoproteins (Figure 1.3). The principal 

apolipoproteins o f HDL are apoA-I and apoA-II, although smaller amounts of apoE and 

apoC apolipoproteins are also present.

Phospholipid Cholesterol e s te rs

T rig lycérides
c h o e ste ro

Polypeptides >■ 
(apolipoproteins)

Figure 1.3 Structure of lipoprotein particles

All lipoprotein classes share a common structure: a lipid core o f  CE and triglycerides 

contained within a surface coat o f  various apolipoprotein, phospholipid and FC molecules.

1.3.1 HDL SUBCLASSES

HDL particles are smaller (5 to 17 nm) and have a higher density (>1.063 g/ml) 

than LDL and VLDL particles. In addition, they are also present in human plasma at 

higher molar concentrations (10-20-fold) [8]. However, within this class of lipoproteins 

the HDL particles exhibit a large degree of heterogeneity, varying in size, density, 

charge, and shape [63]. These characteristics result from differences in lipid 

concentration, as well as apolipoprotein, enzyme, and lipid transfer protein content. 

Various subclasses of HDL exist, therefore, which can be isolated using different 

methods of separation.
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Following plasma separation with agarose gel electrophoresis, and 

immunoblotting with anti-apoA-I, the majority o f apoA-I (>85 %) is found to be 

associated with a fraction that migrates with a-electrophoretic mobility. This a-LpA-I 

fraction constitutes spherical HDL particles that contain large quantities of stored 

cholesterol in their lipid-rich cores [8 ]. The rest o f apoA-I (5-15 %) is associated with 

particles that have pre-P-electrophoretic mobility. This pre-P-LpA-I fraction contains 

small lipid-poor complexes and flattened HDL particles that are discoidal in shape (‘ice 

hockey puck-like particles’). These particles are separated according to size using 

polyacrylamide gradient gel electrophoresis: pre-Pi-LpA-I, pre-p 2 -LpA-I, and pre-Ps- 

LpA-I. Lipid-poor pre-pi-LpA-I particles are the smallest, since they are made up of 

apoA-I alone, or apoA-I with a few molecules o f phosphatidylcholine and 

sphingomyelin. The larger pre-P2 -LpA-I and pre-ps-LpA-I discoidal particles are rich in 

phosphatidylcholine and contain smaller proportions o f sphingomyelin and cholesterol 

compared to the lipid-poor complexes [64,65]. Synthetic discoidal HDL particles were 

found to vary in lipid content as well as the number o f apoA-I polypeptides per particle, 

which caused particles to differ in diameter, but the thickness o f each disc remained 

constant. Sectional electron microscopy revealed that constant disc thickness resulted 

from all discs comprising a single bilayer [6 6 ]. In addition to pre-P-LpA-I particles, 

electrophoretic separation also reveals lipid-poor pre-P-LpA-IV and y-LpE particles, 

which contain apoA-IV and apoE, respectively, as their only apolipoproteins. Together 

with the pre-P-LpA-I fraction, these lipid-poor particles avidly sequester excess cellular 

cholesterol [67,68].

Spherical a-HDL particles can be further differentiated using ultracentrifugation 

and immunoaffmity chromatography techniques. Firstly, standard ultracentrifugation 

distinguishes HDL2 and HDL3 particles, which are isolated according to density (HDL2 : 

1.063-1.125 g/ml; HDL3 : 1.125-1.21 g/ml). Secondly, immunoaffmity chromatography 

subdivides a-HDL particles according to apolipoprotein content: a-LpA-I/A-U contains 

both apoA-I and apoA-II, whereas a-LpA-I contains apoA-I as the sole apolipoprotein 

[69].
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1.3.2 APO LIPO PRO TEIN  A-I STRUCTURE

ApoA-I is synthesised both in the liver [70] and the intestine [71] as pre-pro- 

apoA-I. Following co-translational cleavage o f the 18-residue signal peptide, apoA-I 

appears in the circulation as the 249 amino acid pro-protein [72]. Finally, this is 

processed to the 243 residue mature form of apoA-I comprising a globular amino- 

terminal domain (residues 1-43) and a lipid-binding carboxyl-terminal domain (residues 

44-243), containing a number of amphipathic a-helices [73]. The amphipathic a-helix 

was originally defined as an a-helix with opposing polar and non-polar faces oriented 

along the long axis o f the helix [74]. It is a common structural m otif shared by all 

exchangeable apolipoproteins (A-I, A-II, A-IV, Cl, CII, GUI and E) that serves to 

associate with lipid and stabilise the lipoprotein structure [73]. Protein sequence analysis 

o f apoA-I lipid-binding domain revealed ten repeated amino acid sequences (eight 22- 

mer and two 1 1 -mer repeats) in tandem, with each repeat having the periodicity of an 

amphipathic a-helix [75]. Nolte and Atkinson subsequently used circular dichroism to 

determine its secondary structure, and proposed an a-helical structure for this lipid- 

binding domain [76]. When this C-terminal domain was studied using 4-Â resolution X- 

ray crystallography, an almost continuous amphipathic a-helical horseshoe-shaped 

structure with proline-induced kinks was determined [77]. In addition, four apoA-I lipid- 

binding domains were found to associate via their hydrophobic faces to produce two 

antiparellel dimers. Unfortunately, it was not possible to conclude that the structure 

determined using X-ray crystallography was identical to that o f lipid-associated apoA-I, 

since the data had been generated from aqueous phase crystals.

Two different models have been proposed for the correct orientation and 

conformation o f apoA-I on the rim of discoidal nascent HDL particles: firstly the ‘picket- 

fence’ model, where the amphipathic helical repeats form tandem anti-parallel helices, 

perpendicular to the disc plane [78]; and secondly the ‘double-belt’ model, where two 

apoA-I molecules form essentially continuous amphipathic helices around, and parallel 

to the plane of, the disc [79] (Figure 1.4). More recently, a detailed molecular belt model 

was proposed for the structure of the lipid-binding domain o f apoA-I on the smallest 

discoidal HDL particles [80]. These particles comprise two apoA-I molecules wrapped 

around a bilayer containing 160 lipid molecules. The predicted structure uses the 

assumption that lipids force constraints on the orientation and conformation o f their 

associated proteins, as well as the hypothesis that apoA-I conformation results from the 

maximisation of interhelical salt bridge interactions. Having explored all possible
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geometries for generating apoA-I dimers, the apoA-I structure resulting in the best 

alignment o f salt bridges was found to be identical to that o f lipid-free apoA-I, 

determined by X-ray crystallography [77]. It therefore appears that the structure of 

apoA-I dimers in nascent discoidal HDL conforms to this double-belt model.

Figure 1.4 Possible orientations of apoA-I am phipathic helices in discoidal HDL

This figure is adapted from Segrest et al. [81]. A, ‘D ouble-belt’ model: two apoA-I 

molecules form essentially continuous amphipathic helices around, and parallel to the plane of, 

the disc. B, ‘Picket-fence’ model: the amphipathic helical repeats form tandem anti-parallel 

helices, perpendicular to the disc plane.

1.4 HDL M etabolism

Unlike triglyceride-rich lipoproteins that are generated and secreted from the 

liver, HDL formation occurs in the circulation. HDL biogenesis begins with the 

association o f circulating lipid-poor apoA-I particles with cholesterol and phospholipid, 

to generate discoidal pre-P-HDL particles. The HDL-assoeiated enzyme lecithin- 

cholesterol acyl transferase (LCAT) is then responsible for esterilying FC and generating 

mature, spherical HDL particles, which can be further remodelled by the action of 

plasma enzymes and transfer proteins [reviewed in 65].

1.4.1 GENERATION OF DISCOIDAL PRE-P-HDL PARTICLES

Circulating lipid-free apoA-I or lipid-poor apoA-I particles are generated and 

secreted from hepatocytes [70] and intestinal mucosal cells [71]. These lipid-poor 

precursors avidly sequester FC and phospholipids from plasma membranes as well as 

triglyeeride-rich lipoproteins (e.g. VLDL), to generate discoidal pre-P-HDL.
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The ‘gatekeeper’ for phospholipid and FC efflux from peripheral cell membranes 

has recently been defined as the ABCAl transporter [reviewed in 82]. Its critical role in 

HDL biogenesis was determined following the discovery o f ABCAl gene mutations in 

patients with Tangier disease: a rare recessive disorder resulting in the defective removal 

of cellular cholesterol and phospholipids by lipid-poor apoA-I (Figure 1.5) [83-86]. 

Since apoA-I is unable to sequester cholesterol and phospholipid to generate discoidal 

pre-p-HDL, the apoA-1 protein is rapidly catabolised by the kidney (Section 1.6.4), and 

the disease is therefore characterised by extremely low levels o f apoA-I and HDL, with 

CE accumulation in cells [87].

Defective ABCAl
N o HDL m a tu ra t io n

ABCAl
F irs t s te p  in HDL m a tu ra t io n

a p o A l ap o A l

Rapid
catabo lism

P e r ip h e ra l
t i s s u e s

P e r ip h e ra l
t i s s u e s

K idney

Figure 1.5 ABCAl controls the first step in HDL maturation

In the fir.st stage o f HDL maturation, ABCAl mediates the efflux o f  cellular phospholipid and 

cholesterol to lipid-poor apoA-1. In Tangier disease, defective ABCAl fails to promote enough 

lipid efflux to apoA-1, which is then rapidly cleared by the kidney rather than entering the HDL 

maturation cascade.

ABCAl belongs to the ATP-binding cassette family of genes encoding 

transmembrane proteins that use ATP as a source of energy for the transportation o f a 

wide range of substrates (e.g. ions, amino acids and proteins, sugars, phospholipids and a 

range of drugs) across the plasma membrane, as well as intracellular membranes of the 

ER and mitochondria [88]. Each member o f the family contains six membrane-spanning 

domains and a cytosolic ATP-binding cassette, comprising two conserved peptide motifs 

(Walker A and Walker B motifs) and a unique amino acid signature sequence between 

each Walker motif [89]. ABC transporters with only one cassette and transmembrane
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region are known as ‘half-transporters’, that assemble their units as homo- or hetero

dimers to make a functional transporter [90]. ABCAl, however, contains two of these 

units, linked by a highly hydrophobic segment, which is presumably an essential 

component for the translocation o f lipids.

Since both HDL cholesterol and phospholipids are almost completely absent in 

plasma from patients with Tangier disease, it was initially concluded that ABCAl 

functions to transport both o f these lipids across the plasma membrane: upon ATP 

binding and hydrolysis, cholesterol and phospholipids are rapidly flipped from the inner 

to the outer leaflet o f the membrane bilayer, where lipid-poor apoA-I avidly sequesters 

them. However, a direct role for ABCAl in the translocation o f either lipid had not been 

demonstrated. Cholesterol and phospholipid efflux studies on SMCs and endothelial 

cells by Fielding et al. [91] revealed that translocation o f these two lipids is not 

concurrent but takes place in two stages. When FC efflux from SMCs expressing high 

levels o f ABCAl was inhibited, phospholipid efflux was still found to occur. In 

addition, when conditioned media (containing apoA-I previously incubated with SMCs) 

was transferred to ABCAl-deficient endothelial cells, it stimulated the efflux o f FC from 

endothelial cells, but not phospholipid. They also found phospholipid-apoA-I complexes 

to be much better acceptors of FC than apoA-I itself. Similar studies have also revealed 

that apoA-I binding to ABCAl is closely associated with phospholipid translocation, and 

that this activity can be completely dissociated from FC efflux [92]. Taken together 

these experiments point towards a two-step mechanism of phospholipid and FC efflux: 

initially ABCAl actively translocates phospholipids across the membrane to circulating 

lipid-poor apoA-I particles to generate discoidal phospholipid-apoA-I complexes, which 

then avidly sequester FC that traverses the plasma membrane by diffusion (Figure 1.6). 

ABCAl therefore functions indirectly as a cholesterol efflux regulatory protein to 

promote pre-P-HDL formation.

A second source o f FC and phospholipids for pre-p-HDL generation is provided 

by triglyceride-rich lipoproteins (TRL), such as VLDL. Following hydrolysis of core 

triglycerides by LPL, much of the phospholipid monolayer becomes redundant relative 

to the depleted lipid core. The phospholipid transfer protein (PLTP) transfers 

phospholipid and FC from the surface o f TRL to lipid-poor apoA-I particles. The 

important role o f PLTP in HDL metabolism was established using PLTP-knockout mice: 

firstly, the in vivo transfer o f radiolabelled phospholipid from VLDL to HDL was
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completely abolished and secondly, the mice showed marked decreases in HDL 

phospholipid (60 %) and cholesterol (65 %), but no significant changes in apoB levels or 

non-HDL lipid compared to wild-type mice [93]. Furthermore, LPL knockout mice, 

which only survived up to 18 h after birth, were found to have massive 

hypertriglyceridaemia and very low plasma HDL levels [94], whereas over-expression of 

human LPL increased plasma HDL and lowered levels o f triglyceride-rich lipoproteins 

[95]. These experiments show an inverse relationship between hypertriglyceridaemia 

and plasma HDL levels, and demonstrate the importance o f successful transfer o f surface 

components from triglyceride-rich lipoproteins for HDL biogenesis and maintenance of 

plasma HDL levels.

Mature CE-rich 
HDL particle

Lipid-poor
apoAl

Discoidal
pre-p-HDL

Figure 1.6 ABCAl effluxes cholesterol by a two-step mechanism

The true ABCAl substrates are }iow identified as phospholipids, which are flipped across the 

membrane to bind apoA-I and form discoidal phospholipid-apoA-J complexes. These complexes 

then avidly sequester excess cholesterol, which unlike phospholipids rapidly traverses the 

membrane by diffusion.

1.4.2 GENERATION OF SPHERICAL a-HDL PARTICLES

Maturation of discoidal pre-P-HDL particles into lipid-rich, spherical a-LpA-I 

particles results from three processes. Firstly, the lipid-poor apoA-I particles acquire FC 

and phospholipids derived from cell membranes or circulating apoB-containing 

lipoproteins. Secondly, the FC becomes esterified at its hydroxyl position with a long- 

chain fatty acid. Thirdly, the apoA-I containing particles associate with additional 

apolipoproteins, such as apoE and apoC. Cholesterol estérification involves the transfer 

of an acyl chain from phosphatidylcholine (lecithin) to cholesterol, and is mediated by 

the action o f LCAT [96-98]. LCAT is a soluble enzyme that is secreted by the liver and
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binds to the surface o f HDL. It is activated by the major apolipoprotein o f HDL, apoA-I, 

to catalyse the following reaction:

cholesterol + lecithin —> cholesteryl ester + 2-lysolecithin

HDL lipid composition is thought to contribute significantly to the ability of 

apoA-I to activate LCAT, either by determining apoA-I conformation or the availability 

of the enzyme to its substrate [99]. Indeed, small complexes with a low phospholipid/A- 

I molar ratio are found to be more efficient at LCAT activation than larger complexes 

with a higher ratio [100]. The mechanism by which apoA-I activates LCAT is not clear, 

although natural and synthetic apoA-I mutants have identified the central helixes 5-7 of 

apoA-I to be involved [99]. In small, discoidal pre-p-HDL, the central helices o f apoA-I 

may not interact completely with lipids, allowing greater accessibility o f LCAT to the 

lipid interface and the central domain o f apoA-I, thereby promoting its activity in these 

particles.

The importance o f LCAT for the generation o f mature spherical HDL is seen in 

transgenic mice deficient in LCAT, which exhibit greater than 90 % reduction in HDL 

levels [101]. LCAT estérification of amphipathic cholesterol generates hydrophobic CE, 

which partitions into the lipid-rich core of the lipoprotein particle, thereby causing the 

discoidal particle to become spherical in shape. The increasing core CE content 

contributes to the progressive enlargement o f HDL] particles to HDL] and HDLi 

particles. These mature HDL particles are found to induce cholesterol efflux, in a non

specific, slow, saturable and bi-directional manner, which appears to take place by 

aqueous diffusion [8 ]. LCAT contributes to this process by removing diffusible FC from 

the surface of HDL and maintaining the cholesterol gradient from the cellular plasma 

membrane to HDL [102]. Lipid-rich HDL particles also induce specific cholesterol 

efflux: HDL-mediated cholesterol efflux correlates with expression o f SR-BI (Section 

1.6.3).

The majority o f HDL CE is subsequently returned to the liver for bile synthesis 

and excretion, although HDL CE is also delivered to steroidogenic tissues for steroid 

hormone production. Selective uptake of HDL CE by steroidogenic tissues and the liver 

takes place directly via SR-BI [103], or indirectly in a process involving the cholesteryl 

ester transfer protein (CETP). This protein mediates the transferral of HDL CE to TRL,

32



by stimulating the exchange of CE and triglycerides [8 ], followed by the uptake o f TRL 

remnants by the liver.

1.4.3 REMODELLING OF HDL PARTICLES

In humans, circulating HDL particles are continuously remodelled by lipid 

transfer proteins, such as CETP and PLTP, and the enzyme, hepatic lipase (HL). A 

schematic diagram representing the key players in HDL metabolism is shown in Figure 

1.7. The CETP-mediated transfer o f CE from HDL to TRL not only promotes the 

reduction in HDL particle size, but it is also accompanied by the progressive dissociation 

o f lipid-free apoA-I from the HDL particles [104]. HL functions in a similar manner to 

CETP: HL is associated with reduced a-HDL particle size, as well as pre-pi-HDL 

formation [105], HL is a cell surface-bound enzyme capable o f hydrolysing 

phospholipids and triglycerides in plasma lipoproteins. In HDL metabolism, 

phospholipid hydrolysis is likely to be the most physiologically relevant action of HL 

since HDL particles contain larger quantities o f phospholipid than triglyceride. HL acts 

to deplete HDL phospholipid and thereby facilitates the removal o f CE from HDL by 

CETP [106] and SR-BI uptake [107]. Both HL and CETP have important roles to play 

in HDL catabolism: patients with genetic deficiencies o f CETP or HL show markedly 

increased levels o f plasma HDL [108,109]. These two HDL remodelling enzymes 

therefore serve to shrink HDL size and regenerate lipid-poor pre-pi-HDL particles, 

which then begin another round of HDL biogenesis.

In addition to its role as a remodelling enzyme, HL has been found to enhance 

both the binding and uptake o f apoB-containing lipoproteins and/or their lipids, by 

different cells in vitro [110]. More recently, HL was shown to enhance SR-BI-mediated 

CE uptake from HDL 3-fold; this process involved both the lipolytic and the non

lipolytic functions o f the enzyme. SR-BI and HL therefore act synergistically to promote 

the uptake o f lipids from mature HDL particles [107].

The final HDL remodelling enzyme to be discussed is PLTP, which is able to 

fuse together two HDL3 particles, leading to the concomitant formation o f a large, CE- 

rich HDL2 particle and a small pre-Pi-HDL particle [111]. It appears, therefore, as 

though PLTP functions to enhance both pre-P i -HDL-mediated cholesterol efflux from 

cells, as well as the efficient delivery o f CE to the liver via large, CE-rich HDL2 particles 

[112].
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Figure 1.7 Schematic diagram representing the key enzymes involved in HDL metabolism
The liver and intestine secrete lipid-poor apoA-I. ABCAI actively transports phospholipids and cholesterol (indirectly) from periphera l cells to apoA -l to generate  

discoidal pre-/3-HDL partic les (as described  in Figure 1.5). C holesterol is esterified by lecithin-cholesterol acyl transferase (LCAT) to produce CE, which partitions to  

the hydrophobic core o f  mature, spherical HDL^ and then HDLj particles. HDL CE is taken up directly by the liver via SR-BI, or it is exchanged for TG from  

triglyceride-rich lipoproteins (TRL) by the cholesteryl ester transfer protein  (CETP). TRL are subsequently hydrolysed  by lipoprotein  lipase (LPL) to generate  

remnants that are cleared by the liver (indirect uptake), and lipids that are transferred to apoA -l via the phospholipid tran.sfer protein  (PLTP) to generate pre-/3-HDL. 

The actions o f  CETP and hepatic lipase (HL) prom ote the reduction o f  HDL particle size (HDLi to HDLj) and the dissociation  o f  lip id -poor apoA -l particles, whereas 

PLTP is able to fuse two HDL3 partic les and generate HDLy and lipid-poor apoA-l. The.se apoA -l particles enter another cycle o f  HDL biogenesis.

34



1.5 Biological Functions of HDL

It is well established that an inverse correlation exists between plasma levels of 

HDL cholesterol and coronary heart disease [113]. This relationship can be explained by 

the ability o f HDL to maintain cholesterol homeostasis in the body by collecting excess 

peripheral cholesterol and delivering it to the liver for excretion into bile; the process 

known as reverse cholesterol transport (RCT) [8 ]. In addition to RCT, HDL also exerts 

several other atheroprotective activities, including the inhibition o f LDL oxidation, 

platelet aggregation, and leukocyte adhesion to the endothelium [reviewed in 114].

1.5.1 REVERSE CHOLESTEROL TRANSPORT

All cells require cholesterol, a key structural component o f membranes, which 

they either obtain from the internalisation o f LDL, via specific cell surface receptors, or 

synthesise de novo (Section 1.2.1). However, apart from hepatocytes, cells are unable to 

catabolise excess cholesterol that accumulates. Therefore, in order for cellular 

cholesterol homeostasis to be maintained, it is critical that excess cholesterol is 

transported from the periphery for catabolism by the liver. Distortion o f this process 

may promote the deposition of cholesterol in the arterial wall and progression of 

atherosclerosis [114].

Since HDL biogenesis necessitates the removal o f membrane FC to generate 

discoidal pre-p-HDL particles, HDL therefore promotes RCT during its generation. 

Mature, spherical a-LpA-I particles also contribute significantly to RCT by promoting 

aqueous diffusion o f excess cholesterol, as well as receptor-mediated cholesterol efflux 

[115,116]. Furthermore, the HDL-associated enzyme LCAT plays a vital role in driving 

RCT : LCAT estérification o f FC prevents re-diffusion of FC from HDL back to the 

membrane, and therefore enhances net cholesterol efflux [102]. LCAT estérification also 

promotes the generation o f mature, spherical a-LpA-I particles, which can then be 

cleared from the circulation by the liver, during the final step o f RCT (Section 1.4.2). 

Finally, in addition to HDL cholesterol clearance by the liver, HDL cholesterol is also 

delivered to steroidogenic tissues for steroid hormone production. This represents 

another important function of HDL [117].
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1.5.2 ADDITIONAL ATHEROPROTECTIVE FUNCTIONS OF HDL

1.5.2.1 Inhibition o f LDL oxidation

Ox-LDL is central to the pathogenesis o f atherosclerosis. For example, Ox-LDL 

induces endothelial cells to express monocyte-specific chemoattractants [118] and 

adhesion molecules [119]; it is rapidly engulfed by macrophages to generate foam cells; 

and it stimulates SMC migration and proliferation [120]. During oxidation o f LDL, 

polyunsaturated fatty acyl chains are attacked by reactive oxygen species to yield highly 

reactive lipid peroxidation products, which promote atherogenesis. HDL has a vital anti

atherogenic function to protect LDL against oxidative damage [121]. This protection 

involves HDL-associated enzymes that metabolise oxidised lipids [122-125], including 

paraoxonase, platelet-activating factor-acetyl hydrolase and LCAT. In addition, the 

HDL apolipoproteins, apoA-I and apoE, have intrinsic antioxidant activity; for example, 

lipid-fi’ee apoE is thought to inhibit copper-mediated lipoprotein oxidation by binding 

metal ions [126].

1.5.2.2 Protection o f endothelial cells

HDL plays an important anti-atherogenic role in the prevention of Ox-LDL- 

mediated endothelial dysfunction. Firstly, HDL is proposed to antagonise Ox-LDL 

inhibition o f endothelial nitric oxide (NO) production [127]. NO functions in a variety 

of atheroprotective ways: it increases vessel relaxation, inhibits SMC proliferation and 

platelet activation, and reduces monocyte recruitment to the vessel wall [114]. Secondly, 

HDL functions to promote endothelial cell proliferation, thereby maintaining integrity of 

the endothelial cell layer and decreasing exposure o f the thrombogenic vessel wall [128]. 

Finally, HDL is found to increase prostacyclin and natriuretic peptide C synthesis by 

endothelial cells [129,130], which act to promote vasodilation and inhibit SMC 

proliferation. In addition, prostacyclin also inhibits platelet activation [114].

1.5.2.3 Inhibition o f leukocvte adhesion to the endothelium

Leukocyte adhesion to activated endothelial cells signifies a crucial development 

in atherogenesis, as it precedes the transmigration o f monocytes into the arterial wall and 

subsequent foam cell generation. E-selectin is responsible for tethering and rolling 

monocytes on the endothelial surface, before they become firmly adhered to VCAM-1 or 

ICAM-1. HDL was reported to strongly inhibit the expression of each o f these adhesion 

molecules in human umbilical vein endothelial cells, activated by tumor necrosis factor
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(TNF) or interleukin-1 [131]. Further studies revealed a potential mechanism by which 

HDL might inhibit E-selectin expression: HDL inhibited TNF-a stimulated activation of 

sphingosine kinase, and thereby prevented the generation o f sphingosine-1 -phosphate, 

which induces E-selectin expression in endothelial cells [132]. However, this 

atheroprotective function o f HDL is controversial, as more recent findings using human 

coronary artery endothelial cells, a model directly relevant to blood vessels susceptible to 

atherosclerosis, revealed an inability of HDL to inhibit cell adhesion molecule 

expression [133].

1.5.2.4 Inhibition o f platelet aggregation

HDL exerts an inhibitory effect on another process associated with endothelial 

injury in atherogenesis: platelet activation. Initially, in vitro studies revealed a role for 

HDL in the inhibition of induced platelet aggregation [134]. More recently, low HDL 

cholesterol was found to be an independent predictor of platelet-dependent thrombus 

formation in vivo [135], revealing another important anti-atherogenic role for HDL. 

HDL exerts inhibition o f platelet activity using two different pathways. The first 

mechanism is dependent upon the presence of apoE within the lipoprotein particles 

[136]. ApoE is believed to bind to the apoE receptor 2 (apoER2) on platelets [137], 

which in turn activates NO synthase to generate NO [138]. The second mechanism is 

apoE-independent, as HDL particles lacking apoE are still able to exert inhibitory effects 

on thrombin-induced platelet activation [139]. This pathway involves HDL activation of 

PKC, which inhibits the release o f intracellular calcium by promoting alkalinisation of 

the cytoplasmic compartment [140], and by inhibiting thrombin-induced 

phosphatidylinositol-specific phospholipase C [141].

1.6 HDL Receptors

1.6.1 LIPOPROTEIN RECEPTORS

The majority o f lipoprotein receptors belong to the LDL-receptor gene family. 

Currently, there are seven type I membrane proteins that make up this family, including 

the LDL receptor, VLDLR, LRP, megalin and apoER2 [reviewed in 142,143]. Family 

members are modular in structure, with large extracellular domains containing a variable 

number o f LDL receptor ligand binding repeats. The varying number and arrangement 

o f these repeats contribute to the diverse ligand-binding potential o f the receptors. These

37



receptors also contain epidermal growth factor (EOF) precursor repeats, which are 

necessary for acid-dependent ligand release in endosomal compartments [144], as well as 

a single membrane-spanning segment. Their intracellular domains also contain protein 

docking sites, and the NPXY internalisation m otif to direct receptors to clathrin-coated 

pits. Ligand endocytosis is yet another common feature exhibited by all members of the 

LDL receptor gene family and is essential for their physiological function. Furthermore, 

in addition to receptor-mediated endocytosis, recent data also implicates certain members 

o f this family to have a pivotal role in transmembrane signalling and neuronal 

development (Section 1.6.5.3).

In contrast to the well-characterised process of LDL uptake by receptor-mediated 

endocytosis (Section 1.2.1), little was known regarding the mechanism of HDL lipid 

uptake, as no physiological HDL receptor had been identified. The mechanism, 

however, appeared to be distinct from the LDL receptor paradigm since pharmacological 

inhibitors o f endocytosis failed to inhibit HDL lipid uptake [145]. Over the last five 

years, our understanding of HDL-cell interactions has vastly increased with the 

identification o f SR-BI as a physiologically relevant HDL-binding protein that mediates 

HDL lipid uptake (Section 1.6.3).

1.6.2 HDL-BINDING PROTEINS

Twenty years ago, a variety o f cultured cells, including hepatocytes, fibroblasts, 

and steroidogenic tissues, were reported to contain specific HDL binding sites [146-148]. 

This discovery prompted the search for the identity o f cell surface receptors that can 

recognise HDL. Unfortunately, the search was hampered due to the large number of 

non-specific, cell surface HDL binding sites that introduced many false positives into the 

purification and cloning procedures [reviewed in 149]. In the last decade, a few HDL 

binding proteins have been identified and these will be discussed below.

1.6.2.1 HDL binding protein fHBP)

Initially, ligand-blotting studies revealed a membrane protein o f 110 kDa, which 

bound HDL as well as apoA-I and apoA-II proteoliposomes, and exhibited enhanced 

binding activity upon cholesterol loading [150]. Following isolation o f a cDNA clone 

encoding this novel protein, named HDL binding protein (HEP), McKnight et al. [151] 

subsequently demonstrated that mRNA expression of HEP was indeed upregulated upon 

cholesterol loading. Unfortunately, this ‘novel’ HDL binding protein was later found to
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be identical to vigilin. The predicted structure o f HBP/vigilin revealed that it neither 

contained a transmembrane domain nor any clearly defined cytoplasmic/extracellular 

domains and therefore lacked the properties of a typical cell surface receptor. Although 

cytoplasmic HBP/vigilin may become attached to the cell surface where it can then bind 

HDL, it appeared unlikely that HBP/vigilin functions as a physiological HDL receptor. 

Since vigilin binds RNA, it is more likely that this cytoplasmic protein influences RNA 

metabolism by stabilising mRNA [152].

1.6.2.2 HDL-binding proteins 1 and 2 (HB^ and HB?)

More recently, two candidate liver HDL receptors, named HBi and HB], with 

molecular weights o f 120 and 100 kDa, respectively, have also been isolated and purified

[153]. Since HBi is present in such low amounts, its sequence has yet to be determined. 

However, the more abundant candidate HDL receptor, HB2 , was purified in sufficient 

quantities to generate sequence data and was subsequently cloned and characterised

[154]. The cDNA of HB2 encoded a 65 kDa protein, which was considerably smaller 

than the apparent size o f the 100 kDa protein identified by ligand blotting, indicating that 

this receptor is heavily glycosylated. HB2 was not found to be structurally related to any 

o f the other lipoprotein receptors, yet over the entire coding region, rat HB2 showed a 

high degree o f homology with two adhesion proteins from the immunoglobulin (Ig) 

superfamily: 93 % homology with human activated-leukocyte cell adhesion molecule 

(ALCAM) and 70 % homology with the avian bursal epithelium and neuron protein. 

This group o f membrane proteins are characterised by the presence of a 32-amino acid 

C-terminal cytoplasmic tail, a 24-amino acid hydrophobic transmembrane domain and a 

large extracellular and N-terminal domain comprising approximately 500 residues with 

eight potential glycosylation sites [149].

When HB2 cDNA was transfected into COS, HepG2 and CHO cells, HDL3 

binding was increased by 80-100 %. More interestingly, upon differentiation of THP-1 

monocytes into macrophages, there was a remarkable increase in HB2 mRNA expression, 

from almost undetectable levels in undifferentiated monocytes. And upon cholesterol 

loading o f the macrophages, a dose-dependent decrease in HB2 was observed [154]. 

Since HB2 /ALCAM is an adhesion molecule, this surface protein may contribute to the 

initial stages o f atherogenesis by increasing macrophage migration into the vessel wall. 

HB2/ALCAM binding o f HDL would therefore reduce migration by competing for 

binding sites. It is in this way that HDL might exert another anti-atherogenic effect on
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adhesion molecules (Section 1.5.2.3). Furthermore, due to evidence that HDL promotes 

signalling pathways [43] and that some members o f the adhesion molecule family act as 

signalling receptors, HB2/ALCAM may also function to activate signal transduction 

[149]. Therefore, due to its typical surface receptor properties, and to the association 

between its expression and cholesterol metabolism, HB2 /ALCAM is much more likely 

than HBP to function as a physiological HDL receptor, although further work is 

necessary to fully elucidate its role as such.

1.6.3 SCAVENGER RECEPTOR CLASS B, TYPE I (SR-BI)

In 1994, Acton et al. [155] used expression cloning to identify the cDNA for a 

new scavenger receptor, named scavenger receptor class B, type I (SR-BI). Hamster (ha) 

SR-BI was cloned on the basis o f its ability to bind chemically modified LDL, such as 

Ox-LDL and acetylated LDL (Ac-LDL). Subsequent ligand binding studies revealed 

that the ligand specificity of haSR-BI was similar to that of the CD36 scavenger 

receptor; for example, only these two scavenger receptors are able to bind HDL. SR-BI 

and CD36 were therefore placed together as members of a new family of scavenger 

receptors, designated class B. Surprisingly, unlike all other scavenger receptors, haSR- 

BI was also found to bind native LDL with high affinity [155]. A year previously, the 

human homologue of haSR-BI had been cloned by PGR methodology and termed CLA-1 

(CD36 and LIMPII Analogous-1) due to its homology with the scavenger receptor CD36 

and the lysosomal integral membrane protein (LIMP) II [156], but its function had never 

been reported [157]. Following identification of haSR-BI as a novel scavenger receptor, 

human CLA-1 was characterised and found to share identical properties [158] and has 

since been renamed SR-BI.

1.6.3.1 SR-BI: the first phvsiological HDL receptor

A major breakthrough in our understanding o f HDL metabolism came in 1996, 

when Acton et al. [103] identified murine (m) SR-BI as a physiologically relevant HDL 

receptor: SR-BI binds HDL with high affinity; SR-BI is abundantly expressed in tissues 

involved in HDL CE selective uptake, such as the liver and steroidogenic tissues; and 

SR-BI mediates the selective uptake o f cholesterol from HDL. Firstly, LDL receptor- 

negative CHO cells transfected with mSR-BI cDNA were found to specifically associate 

with ^^^I-labelled HDL with high affinity and saturability, whereas significantly fewer 

HDL particles associated with untransfected cells. Following HDL binding to SR-BI, 

the fates o f HDL protein (apo A-I) and lipid were compared: unlike the apolipoprotein B
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protein component o f LDL, which gets broken down in the lysosome following LDL 

receptor endocytosis, apoA-I was not degraded, yet radiolabelled lipid still accumulated 

within the cells. This data was consistent with the findings of Pittman et a l  [145], who 

showed that pharmacological inhibitors of endocytosis mediated by clathrin-coated pits 

failed to inhibit HDL selective uptake. This indicated that SR-BI uses an alternative 

mechanism of lipid uptake to that used by the LDL receptor.

1.6.3.2 In vivo role for SR-BI in cholesterol uptake

Since the identification of SR-BI as an HDL receptor involved in lipid uptake, 

transgenic and gene-targeting experiments in mice have confirmed the crucial role that 

hepatic SR-BI plays in murine HDL metabolism in vivo. Hepatic over-expression of the 

SR-BI gene in mice, using adenovirus-mediated gene transfer, resulted in lower plasma 

HDL cholesterol concentrations [159-161] and increased biliary cholesterol 

concentrations [159]. In contrast, SR-BI knockout mice exhibit elevated plasma HDL 

cholesterol concentrations, decreased biliary cholesterol content and adrenal cholesterol 

insufficiency [117,162,163]. Furthermore, anti-SR-BI blocking antibodies that prevent 

HDL particles from binding the extracellular domain of SR-BI, blocked HDL CE uptake 

by cultured mouse adrenocortical cells, resulting in a decreased production of steroid 

hormones [164]. Finally, transgenic mice with moderate SR-BI over-expression 

exhibited a two-fold decrease in the development o f diet-induced atherosclerotic lesions 

[165]. This prominent anti-atherogenic effect o f moderate SR-BI expression provides in 

vivo support for the role o f SR-BI in facilitating RCT. Taken together, these findings 

show the importance o f SR-BI in controlling the uptake o f HDL cholesterol from the 

circulation by hepatocytes (for its secretion into bile) and steroidogenic tissues (for 

hormone production).

1.6.3.3 Regulation o f SR-BI expression

In agreement with its role as a physiological HDL receptor, SR-BI expression is 

under feedback control. When high-dose estrogen treatment was administered to rats, 

SR-BI expression was dramatically reduced in the liver, yet increased in the adrenal 

gland and corpus luteal cells o f the ovary [166]. The cholesterol content o f adrenal cells 

was also found to independently control SR-BI expression in vivo [167], although this 

was overridden by adrenocorticotrophic hormone regulation [168]. These studies are 

consistent with the idea that key steroid hormones upregulate SR-BI expression in order 

to supply greater quantities of precursor cholesterol to tissues for the synthesis of
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additional steroid hormones. Furthermore, SR-BI expression can be regulated by dietary 

manipulations: hamsters fed a high polyunsaturated fat diet exhibited upregulation of 

hepatic SR-BI expression by -5 0  %, compared to hamsters fed saturated fatty acids 

[169]. This finding provided a mechanistic basis to explain how high levels of 

polyunsaturated fatty acids might lower plasma HDL concentrations [170]. The 

promoter region of the human SR-BI gene contains consensus-DNA binding sequences 

for the following transcription factors: steroidogenic factor-1 , sterol regulatory element 

binding proteins, and Spl family members [171-173]. It is likely that these transcription 

factors regulate SR-BI expression in response to hormones, cholesterol and 

polyunsaturated fatty acids.

Finally, since SR-BI also facilitates the cellular uptake o f non-lipoprotein 

cholesterol [174] and is expressed in the intestine o f rodents [166], scientists investigated 

the regulation o f intestinal SR-BI expression. Voshol et al. [175] discovered that 

intestinal SR-BI levels were reduced in rodents with deficient bile delivery to the 

intestine, although mRNA levels were unaffected. This indicates that bile components 

may play a role in post-transcriptional regulation o f SR-BI expression. However as yet, 

the exact role o f SR-BI in dietary cholesterol absorption has not been defined.

1.6.3.4 Structure and localisation of SR-BI

The 509-amino acid sequence o f SR-BI is very similar in structure to the other 

class B scavenger receptor, CD36: they both contain short N-terminal and C-terminal 

cytoplasmic tail sequences, which sit adjacent to hydrophobic transmembrane domains, 

and the majority o f each polypeptide chain is located in between the membrane-spanning 

domains in a large extracellular loop (SR-BI is represented in Figure 1.8). Both 

extracellular regions contain many potential glycosylation sites. Indeed, SR-BI is found 

to be substantially glycosylated with N-linked oligosaccharide chains, to the extent that 

deglycosylation results in a reduction o f molecular mass from 82 kDa to 54 kDa [176]. 

These two class B scavenger receptors are also found to be palmitoylated [176,177]; 

palmitoylation o f SR-BI is believed to occur on two cysteine residues located at the 

junction between the C-terminal cytoplasmic tail and the transmembrane domain (Cys"̂ ^̂  

and Cys"^ °̂). Further metabolic labelling studies revealed that mSR-BI is also 

myristoylated [176]. This fatty acylation is thought to take place within the first eight 

residues o f mSR-BI, which are compatible with consensus myristoylation sequences, 

based on Src family sequences [178] and the activity of A-myristoyltransferase [179].
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Figure 1.8 Structure and post-translational modification of SR-BI

SR-BI contains short N-terminal and C-terminal cytoplasmic tail sequences, which sit 

adjacent to hydrophobic transmembrane domains. The majority o f  each polypeptide chain is 

located in betM’een the membrane-spanning domains in a large extracellular loop, containing 

many potential N-linked glycosylation sites. Palmitoylation of SR-BI is thought to occur on two 

conserved cysteine residues located at the junction betM’een the C-terminal cytoplasmic tail and 

the transmembrane domain (Cys'*̂ '' and Cys'  ̂ ”), whereas myristoylation takes place at the N- 

terminus.

Modification of proteins by fatty acylation increases the hydrophobicity of the 

amino acid side chains, which may assist in targeting proteins to membranes [180,181]. 

Indeed, dual myristoylation and palmitoylation o f membrane proteins, such as 

endothelial NO synthase (eNOS), was found to be both necessary and sufficient for 

protein targeting to specialised microdomains o f the plasma membrane called caveolae 

[182-184]. Caveolae are invaginations o f the plasma membrane involved in cellular 

cholesterol flux and signal transduction (Section 1.2.3). These microdomains are 

enriched in cholesterol and sphingomyelin, and contain the cholesterol binding protein 

caveolin, which is necessary for caveolae formation [185,186]. Like CD36, fatty 

acylated SR-BI is found to co-localise with caveolae in recombinant cells, and co- 

purifies with caveolin-1, the major structural protein o f caveolae [176,187,188]. SR-BI 

therefore concentrates in microdomains of the plasma membrane distinct to the LDL 

receptor, which localises to clathrin-coated pits [189]. Not surprisingly, caveolae were
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found to be the initial acceptors o f SR-BI-mediated selective lipid uptake [190]. In 

addition, THP-1 differentiation into macrophages caused caveolin-1 expression to be 

dramatically upregulated and selective lipid uptake from HDL to be increased, although 

SR-BI expression remained constant [191]. This finding indicates that co-expression of 

SR-BI and caveolin-1 is associated with enhanced lipid uptake in THP-1 macrophages, 

and highlights the important role of caveolae in cholesterol flux. Finally, localisation of 

SR-BI to caveolae may also promote HDL signal transduction: HDL binding to SR-BI 

was recently found to activate the caveolar protein eNOS [192].

1.6.3.5 SR-BI promotes cholesterol uptake and efflux to HDL and LDL

SR-BI not only mediates selective lipid uptake from HDL, but also promotes 

lipid uptake from native LDL [193,194]. The HDL and LDL binding sites on SR-BI 

appear to be distinct since specific mutations near the C-terminal transmembrane domain 

of mSR-BI blocked the majority o f HDL binding and lipid uptake, without interfering 

with LDL binding or the uptake of LDL cholesterol [195]. In addition to its role in 

cholesterol uptake, SR-BI also promotes cellular cholesterol efflux to high- and low- 

density lipoproteins, where there is a favourable cholesterol gradient [116,196]. In 

contrast to HDL cholesterol uptake, the mechanism of SR-BI-mediated efflux is poorly 

understood and there is much controversy as to whether HDL must physically bind to 

SR-BI in order to remove cholesterol. Initially, HDL-mediated cholesterol efflux from 

recombinant COS-7 cells expressing CD36 and SR-BI was compared. Even though both 

receptors bound HDL efficiently, CD36 was not able to significantly increase 

radiolabelled cholesterol efflux to HDL [197]. In addition, phospholipid acceptor 

vesicles that do not bind surface receptors promoted more cholesterol efflux from SR-BI- 

expressing cells than from CD3 6 -expresing cells [197]. These results indicated that SR- 

BI does not mediate efficient cholesterol efflux to HDL by merely tethering HDL 

particles to the cell surface. Rothblat and co-workers later found that over-expression of 

SR-BI in recombinant COS cells altered the lipid organisation of the plasma membrane 

[198], and suggested that SR-BI might promote efflux in a binding-independent manner 

by redistributing cholesterol to membrane domains that facilitate FC flux between cells 

and lipoproteins, such as caveolae. However, more recent studies, using blocking 

antibodies and SR-BI mutations to prevent lipoprotein binding, have shown that binding 

o f HDL and LDL to SR-BI is a prerequisite for SR-BI-mediated cholesterol efflux to 

these lipoproteins [196].
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Recently, Chen et al. [199] performed experiments on macrophages to determine 

whether the SR-BI- and ABCAl-mediated cholesterol efflux pathways interact. They 

hypothesised that these two membrane receptors might act synergistically to promote 

cholesterol efflux. For example, the nascent HDL particles generated as a result of 

ABCAl lipid efflux might serve as acceptors for SR-BI-mediated cholesterol efflux. 

However the results were surprising, as SR-BI expression was found to inhibit A BCAl- 

mediated cholesterol efflux. Since ABCAl mRNA levels and ABCAl-mediated 

phospholipid efflux were not affected, and SR-BI neutralising antibodies reversed the 

inhibition, SR-BI is thought to exert inhibition by promoting the re-uptake o f cholesterol 

that has already undergone ABCAl-mediated efflux [92]. Therefore, this generates a 

futile cycle o f cholesterol flux in non-polarised cells. However, in polarised cells, such 

as hepatocytes, it is possible that expression of ABCAl and SR-BI on different sides of 

the cell might promote the movement of cholesterol across the cell [199]. Finally, 

although SR-BI promotes the bi-directional flux o f cholesterol across plasma cellular 

membranes, these findings emphasise the physiological role o f SR-BI in cellular 

cholesterol uptake.

1.6.3. 6  SR-BI binds HDL via apo A-I

Since SR-BI is a multi-ligand receptor, it was postulated that HDL 

apolipoproteins might not be directly involved in HDL binding to this receptor. 

However, when Xu et al. [200] generated phospholipid/cholesterol complexes containing 

individual human HDL apolipoproteins (apoA-I, apoA-II and apoC-HI) and studied the 

ability o f each apolipoprotein to bind mSR-BI expressed in recombinant cells, the results 

showed that all three apolipoproteins are able to directly mediate binding to mSR-BI. 

Further studies using direct binding analysis and chemical cross-linking were 

subsequently performed to examine the interaction between apoA-I and mSR-BI: apoA-I 

was found to bind mSR-BI whether in HDL3 , discoidal particles, or a lipid-free state 

[201]. Furthermore, a model class A amphipathic a-helix also exhibited high-affmity 

binding and cross-linking to mSR-BI; this promotes the hypothesis that SR-BI interacts 

with a wide variety o f apolipoproteins via a-helical secondary structures common to the 

apolipoproteins o f HDL and LDL [201]. Indeed, a recent report revealed that discoidal 

apoE-phospholipid particles are also ligands for SR-BI [202]. Finally, the conformation 

of apoA-I within different-sized particles was found to influence apoA-I recognition by 

SR-BI: larger particles, such as HDL2 , have a greater affinity for SR-BI than smaller 

particles [203,204]. This finding is consistent with the involvement of SR-BI in HDL
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cholesterol uptake, as preferential binding of SR-BI to larger CE-rich HDL particles 

would promote greater uptake of cholesterol than from smaller, lipid-poor HDL particles.

1.6.3.7 Mechanism of cholesterol uptake by SR-BI

Until last year, the mechanism by which SR-BI mediates the selective uptake of 

cholesterol from HDL was poorly understood. Initially, SR-BI was thought to simply 

tether HDL to the cell surface and thereby promote the transfer o f CE down a 

concentration gradient into the plasma membrane, whereupon the hydrophobic lipid was 

rapidly internalised [205]. However, further studies revealed that the efficient transfer of 

cholesterol between HDL and the cell surface involved more than simply HDL ‘docking’ 

to the recipient plasma membrane: like SR-BI, CD36 is located in caveolae and binds 

HDL with high affinity, yet CD36 cannot mediate the efficient uptake o f cholesterol into 

cells [206]. Further studies using CD36/SR-BI chimaeras revealed that the extracellular 

domain o f SR-BI is responsible for facilitating HDL lipid transfer [207,208]. It was 

postulated that SR-BI might associate with other surface proteins, which in turn mediate 

the selective uptake o f CE; alternatively, CE may be transferred down a concentration 

gradient, through a hydrophobic channel formed by the receptor [205]. However, one 

major problem with the model that CE enters the plasma membrane directly is that CE, 

unlike unesterified cholesterol, has a very low solubility in phospholipid bilayers [209].

This problem led Alan Tall and his colleagues to examine more closely the fate 

o f SR-BI at the plasma membrane. This group used fluorescence confocal microscopy 

and pulse-chase biotinylation techniques on transfected CHO cells and hepatocytes, to 

show that SR-BI is in fact an endocytic receptor that mediates both the uptake and 

recycling o f HDL particles [210]. The first stage o f selective lipid uptake involves HDL 

binding to SR-BI and endocytosis o f intact HDL particles into the early endosome 

system. Subsequent hydrolysis o f CE by nCEH [211] allows cholesterol to diffuse into 

endosomal membranes while SR-BI and its lipid-depleted HDL are recycled to the cell 

surface (Figure 1.9). A further sorting event results in the polarised secretion o f HDL 

cholesterol from the canalicular membrane into bile. It is postulated that SR-BI may also 

be involved in this process by perhaps mediating cholesterol efflux from this membrane 

directly onto micelles [212]. This new model of selective uptake not only obviates the 

need for CE transfer across the phospholipid bilayer and solves the aforementioned 

dilemma, but also is consistent with earlier findings. For example, SR-BI was shown to 

function as an endocytic receptor when it bound and endocytosed radiolabelled
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complexes containing advanced glycation end products and bovine serum albumin [213]. 

Therefore, even though SR-BI was widely eonsidered for many years to function as a 

non-endocytic receptor, it now appears as though SR-BI shares an additional property 

with CD36 and functions as an endocytic receptor [214].

t  Caveolar SR-BI 
binds HDL

r

Figure 1.9 SR-BI uptake of HDL CE by lipoprotein endocytosis

When SR-BI, localised in membrane caveolae, binds HDL, the intact lipoprotein particles 

are taken up into endosomes by endocytosis. The CE is hydrolysed to FC, and the receptor and 

its lipid-depleted HDL are recycled back to the cell .surface.

Alan Tall and colleagues also investigated the mechanism of HDL endocytosis, 

which was found to occur via a non-clathrin pathway. In clathrin-coated pits, dynamin 

mediates internalisation o f the vesicle from the plasma membrane [215], yet cells 

deficient in dynamin-1 were still able to mediate HDL internalisation [210]. This finding 

is consistent with earlier results [145] as well as SR-BI sequence data, which show that 

SR-BI does not contain obvious signals for selective inclusion into clathrin-coated 

vesicles (e.g. NPXY) [216]. Therefore, in contrast with the well-defined process of LDL 

uptake, resulting in the degradation of LDL CE and protein in lysosomes, HDL uptake 

and trafficking appears to use a distinct endocytic pathway. Furthermore, it appears as 

though internalisation of HDL by endocytosis is not the only mechanism for uptake o f 

HDL-derived CE. A recent report demonstrates that caveolin associates with HDL CE 

and annexin II in a lipid-protein complex that is involved in the internalisation o f CE
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from caveolae to internal membranes [217]. Additional studies will be needed to 

determine the extent to which these lipid-protein complexes contribute to cellular sterol 

internalisation.

Finally, since SR-BI was recently found to bind cholesterol directly, it has been 

postulated that selective lipid uptake may begin at the plasma membrane and then 

continue with CE hydrolysis during endocytic recycling [212]. Indeed, over-expression 

of SR-BI in mice enhanced hepatic secretion of HDL cholesterol radioactivity into bile, 

including both the initial secretion of HDL FC, as well as the slower secretion of FC, 

derived from the hydrolysis o f HDL CE [218]. However, the relative contribution of 

each o f these processes to cellular lipid uptake has yet to be defined.

1.6.3. 8  C-terminal cvtoplasmic SR-BI interactions

Ikemoto et al. [219] provided the first evidence that SR-BI may interact with 

other membrane proteins. This group used a glutathione ^'-transferase (GST) fusion of 

SR-BI C-terminal cytoplasmic tail and rat liver membrane extracts to detect interactions 

between SR-BI and a PDZ-domain-containing protein called CLAMP. PDZ domains are 

typically involved in the formation of protein complexes at the plasma membrane, and 

the polar expression of proteins, as well as endocytosis and signalling o f receptors [2 2 0 ]. 

CLAMP has been independently identified four times and its generic name is PDZKl 

[221]. Despite containing four PDZ domains, only the first N-terminal domain interacts 

with the C-terminus of SR-BI. Co-expression o f SR-BI with PDZKl in CHO cells 

caused an increase in SR-BI levels, suggesting that PDZKl may increase the stability of 

SR-BI in the plasma membrane. Furthermore, a 50 % reduction in the conversion of 

HDL CE to FC was also detected [219]. Taken together these findings suggest that 

PDZKl may inhibit the delivery o f CE into the cell. However, since these experiments 

were over-expression experiments, it is unclear whether PDZKl functions in a similar 

manner in polarised hepatocytes in vivo.

1.6.4 CUBILIN

In contrast to our understanding o f SR-BI and its crucial role in HDL cholesterol 

metabolism, much less is known about receptors involved in the catabolism of HDL 

apolipoproteins, including apoA-I, apoA-II, apoC and apoE. Twenty years ago. Glass et 

al. [222] found that the kidney cortex was the principal tissue for apoA-I uptake, yet it 

took until 1999 for the receptor involved in apo A-I and HDL endocytosis to be identified
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as cubilin [223,224]. Cubilin was previously known as the receptor involved in intestinal 

vitamin B n  uptake [225].

Cubilin is expressed in various absorptive epithelia, such as the intestine, where it 

localises to coated pits and mediates the uptake o f intrinsic factor-vitamin B n complex 

(IF-Bn) by endocytosis [226]. Since cubilin is highly expressed in non-intestinal tissues, 

where no IF-Bn uptake takes place, this receptor was thought to have diverse biological 

functions. When cubilin-affinity chromatography o f serum was performed, apoA-I was 

identified as a ligand for cubilin [223]. Cellular HDL uptake studies using radiolabelled 

apoA-I revealed that cubilin mediates efficient HDL endocytosis and delivery of the 

ligand to lysosomes, in a similar manner to LDL endocytosis [223,224]. Binding of 

apoA-I to cubilin was subsequently found to be essential for HDL uptake, as antibodies 

against either protein strongly inhibited this process [223]. Like SR-BI, cubilin is 

described as a multiligand receptor, since it binds IgG light chains [227], in addition to 

IF-B 12 and apoA-I/HDL.

In addition to the finding that cubilin is co-expressed with megalin (a member of 

the LDL receptor family), it also binds strongly to megalin in vitro, which supports the 

idea that megalin may function as a co-receptor for cubilin-ligand complex endocytosis 

[228,229]. Consistent with this proposal, anti-megalin antibodies inhibited the uptake of 

apoE-depleted HDL by 50 % [223]. Since these two receptors are highly expressed in 

the proximal tubule o f the renal cortex they are thought to co-function to promote lipid- 

poor apoA-I uptake (from the glomerular ultrafiltrate), and delivery to lysosomes for 

degradation [226]. Therefore, by removing excess apoA-I, cubilin and megalin help to 

maintain the equilibrium between hepatic and intestinal generation o f apoA-I and its 

catabolism by the kidney. In contrast to lipid-poor apoA-I uptake in the kidney, cubilin 

is also thought to have an important role in maternal-fetal cholesterol transport by 

mediating HDL holoparticle uptake in the yolk sac o f rodents [230] and the early 

placenta o f humans [231]. Cubilin therefore functions as another physiologically 

relevant HDL receptor.

1.6.5 SCAVENGER RECEPTOR CLASS B, TYPE II (SR-BII)

In 1997, Webb et a l  [232] isolated a murine cDNA clone encoding an alternative 

form o f SR-BI, named scavenger receptor class B, type II (SR-BII). It arises from the 

alternative splicing o f SR-BI precursor transcripts, which generates a type II receptor
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with an almost entirely different C-terminal cytoplasmic tail (Figure 1.10). An exon 

skipping mechanism is employed to generate SR-BII mRNA in which the 129 bp 

sequence comprising exon 12 o f SR-BI is spliced out [233]. Since this exon contains the 

translation stop codon o f SR-BI (TAG), alternative splicing serves to shift the open 

reading frame so that the 3’ untranslated region of SR-BI transcript becomes the coding 

sequence in the SR-BII transcript. This region also contains the conserved translation 

stop codon for SR-BII (TGA) 120 bp downstream of the splice junction.

SR-BI splicing:
unique to SR-BI

’  .. sequence
~  3.6 kb intron

.. CGGAGCCAA
- 2 .9 kb intron

-/h GAG AAA . .. CTG TAG 
* - / /- GGTCCT. . . GCC TGA 

*

SR-BII splicing:

Figure 1.10 Alternative splicing of C-terminal hSR-BI/II primary mRNA transcript
This figure is adapted from Webb et al. [233]. Generation o f SR-BI mRNA requires only the 

removal o f introns from the primary transcript. However, in order to generate SR-BII mRNA, 

the 129 bp exon unique to SR-BI is also spliced out using an exon skipping mechanism 

(represented in this schematic diagram). An asterisk denotes the SR-BI/II translation stop 

codons.

Murine SR-BI and SR-BII share identical extracellular and transmembrane 

domain sequences, as well as N-terminal cytoplasmic tails. The extracellular domain 

ligand-binding specificities of the two isoforms are therefore identical, and SR-BII is 

classified as an HDL receptor. In addition, the first five residues o f the C-terminal 

cytoplasmic tail sequences are also the same. However, beyond the splice junction the 3’ 

C-terminal cytoplasmic tail sequences o f each isoform are distinct: the unique SR-BI tail 

sequence comprises 42 residues, whereas the unique SR-BII tail sequence is only 39 

residues long. Upon examination of the 3’-untranslated regions of bovine, mouse and 

hamster SR-BI cDNAs, the predicted translation products for cytoplasmic SR-BII were 

found to have the same length and showed a high degree o f sequence similarity ranging 

from 62-67 % identity when compared to the human sequence. These results suggested 

that SR-BII homologues exist in each o f these species [233].
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1.6.5.1 SR-BII expression

SR-BII expression in human cells was confirmed by reverse transcription- 

polymerase chain reaction (RT-PCR) on RNA isolated from HeLa, THP-1 and HepG2 

cells, using specific human primers [232]. Subsequently, SI nuclease protection assays 

were employed to establish relative amounts o f SR-BI and SR-BII mRNA in human cells 

and selected mouse tissues. In HepG2, HeLa, and THP-1 cells, SR-BII mRNA 

represents 21 %, 22 %, and 31 % of total SR-BI/II mRNA, respectively [233]. Both 

transcripts were also detected in mouse tissues, but their expression levels differed 

substantially: SR-BII mRNA represented 79 %, 61 %, 43 %, and 32 % of total SR-BI/II 

mRNA in testes, adipose tissue, liver, and adrenal glands, respectively [232].

In order to determine relative levels of SR-BI and SR-BII protein in each of the 

mouse tissues, rabbit anti-peptide antisera directed against the unique C-terminal 

cytoplasmic tail sequences o f murine SR-BI and SR-BII were generated. SR-BII was 

found to represent -12  % of the total immunodetectable SR-BI/II in mouse liver, and 

lesser amounts (-5  %) in mouse testes and adrenal glands [233]. The levels of SR-BII 

were surprisingly low relative to the abundance o f SR-BII transcripts in these tissues. 

This discrepancy might result from instability o f the translation product or inefficient 

translation of the transcript. The former explanation is not likely, since pulse-chase 

experiments revealed the apparent half-lives of SR-BI and SR-BII in transfected CHO 

cells to be similar [233]. Inefficient translation o f SR-BII mRNA is a more likely 

explanation, but this would have to result from differences in mRNA structure at the 3’ 

end o f the transcript, as the SR-BI and SR-BII transcripts are presumably otherwise 

identical. Finally, the mouse SR-BII antiserum failed to detect SR-BII protein in human 

cells. This probably resulted from poor homology (62 %) between the mouse and human 

sequences in the region used to generate the anti-peptide antiserum.

1.6.5.2 Comparison of SR-BI and SR-BII

Given the fact that the majority o f SR-BI and SR-BII sequences are identical, it is 

not surprising to discover that SR-BII shares many properties with SR-BI. For example, 

these two isoforms undergo the same post-translational modifications: glycosylation of 

the extracellular domain and myristoylation of the N-terminal [176], as well as 

palmitoylation, which most probably occurs on the Cys"̂ ^̂  residue common to both 

isoforms [233]. Like mSR-BI and other palmitoylated proteins, mSR-BII was also found 

to localise to caveolar plasma membrane microdomains in CHO-SR-BII recombinant
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cells [233]. Furthermore, Webb et a l  [232] showed that recombinant CHO-SR-BII cells 

not only acquired the ability to bind Dil-labelled HDL with high affinity, but also were 

able to take up fluorescent lipid fi"om these lipoprotein particles. This finding implicates 

SR-BII as another physiologically relevant HDL receptor.

This group went on to assess the impact o f the unique C-terminal cytoplasmic tail 

on the ability o f mSR-BII to mediate selective lipid uptake fi’om HDL as well as FC 

efflux to HDL. CHO-SR-BII cells exhibited slightly higher levels o f HDL CE uptake 

and HDL-mediated FC efflux than CHO-SR-BI cells, however the relative amounts of 

mSR-BI and mSR-BII protein within the recombinant cells were very different. Indeed, 

quantitative densitometric analysis of the transfected cells using an antibody common to 

the extracellular region o f both isoforms revealed there to be six times more mSR-BII 

than mSR-BI. Therefore, when HDL CE uptake and FC efflux efficiencies were 

corrected for receptor levels, mSR-BII was found to be four times less efficient than 

mSR-BI at both cholesterol uptake and efflux [233], and it appears that the unique C- 

terminal cytoplasmic tail might be important for optimal lipid transfer between HDL and 

cells.

Webb et a l  [233] also used a recombinant adenovirus containing the SR-BII 

coding sequence (AdSR-BII) in order to promote high levels o f hepatic SR-BII 

expression in mice, and thereby determine whether SR-BII fimctions in a similar manner 

in vivo. Three days after treatment with AdSR-BII, a significant reduction in plasma 

HDL cholesterol levels was observed (52 % decrease), although this effect was not as 

pronounced as that observed in mice treated with AdSR-BI (75 % decrease). Lower 

levels o f hepatic SR-BII expression were not responsible for this observation, since 

immunoblotting confirmed that the levels of SR-BII were 3-fold higher than SR-BI 

levels in the livers o f the treated mice. This in vivo result therefore supports the earlier 

conclusion from recombinant CHO cells that SR-BII is less efficient than SR-BI at 

promoting selective lipid uptake from HDL.

In addition to the reduced efficiency o f mSR-BII to mediate lipid transfer 

between lipoproteins and cells, the human (h) SR-BII protein failed to be detected in 

many different cell lines, and its significance as a physiological HDL receptor was 

therefore questioned [191]. However, last year Graf et a l  [234] investigated the 

hormonal regulation o f SR-BII to determine whether its expression, like SR-BI, is
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modulated by estrogen [166]. This group treated a human liver cell line (HepG2) with 

physiological levels o f 17p-estradiol and found that SR-BI was down regulated to 

undetectable levels in these cells [166]. In contrast, the hormonal treatment promoted a 

dramatic upregulation o f SR-BII from undetectable levels in resting HepG2 cells, to 

levels three times greater than SR-BI at the start o f the experiment. The hormone- 

induced switch from SR-BI to SR-BII did not inhibit selective lipid uptake, although the 

efficiency decreased to 75 % of that obtained by SR-BI. These findings are consistent 

with the estimation made by Webb et a l  [233] that SR-BII is four times less efficient at 

mediating selective lipid uptake than SR-BI. The mechanism for the hormone-induced 

switch o f expression is unclear. However, since RNAse protection assays did not detect 

significant changes in the amount o f SR-BI and SR-BII mRNA, 17p-estradiol may 

therefore affect the stability o f proteins, rather than regulate the splicing of the SR- 

BI/SR-BII transcript [234].

1.6.5.3 C-terminal cvtonlasmic SR-BII interactions 

Amino acid sequences:

Apart from the first 5 residues, C-terminal cytoplasmic SR-BI and SR-BII are 

entirely distinct [232], and it follows that any C-terminal cytoplasmic tail interactions are 

unique to each isoform. For example, PDZKl binds to the C-terminal 15 amino acids of 

SR-BI, and is therefore not believed to interact with cytoplasmic SR-BII [219]. To date, 

C-terminal cytoplasmic SR-BII has not been reported to interact with any other cellular 

proteins. This is surprising, since my colleagues and I have identified many proline-rich, 

putative signalling motifs throughout the C-terminal tail sequence o f hSR-BII, which 

have the potential to interact with signalling domains (Figure 1.11).

Within the 44-amino acid tail sequence o f hSR-BII alone, there are six PXXP 

motifs that might serve as ligands for Src Homology 3 (SH3) domains [235], and two of 

these motifs are conserved in rat, mouse, and hamster sequences. An SH3 domain ligand 

comprises a left-handed polyproline type II helix, with three residues per turn. This 

structure generates a ligand with three spines: two o f the spines are in contact with the 

SH3 domain and the third stabilises the helix [236]. In addition, a conserved consensus 

Src Homology 2 (SH2) domain-binding site has also been identified within this unique 

SR-BII tail, comprising a tyrosine residue followed by a hydrophobic amino acid at 

position +3 (YTPL) [237].
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Figure 1.11 Potential signalling motifs in the cytoplasmic tail of SR-BII

/  have identified a number o f  sites within cytoplasmic SR-BII that have the potential to bind 

signalling molecules upon HDL binding: six proline-rich motifs (PXXP) that might interact with 

SH3 domains (shaded box); and a potential SH2 recognition site, containing a tyrosine residue 

and a hydrophobic amino acid at position +3 (dotted box).

Implications:

SH2 and SH3 domains are small protein domains of -100 and -60  residues, 

respectively, defined by their homology to regions o f the proto-oncogene c-Src. Each 

can fold into a compact and functional module independently o f surrounding sequences. 

SH3 domains fold into a conserved structure of two perpendicular antiparallel P-sheets, 

which generate a hydrophobic pocket lined with conserved residues. These hydrophobic 

residues make critical contacts with proline residues in the polyproline type II helical 

ligand [238]. In the same way, all SH2 domains adopt an identical secondary structure: a 

large central antiparallel p-sheet, flanked by two a-helices. Like the SH3 domain, the 

SH2 domain also contains a conserved pocket, lined with basic residues that bind the 

phosphorylated receptor tyrosine residue (pTyr) [239]. This pocket includes the 

invariant arginine residue, which forms hydrogen bonds with two pTyr phosphate 

oxygens [236]. Furthermore, residues immediately C-terminal to pTyr contribute 

significantly to SH2 domain binding interactions [237], indicating that the sequence 

context o f pTyr dictates which SH2 domain-containing signalling proteins will bind.

SH2 and SH3 regions are non-catalytic domains present in a diverse group of 

modular proteins, which mediate protein-protein interactions between signalling 

components downstream o f membrane-bound receptors. Upon receptor activation, these
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domains mediate the formation of heteromeric protein complexes at the plasma 

membrane, which in turn control signal transduction pathways, such as G-protein 

signalling and tyrosine kinase regulation [240]. For example, EOF binding to its 

receptor induces receptor dimérisation and autophosphorylation, which in turn creates 

high-affmity binding sites for the phospholipase C-yl (plc-yl) SH2 domain [241]. 

Following plc-yl recruitment to the membrane, bound plc-yl is tyrosine phosphorylated 

by the activated receptor, leading to stimulation o f its activity and hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2 ). PIP2 cleavage generates two second 

messengers, DAG and inositol triphosphate, which stimulate PKC and raise intracellular 

calcium levels. Furthermore, SH2 and SH3 domains are also found in signalling proteins 

that do not contain any known catalytic element. These non-catalytic proteins may serve 

as adaptors to link tyrosine kinases to specific target proteins [238].

Lipoprotein receptors and signalling:

For many years, lipoprotein receptors were thought to mediate merely the 

exchange o f lipids at the cell surface or the internalisation o f lipoprotein particles. 

However, more recent findings implicate these multifunctional receptors to be involved 

in transmembrane signalling; the cytoplasmic domains of the LDL receptor family 

members not only mediate internalisation, but also interact with a number o f signalling 

molecules, such as phosphotyrosine-binding domain-containing proteins [reviewed in 

142,242]. These signalling domains interact with residues in the vicinity o f the 

cytoplasmic ‘NPXY’ motifs. For example, the cytosolic adaptor protein Disabled-1 

(Dabi) was proposed to bind to the cytoplasmic tails o f VLDLR and apoER2 following 

loss-of-function studies in mice [243]. These studies revealed identical mutant 

phenotypes in D abi-deficient mice to that o f mice lacking both VLDLR and apoER2, 

indicating that they might be obligate components o f the same biological process. The 

signal that binds to the extracellular domains o f both receptors and initiates this 

signalling cascade was identified as Reelin [244,245]. Following Dahl binding and 

activation, phosphorylated Dabi is thought to activate downstream kinases and thus 

modulate neuronal development [142]. Furthermore, Riddell et al. [138] reported that 

apoE inhibits platelet aggregation by promoting activation o f eNOS. This signal 

transduction pathway is most probably mediated via the apoE receptor, apoER2, which is 

expressed in platelets [137]. More recently, SR-BI was also found to participate in 

transmembrane signalling: HDL binding to SR-BI activates eNOS [192], in a ceramide- 

dependent manner [246]. Therefore, due to the presence o f many potential signalling
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motifs within the C-terminus o f SR-BII, it appears that this lipoprotein receptor may not 

only be involved in cholesterol flux at the cell surface, but may also promote signal 

transduction through its unique cytoplasmic tail.

1.7 Aims of Thesis

I have hypothesised that: *upon HDL stimulation o f  SR-BII, its C-terminal 

cytoplasmic tail interacts with a signalling molecule to activate the CE mobilisation 

pathway.* Broadly, I aimed to investigate the role o f human SR-BII in signal 

transduction (Chapter 3) and cellular cholesterol homeostasis (Chapter 4). More 

specifically the aims of my thesis were:

Aim 1 : To generate recombinant C-terminal SR-BII fusion proteins to investigate

whether signalling domains/molecules interact with this cytoplasmic tail.

Aim 2: To ascertain whether human SR-BII localises to caveolae (microdomains

o f  the plasma membrane involved in both cholesterol flux  and signal 

transduction).

Aim 3: To generate recombinant cells over-expressing human SR-BII in order to

study the role o f  this receptor in cholesterol mobilisation and efflux, upon 

HDL stimulation.

56



Chapter 2

57



2. MATERIALS AND METHODS

2.1 Materials

The Y 190 yeast strain and yeast expression vectors were generously provided by 

Dr. X-M Sun (Hammersmith Hospital, UK). GST-tagged SH3 domain-containing 

proteins were a gift from Dr. I. Gout (Ludwig Institute, UK). Plasmid vectors expressing 

GST-tagged plc-yl SH2 and SH3 domains were provided by Dr. G. Skouteris (Royal 

Free & University College Medical School, London, UK). All oligonucleotide primers 

and the SR-BII synthetic peptide (amino acids: 493-514) were made to order by Sigma 

Genosys (Cambridge, UK). The DNA polymerases, Taq and Pfu Turbo were bought 

from Roche Diagnostics (East Sussex, UK) and Stratagene (Cambridge, UK), 

respectively. All restriction enzymes were purchased from Promega (Southampton, 

UK). [4-^"^C]-cholesterol was obtained from Amersham Biosciences (Buckinghamshire, 

UK). Methanol, ethanol, diethyl ether, chloroform, hexane, glacial acetic acid and 

Cocktail T scintillant were supplied by BDH Laboratory Supplies (Poole, UK). All other 

reagents, unless otherwise stated in the text, were purchased from Sigma-Aldrich 

Company Ltd. (Poole, UK).

2.2 Molecular Biology Techniques

2.2.1 MESSENGER RNA EXTRACTION

Isolation o f high quality, intact RNA is crucial for successful cDNA synthesis. 

To protect RNA from degradation by RNases, samples were processed quickly, 

disposable RNase-free plastic-ware was used, and water was treated with 0.1 % (v/v) 

diethylpyrocarbonate (DEPC) and autoclaved [247]. Disposable gloves were worn for 

all manipulations.

The QuickPrep Messenger RNA (mRNA) Purification Kit from Amersham 

Biosciences was used to isolate mRNA directly from eukaryotic cells, which obviates the 

need for intermediate total RNA purification. The principle behind this direct 

purification of mRNA is the use of complementary oligo(dT)-cellulose to separate 

polyadenylated mRNA from all other types of cellular RNA and contaminating genomic
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DNA. This method therefore specifically isolates mRNA, which comprises only 1-2 % 

of a total RNA extraction.

The purification kit allows mRNA isolation from one to 1 x 10  ̂ cells. Having 

counted suspensions o f HepG2 and THP-1 cells using a haemocytometer (Section 

2.4.1.2), the cells were washed in phosphate buffered saline (PBS), and resuspended in 

0.4 ml o f extraction buffer and 0.8 ml o f elution buffer. After each addition, a 

homogeneous suspension was achieved by vortexing. To prepare a cleared cellular 

homogenate, the samples were spun at maximum speed (13,000 rpm), for 10 min, in a 

bench-top microfuge. The homogenates were transferred to tubes containing oligo(dT)- 

cellulose and gently mixed by inversion for 3 min. The matrix was pelleted by brief 

centrifugation, before the supernatant was aspirated, and any contaminating proteins, 

nucleic acids and carbohydrates were removed by thorough washing with a high-salt 

buffer, followed by a low-salt buffer. The mRNA was eluted from the cellulose matrix 

using 0.2 ml warm (65 °C) elution buffer. In order to maximise mRNA yields, the 

elution step was repeated. Concentration o f this dilute sample (in 400 pi) was then 

performed by precipitating the mRNA with 10 pi glycogen solution, 40 pi potassium 

acetate solution and 1 ml 95 % ethanol, and placing the sample at -20 °C for 30 min. 

The precipitated mRNA was collected by brief centrifugation in a microfuge at 4 °C, and 

re-dissolved in water. To estimate the amount of isolated mRNA, the absorbance at 260 

nm (A2 6 0) was measured with a UVIKON 930 spectrophotometer (Kontron Instruments, 

Hertfordshire, UK) and used in the following equation:

Isolated mRNA (/jg/ml) = A260X dilution factor x  40 fig/ml

The mRNA was either reverse transcribed immediately (Section 2.2.2), or stored 

at -80 °C.

2.2.2 REVERSE TRANSCRIPTION

Isolated mRNA from HepG2 and THP-1 cells was reverse transcribed into single

stranded cDNA to create a suitable template for polymerase chain reaction (PCR) 

amplification (Section 2.2.3). Reverse transcription uses deoxynucleotide triphosphates 

(dNTPs; Promega), a reverse transcriptase enzyme, along with either random hexamer 

primers, an oligo(dT) primer, or a gene-specific primer, to produce a DNA copy of the 

RNA template. The cDNA then provides the necessary DNA template upon which 

thermostable DNA polymerases can amplify a sequence during PCR. The process, using 

an oligo(dT) primer, is summarised in Figure 2.1.
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One )j.g o f mRNA was converted to cDNA using Superscript II reverse 

transcriptase and the ‘Superscript Preamplification System for First Strand cDNA 

Synthesis’ Kit (Life Technologies, Paisley, UK).

Oligo(dT) primer 
binds mRNA 

template

First strand cDNA 
synthesis

DNA template 
for PCR 

amplification

Reverse 
transcriptase J  I 

(RT) ^

5’ A A A A A A  3’
3 , 4 ----- T T T T T T 5’

5’ A A A  A A A  3’
3 , -----------------------------------------------  T T T T T T 5’

E, coli 
RNAse H

T T T T T T

Figure 2.1 Reverse transcription of mRNA using oligo(dT) primers

RNA/primer mixtures were prepared by the addition o f 0.5 pg oligo(dT)i2 -i8 and 

1 pg mRNA to 10 pi DEPC-treated water in 0.5 ml thin-walled PCR tubes. Each sample 

was denatured by incubation at 70 °C for 10 min, followed by 1 min on ice. A reaction 

mix was prepared containing:

Component Volume (pi)
Final Concentration 

(in 20 pi)
10 X PCR Buffer 2 1 X
MgClz (25 mM) 2 2.5 mM
dNTP mix (10 mM) 1 0.5 mM
DTT (0.1 M) 2 10 mM

Total 7

Following the addition o f 7 pi of the reaction mix to the RN A/primer solution, 

the samples were incubated at 42 °C for 5 min. This allows the oligo(dT) primers to 

anneal to the polyadenylated RNA. Following the annealing, 1 pi (200 U) of 

Superscript II reverse transcriptase was added to each o f the samples. These were then 

mixed and incubated at 42 °C for a further 50 min to allow for first strand cDNA 

synthesis. Termination of the reaction occurs by denaturing the enzyme for 15 min at 70
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°C. After the samples had been chilled on ice, 1 pi (2 U) o f E. coli RNase H was added 

to each tube to remove any RNA. The digestion was complete after 20 min at 37 °C. 

For subsequent PCR amplification reactions one-tenth (2 pi) o f this cDNA template was 

used directly.

2.2.3 PCR AMPLIFICATION OF DNA

PCR is a technique that allows rapid amplification of DNA or cDNA templates 

[248]. Successful PCR amplification o f a target sequence will generate sufficient copies 

that far outnumber the strands o f template cDNA. In this thesis, the amplified PCR 

products were visualised on agarose gels (Section 2.2.5) and cloned into expression 

vectors (Section 2.2.8).

Briefly, the PCR process amplifies a specific, short target sequence of nucleic 

acids from a longer DNA molecule. A reaction mixture typically comprises a DNA or 

cDNA template, a pair o f specific oligonucleotide primers, dNTPs, a thermostable 

polymerase and a reaction buffer containing MgCh. Following thorough mixing of the 

reaction components, the samples are placed in a thermal cycler. This automated 

instrument cycles through a series o f set temperatures, for varying amounts o f time, 

allowing repetitive cycles of DNA dénaturation, primer annealing and primer extension 

(DNA amplification).

In more detail, the first step o f the PCR cycle is the production of a single

stranded DNA template by heating the sample to at least 95 °C for at least 1 min. This 

dénaturation process separates the two intertwined strands o f DNA and generates a 

template upon which the thermostable DNA polymerase can function. The second step 

allows annealing o f the oligonucleotide primers to the separated DNA strands. The 

stable association o f the primer pair with the template DNA occurs within 30-60 s, but is 

critically dependent upon temperature (approximately 50-70 °C). Therefore, for every 

primer pair and template combination, the optimal annealing temperature must first be 

established. This optimisation can easily be achieved using a RoboCycler 40 Gradient 

Cycler (Stratagene), which produces a gradient o f annealing temperatures across the 

heating block. Finally, during the third step, the DNA polymerase begins new DNA 

synthesis, extending from the primers. This extension phase of the reaction occurs at the 

optimal temperature for the thermostable polymerase; this temperature is usually 72 °C.
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The amount o f time needed for this stage depends upon the length of the target sequence. 

Having completed one cycle o f amplification, the temperature returns to 95 °C to begin 

the next cycle. Theoretically, for every PCR cycle, the amount o f target sequence in the 

reaction doubles. Therefore, twenty cycles o f PCR would amplify the desired sequence 

by a factor o f more than a million. The amplified nucleic acid can then be analysed for 

size, sequence and quantity, followed by further experimental methods, such as cloning.

2.2.3.1 Basic PCR protocol

For each PCR reaction, a master mix was prepared by adding the reagents in the 

order and amounts shown below to 0.5 ml thin-walled PCR tubes:

Component Volume (pi) Final Concentration
10 X Cloned Pfu DNA Polymerase 
Buffer 5 1 X

dNTP Mix (10 mM) 1 200 pM
Forward Primer (10 pM) 5 1 pM
Reverse Primer (10 pM) 5 1 pM
THP-1 or HepG2 cDNA from 
Reverse Transcription Reaction 2 -

DEPC Water 31.5 -
Pfu Turbo (2.5 U/pl) 0.5 1.25 U
Total Volume 50

To ensure that there was no contaminating DNA present in the master mix, it was 

necessary to set up a negative PCR control. This sample contained all the components of 

the PCR reaction, except for the cDNA template, which was replaced with DEPC water. 

The Robocycler PCR machine has a “hot-top” which prevents evaporation o f the sample 

upon heating. This feature eliminated the need to cover the contents o f the reaction tubes 

with a layer o f mineral oil. For each primer pair combination, the conditions of the 

primer-annealing step were optimised (Table 2.1), by using a gradient o f annealing 

temperatures and the following PCR program:

95 °C 5 min
95 °C 30 s
54 - 6 8  °C 30 s
72 °C 1 min
72 °C 1 0  min

" 30 cycles

The success o f the PCR amplification was ascertained by running 5 pi of the 

reaction mixture on an agarose gel (Section 2.2.5). The PCR products were either
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purified directly from the reaction mixture (Section 2.2.7), or extracted from the agarose 

gel following electrophoresis (Section 2.2.6).

PCR target Primer Sequence 5’-> 3’ 
(F. Forward; R. Reverse)

Optimised 
Annealing 
Temp. (°C)

Full-length SR-BI
F. GAT CAA OCT TCC TOT GTC GTC TCT GTC G 

R. GAT CGG ATC CGA GGC TCA GGC TGT GG
62

Cytoplasmic SR- 

BII

F. GAT CTC CTG AGG ACA CCG TGA GC 

R. GAT CGG ATC CGA GGC TCA GGC TGT GG
6 0 -6 5

Cytoplasmic SR- 

BII (pYTH9 vector)

F. GAT CGT CGA CGC AAA TCC GGA GCC AAG G 

R. GAT CAC TAG TAG TCA GGC TGT GGG GCT GG
64

U lA
F. GGC CCG GCA TGT GGT GCA TAA 

R. CAG TAT GCC AAG ACC GAC TCA GA
56

Table 2.1 Primer sequences and their optimised annealing temperatures

Restriction endonuclease sites are underlined (Section 2.2.8)

2.2.3.2 PCR protocol for amplifying GC-rich SR-BI/II sequences

Most DNA sequences can be amplified by standard PCR methods described 

above. However, some genes contain regions that are rich in guanines and cytosines 

(GC-rich), which prevent amplification by conventional PCR techniques [249]. GC-rich 

regions possess strong secondary structure that often fails to denature during the first step 

o f the PCR, thereby preventing primer annealing and amplification. 75 % o f the first 200 

bp o f SR-BI/II are either guanines or cytosines and so the ‘Advantage-GC cDNA PCR’ 

kit (Clontech, Hampshire, UK) was chosen to amplify the full-length sequence. This 

PCR utilises dimethylsulphoxide (DMSO) and a reagent named ‘GC-melt’ to help 

weaken base pairing in GC-rich sequences and create single strands o f cDNA for primer 

annealing [250]. The Advantage-GC cDNA Polymerase Mix contains two DNA 

polymerases: one is an N-terminal deletion mutant o f Taq DNA polymerase, which is 

deficient in 5’ exonuclease activity, and the second provides 3 ’—>5’ proof-reading 

activity. The mix also contains a TaqStart Antibody, which automatically provides a 

“hot-start” PCR [251]. This antibody blocks any polymerase activity that might occur at 

room temperature whilst the PCR samples are being set up. However, polymerase 

activity is restored when the antibodies denature and lose their function at temperatures 

above 70 °C. This allows an automatic “hot-start” during the first denaturing step o f the 

PCR.
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For optimisation of PCR conditions for the amplification o f full-length SR-BI/II, 

a temperature gradient o f 56-66 °C was set up for the annealing step. To ascertain the 

optimal concentration o f ‘GC-melt’ required for successful PCR amplification, 

increasing concentrations of GC-melt (0, 0.5, 1.0 and 1.5 M) were added to 50 pi PCR 

reaction mixtures (Section 2.2.3.1), containing ‘Advantage-GC cDNA Polymerase Mix’ 

and its reaction buffer.

The samples were heated for 1 min at 95 °C, before amplification proceeded for 

35 cycles with the dénaturation step at 95 °C for 30 s, annealing o f primers at 62 °C for 

30 s, and extension at 68 °C for 1 min. Finally, the reaction was completed by an 

extension step at 68 °C for 10 min. Reaction products were then visualised and 

photographed under UV light following agarose gel electrophoresis (Section 2.2.5).

2.2.4 ASSESSMENT OF cDNA QUALITY

Following the reverse transcription of mRNA, cDNA quality was assessed by 

PCR amplification o f the UlA  sequence. UlA  is a “housekeeping” gene that encodes 

part o f the spliceosome complex and is required by all living cells [252]. The basic PCR 

protocol (Section 2.2.3.1) was followed for amplification o f this sequence, using the 

primers and annealing temperature listed in Table 2.1. A successful RNA preparation 

gave a clean PCR product o f 230 bp in length [253].

2.2.5 AGAROSE GEL ELECTROPHORESIS OF DNA

After PCR amplification, the reaction products can be analysed using agarose gel 

electrophoresis [254]. During electrophoresis, the strands o f DNA are separated 

according to size as they migrate through the agarose matrix towards the anode. 

Ethidium bromide within the gel intercalates between adjacent base pairs and can be 

detected and photographed under UV light. The percentage o f agarose in the gel should 

differ according to the expected size o f the DNA fi*agments. For clear resolution of low 

MW bands, such as 100 bp, a high percentage o f agarose is used [2 % (w/v)], whereas 

higher MW bands (>1 kb) should be run on a low percentage agarose gel [1 % (w/v)].

The following protocol describes a typical minigel analysis. The minigel 

apparatus (Horizon minigel apparatus from Life Technologies) was set up as 

recommended by the manufacturer. The appropriate weight o f low-melting point
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agarose was dissolved in Tris-borate ethylenediaminetetra-acetate (TBE) buffer [100 

mM Tris, pH 8.4, 90 mM boric acid and 1 mM ethylenediaminetetra-acetate (EDTA); 

diluted from a 10 X stock (Life Technologies)] by heating the mixture in a microwave 

oven for about 2 min on medium power. The solution was cooled to about 60 °C and, 

after adding ethidium bromide (0.5 pg/ml), was poured into the cast. The gel was left to 

set for ~30 min at room temperature and a sufficient volume o f TBE buffer was added 

until the surface o f the gel was covered. 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 

(w/v), 0.25 % (w/v) bromophenol blue and 0.25 % (w/v) xylene cyanol FF] and 10-20 pi 

of each sample were loaded into each well. Ten pi o f a 1 kb or 100 bp DNA ladder (Life 

Technologies) were run in an adjacent lane for product size determination. A constant 

voltage o f 150 V was then applied to the gel until bromophenol blue had migrated to 2 

cm from the bottom of the gel. Following electrophoresis, the gel was visualised and 

photographed on a UV lightbox.

2.2.6 EXTRACTION OF DNA FROM AGAROSE GELS

The ‘QIAquick Gel Extraction’ kit (Qiagen, Crawley, UK) was used for the 

extraction o f DNA bands from agarose gels. Briefly, the band was excised under UV 

light using a clean scalpel. After weighing the piece o f agarose, 3 volumes o f QG 

solution from the kit were added to 1 volume o f gel (for example, 100 mg gel = 300 pi 

QG). This buffer served to solubilise the gel when placed at 50 °C for 10 min, with 

vortexing every 2 min. One gel volume of isopropanol was added to the sample before it 

was transferred to a QIAquick spin column and centrifuged at 13,000 rpm for 1 min to 

bind the DNA. Once the flow-through had been discarded, the column was washed with 

0.75 ml o f PE buffer (supplied with the kit) and re-centrifuged under the same 

conditions. The column was placed in a clean 1.5 ml microfuge tube and, following the 

addition o f 30 pi deionised water to the column for 1 min, the DNA was eluted by 

centrifugation (13,000 rpm, 1 min). The concentration o f purified DNA was estimated 

by measuring the absorbance at 260 nm (A2 6 0 ) with a UVIKON 930 spectrophotometer 

(Kontron Instruments), and then using this value in the following equation:

Isolated DNA (fJg/ml) = A 26ox dilution factor x 50 jug/ml 

The DNA fragment was used immediately, or stored at -2 0  °C.
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2.2.7 DIRECT PURIFICATION OF PCR PRODUCTS

For direct purification o f DNA fi-om a PCR reaction, the ‘Wizard PCR Preps 

DNA Purification System’ (Promega) was used. To the 50 pi PCR reaction, 100 pi of 

the Direct Purification Buffer were added, and mixed by brief vortexing. Next, 1 ml of 

resin was added, which bound the DNA during 3 episodes o f vortexing over 1 min. The 

slurry was then pushed through a minicolumn with a syringe and washed with 2 ml of 80 

% isopropanol. Centrifugation o f the minicolumn at 13,000 rpm for 2 min removed 

traces o f wash buffer, before DNA was released fi’om the column by the addition o f 30 pi 

deionised water (65 °C) for 1 min. After collecting the eluted DNA fragment by 

centrifugation, an estimation of the DNA concentration was calculated using the 

equation in the previous section. The DNA fragment was either used immediately, or 

stored at -20 °C.

2.2.8 RESTRICTION ENZYME DIGESTION

Bacterial restriction enzymes, also known as restriction endonucleases, recognise 

specific, short nucleotide sequences within DNA and cleave the DNA at all such sites

[255]. EcoRl and many other restriction enzymes cleave DNA so that overhanging, 

“sticky” ends remain (Figure 2.2). These single-stranded segments will readily combine 

with other complementary cleavage fragments and play an important role in recombinant 

DNA techniques. For example, following PCR amplification, DNA can be specifically 

cleaved with the same restriction enzyme that cuts within the multiple cloning site 

(MGS) o f a vector. This then allows for efficient insertion o f the DNA fragment into the 

host vector.

Complementary 
“sticky ” ends

( p ) - A A T T C  

C T T A A - < 3 )  G

3’

5’

Figure 2.2 Complementary “sticky” ends of EcoRl. P represents a phosphate group.

For each restriction digest, up to 2 pg o f DNA (purified PCR product or plasmid 

vector) was digested using the manufacturer’s buffers (B-F & H) and instructions 

(Promega). The reaction buffers contained different concentrations of Tris-HCl (pH 7.5), 

NaCl and MgCh. Briefly, the restriction digests were performed for 1-2 h in 20 pi
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reaction volume, using 2 U of restriction enzyme. Table 2.2 outlines the reaction 

conditions required by the enzymes used in this thesis. If  the reaction conditions 

matched, two enzymes could be used in the same reaction mix. However, if  they 

differed, the reactions were completed separately with a DNA purification step in 

between (Section 2.2.7).

Enzyme Cleavage Site Reaction Conditions for 
100% Activity

Acclll T/CCGG A 
A GGCC/T Buffer F at 65 °C

BamHl G/GATC C 
C CTAG/G Buffer E at 37 °C

Bsu36l CC/TNA GG 
GG ANT/CC Buffer E at 37 °C

EcoRL G/AATT C 
CTTAA/G Buffer H at 37 °C

H indlll A/AGCT T 
T TCGA/A Buffer B or E at 37 °C

Notl GC/GGCC GC 
CG CCGG/CG Buffer D at 37 °C

Sacll CC GC/GG 
GG/CG CC Buffer C at 37 °C

SaB G/TCGA C 
C AGCT/G Buffer D at 37 °C

Spel A/CTAG T 
T GATC/A Buffer B at 37 °C

Xbal T/CTAGA 
A GATC/T Buffer D at 37 °C

Xhol C/TCGA G 
G AGCT/C Buffer D at 37 °C

Table 2.2 Restriction enzyme cleavage sites and reaction conditions

After completion o f enzyme digestion, DNA fragments o f interest were purified 

from agarose gels (Section 2.2.6), or directly from the reaction mix (Section 2.2.7) and 

eluted in 30 pi o f deionised water, ready for cloning into a suitable plasmid vector 

(Section 2.2.9).

2.2.9 CONSTRUCTION OF EXPRESSION VECTORS ENCODING SR-BI/II

Cytoplasmic SR-BII expression vectors

SR-BII mRNA is detected at much lower levels than SR-BI in both THP-1 and 

HepG2 cells [232]. I therefore devised a cloning strategy to isolate cytoplasmic SR-BII
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from either SR-BI or II cDNA, which avoided amplification of the exon unique to SR- 

BI. Initially, primers were designed to amplify only the unique SR-BII tail sequence 

(Figure 2.3).

Identical region C-terminal unique cytoplasmic tails

SR-BI SR-BII

B su id /

Exon spliced  
out in SR-BII

Figure 2.3 C-terminus of SR-BI cDNA. The arrows represent PCR primers.

Once this PCR product was cloned into a vector, the vector was manipulated in 

order to insert the remainder of the 5’ cytoplasmic tail sequence using an oligonucleotide 

polylinker (adaptor; Figure 2.4). Since this adaptor spanned the cytoplasmic SR-BI exon 

boundary, its use avoided the amplification o f PCR products containing the unique 

cytoplasmic SR-BI exon. The entire cytoplasmic SR-BII tail sequence was subsequently 

transferred to bacterial and yeast expression vectors to generate fusion proteins, which 

were used to investigate potential signalling interactions.

Pstl 
‘sticky” end

Extra SR-BII 
sequence

5’

3’ AC GTC
AA GC TT 
TT CG AA

CAA ATC CGG AGC CAA GGT 
GTT TAG GCC TCG GTT CCA

Bsw361 
“sticky” end

CC 
GG ACT

3’

5’

Figure 2.4 The cytoplasmic SR-BII adaptor sequence

The vector containing the 3 ’ cytoplasmic SR-BII PCR product was digested with P stl and 

Bsu36I restriction enzymes. The adaptor was subsequently ligated into this vector using the 

same sites. The H indlll restriction site was used in future manipulations.

An overview o f the cloning strategy for the generation o f expression vectors 

containing the cytoplasmic SR-BII tail sequence is given below. Following the 

overview, the individual procedures are explained in more detail.

68



STEP 1: CLONING CYTOPLASMIC SR-BII INTO THE pGEM-T VECTOR

• PCR amplification o f unique cytoplasmic SR-BII tail sequence.

• A/T cloning of PCR product into pGEM-T vector using single 3’-T overhangs at 

the fragment insertion site of vector and polyA tail o f PCR product.

• Insertion o f oligonucleotide polylinker containing the first 18 bp o f cytoplasmic 

SR-BII to generate the entire tail sequence (pGEM-II).

STEP 2: TRANSFER OF CYTOPLASMIC SR-BII INTO EXPRESSION VECTORS

• BanM i and HindUl restriction sites transferred cytoplasmic SR-BII from pGEM- 

II into the PPXa-3 vector to generate PPXa3-II.

• Cytoplasmic SR-BII was PCR-amplified from PPXa3-II using PCR primers 

containing the desired restriction sites: Spel and Sail. These restriction sites 

transferred the SR-BII tail into the yeast two-hybrid vector, pYTH9, to generate 

pYTH9-II.

• Sail and Notl restriction sites transferred cytoplasmic SR-BII from pYTH9-II 

into the pGEX-4T-2 vector to generate pGEX-II.

The unique SR-BII cytoplasmic sequence was amplified from THP-1 cDNA 

using the primers listed in Table 2.1. The forward SR-BII primer was chosen so that it 

contained a restriction site (R5w36I), which would then serve to anneal the PCR product 

to the adaptor sequence (Section 2.2.9.2). The reverse SR-BII primer was also designed 

to contain a restriction site at its 5’ end {BamHY), for future manipulations. Since 

amplification o f the SR-BII cytoplasmic tail sequence was performed using the Pfu 

Turbo DNA polymerase, the PCR product therefore underwent A-tailing (Section 

2.2.9.1) before it was ligated into the pGEM-T vector (pGEM-II; supplied by Promega). 

Following successful plasmid ligation (Section 2.2.9.4), transformation (Section 2.2.9.5), 

and extraction (Section 2.2.9.6), bacterial clones were sequenced to determine the 

orientation o f the PCR product within the host vector. Automated fluoresecent 

sequencing was performed by ‘Babraham Technix DNA Sequencing’ (Cambridge, UK), 

using Promega sequencing primers complementary to the SP6 and T7 RNA polymerase 

promoter sites within the MCS of the pGEM-T vector. The pGEM-II vector was 

subjected to enzymatic digestion using Bsu36l and Pstl, a unique restriction site located
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within the vector MCS. The adaptor molecule was then ligated into the cut vector using 

these same sites (Figure 2.4).

The BamYil site in the reverse primer and the H ind^l site in the adaptor were 

used to transfer the cytoplasmic tail from pGEM-II to the PinPoint Xa-3 bacterial 

expression vector (PPXa3-II; supplied by Promega). This vector expresses the inserted 

sequence as a biotinylated fusion protein. The “type 3” vector was chosen since it 

allowed the tail sequence to be ligated into the MCS without shifting the reading frame. 

Unfortunately, the yeast two-hybrid expression vector (pYTH9) did not contain any 

suitable restriction sites within its MCS for direct transfer o f the SR-BII tail into this 

plasmid. Therefore, cytoplasmic SR-BII was PCR-amplified from PPXa3-II using 

forward and reverse primers containing Sail and Spel sites, respectively (Table 2.1). 

Following digestion o f both the PCR product and the pYTH9 vector with these enzymes, 

the SR-BII tail was ligated into the yeast expression vector (pYTH9-II) for use in the 

yeast two-hybrid assay. Finally, the SR-BII tail was transferred from pYTH9-II to 

another bacterial expression vector, pGEX-4T-2 (Amersham Biosciences) using the Sail 

and Notl restriction sites (pGEX-II) for the production o f GST-tagged cytoplasmic SR- 

BII. Again, the “type 2” vector was specifically chosen to maintain the correct open 

reading frame. A summary o f the expression vectors containing cytoplasmic SR-BII 

sequences is shown in Table 2.3.

Vector Expression Used for

pGEM-II Bacteria Cloning unique cytoplasmic tail o f SR-BII (PCR product) 
and adaptor molecule insertion

PPXa3-II Bacteria Producing biotinylated cytoplasmic SR-BII fusion proteins

pYTH9-II Yeast
Generating cytoplasmic SR-BII fused to GAL4 DNA 
binding domain for yeast two-hybrid assay

pGEX-II Bacteria Producing GST-tagged cytoplasmic SR-BII fusion proteins

Table 2.3 Summary of expression vectors containing the cytoplasmic SR-BII insert

Cytoplasmic SR-BI expression vectors

In order to generate expression vectors containing the SR-BI cytoplasmic tail 

sequence, similar methods were employed. I had previously attempted to clone the full- 

length SR-BI PCR product (Section 2.2.3.2) into pGEM-T, but unfortunately sequencing 

had revealed clones with many mutations throughout the SR-BI sequences. However,
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one SR-BI clone had the correct cytoplasmic tail sequence, and I decided to manipulate 

this vector and cut out the unwanted 5’ region to leave only the cytoplasmic SR-BI 

sequence. An overview o f the cloning strategy for the generation o f expression vectors 

containing the cytoplasmic SR-BI tail sequence is given below:

STEP 1: CLONING CYTOPLASMIC SR-BI INTO pGEM-T VECTOR

• Full-length SR-BI was amplified by PCR.

• A/T cloning o f PCR product into pGEM-T vector.

• Removal of unwanted 5’ sequence using SacW and A c d il  restriction sites, 

leaving the majority o f the C-terminal SR-BI cytoplasmic tail sequence in the 

vector.

• Insertion o f oligonucleotide polylinker containing the first 4 bp o f cytoplasmic 

SR-BI to generate the entire SR-BI cytoplasmic tail sequence (pGEM-I).

STEP 2: TRANSFER OF CYTOPLASMIC SR-BI INTO EXPRESSION VECTORS

• BamRl and HindiU  restriction sites transferred cytoplasmic SR-BI from pGEM-I 

into the PPXa-3 vector to generate PPXa3-I.

• ^ccIII and Notl restriction sites removed cytoplasmic SR-BII from pGEX-II. 

Subsequently, these sites were used to transfer cytoplasmic SR-BI from PPXa3-I 

into the ‘empty’ vector to generate pGEX-I.

The mutated 5’ sequence was removed from the pGEM-T vector containing full- 

length SR-BI using Sacll and ^ccIII restriction sites. An adaptor molecule was 

subsequently ligated into the vector in order to maintain the short sequence between the 

transmembrane domain and the Acclll site. This adaptor was similar to the one used for 

cytoplasmic SR-BII production: it contained a SacH “sticky” end, a HindW. restriction 

site and the first 4 nucleotides of the C-terminal cytoplasmic tail, followed by an AccTQ. 

“sticky” end (Figure 2.5). Once again, the Hindlll site within the adaptor and the BamYll 

site in the PCR primer served to transfer the SR-BI tail into the PinPoint Xa-3 expression 

vector (PPXa3-I). Following this, the Acclll and Notl sites were used to exchange the 

cytoplasmic SR-BII sequence within pGEX-II for cytoplasmic SR-BI (pGEX-I). These 

vectors were used to generate fusion proteins as described for cytoplasmic SR-BII in 

Table 2.3.
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S a c l l  Extra SR-BI/II A c c l l l
''sticky” en d  H in d l l l  sequence "sticky” en d

5’ GG A A G C  TT CAAA T
3’ CG CC TT CG AA G T T T AGG CC

3’
5’

Figure 2.5 The cytoplasmic SR-BI adaptor sequence

The vector containing the 3 ' cytoplasmic SR-BI sequence was digested with Sacll and 

A cclll restriction enzymes. The adaptor was subsequently ligated into this vector using the same 

sites. The H indlll restriction site was used in future manipulations.

Full-length SR-BI/II expression vectors

The full-length SR-BI sequence in the pT7T3D vector was kindly donated by Dr. 

C. Sharp (GlaxoSmithKline, UK). To transfer this fragment into the pCDNA3 

mammalian expression vector (Invitrogen, The Netherlands), EcoKl and Notl sites were 

used. However, since there is an Æ'coRI site within SR-BI, the full-length sequence was 

digested from the pT7T3D vector in 2 fragments (Figure 2.6), which were subsequently 

ligated into pCDNA3 in a 3-way ligation (Section 2.2.9.4).

pT7T3D
vector

5’

Full-length
SR-BI

pT7T3D
vector

3’

Xho7 EcoRI Xho/ 

< --------------------X —

Eco/?/ N ot/

-►
421 bp 2.1 kb

Figure 2.6 Diagram showing the relevant restriction sites in pT7T3D-SR-BI

Digestion using Xhol and Notl produced 3 fragments: the cut vector, a small 

fragment o f about 450 bp and a 2.1 kb fragment. The 2.1 kb digestion product was then 

purified from the agarose gel (Section 2.2.6). The second digestion involved EcoKl and 

Xhol, and produced the required fragment o f 421 bp, which was purified from the other 

fragments by agarose gel extraction. These 2 purified fragments were then ligated into 

pCDNA3, exposing EcoKl and Notl “sticky” ends. After successfully transferring the 

full-length SR-BI sequence into pCDNA3 (to generate pCDNA3-l), the Acclll and Notl
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sites were used to swap the cytoplasmic tails and produce the full-length SR-BII 

sequence ligated into pCDNA3 (i.e. pCDNA3-II).

2.2.9.1 A-tailing PCR fragments

The pGEM-T vector is a convenient vector into which PCR products can be 

readily inserted. Many thermostable polymerases, such as Taq, often add a single 

deoxyadenosine to the 3 ’ ends o f amplified fragments, in a template-independent manner

[256]. The pGEM-T vector has been engineered to take advantage o f this phenomenon 

and therefore contains single 3’-T overhangs at the fragment insertion site. These bases 

prevent recircularisation o f the vector and provide a compatible overhang for the PCR 

product to efficiently ligate with the vector. Pfu turbo, however, creates blunt-ended 

PCR products with no 3’ A-tails. Therefore, before the cytoplasmic SR-BII PCR 

products could be ligated into the pGEM-T vector, they had to undergo the A-tailing 

procedure. DNA fragments from the PCR reaction mixture were purified (Section 2.2.7) 

and used in the following reaction mix. The A-tailing occurred in 30 min at 70 °C.

Component Volume (pi) Final
Concentration

PCR Reaction Product 2 -

10 X Taq Polymerase Buffer 1 1 X
MgClz (25 mM) 1 2.5 mM
dATP (1 mM) 2 200 pM
DEPC Water 3 -

Taq Polymerase (5 U/pl) 1 5 U
Final Volume 10

2.2.9.2. Adaptor molecule formation

The forward and reverse polylinker oligonucleotides were designed so that when 

they bound to one another, endonuclease “sticky” ends would be formed (Figures 2.4 and 

2.5). In order for these adaptor molecules to ligate into the cut, dephosphorylated vector 

(Section 2.2.9.3), the forward and reverse oligonucleotides were synthesised with 5’ 

phosphorylation modifications (Sigma Genosys). Annealing o f the oligonucleotides 

occurred by mixing 1 pi o f each primer stock solution (10 pM), with 2 pi 10 X T4 DNA 

ligase buffer, and making the reaction mix up to 20 pi with deionised water. The 

components were then heated to 70 °C for 30 s, before reducing the temperature by 0.02 

°C/s until 4 °C was reached. The adaptor molecules were either used immediately, or 

stored at -20  °C.
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2.2.9.3 Preparing vectors for ligation

Most vectors combine with DNA fragments using complementary “sticky” ends 

produced by restriction endonucleases (Section 2.2.8). Enzymes leave the 5’ terminal 

bases with exposed phosphate groups. These phosphates form phosphodiester bonds 

with adjacent nucleic acids, and serve to link the vector and the incoming nucleic acid 

sequence during the ligation reaction. However, the vector may re-circularise rather than 

ligate to an inserted fragment. Therefore, it is necessary to perform a dephosphorylation 

reaction and remove all terminal 5’ phosphates to prevent vector recircularisation [255]. 

This reaction is achieved with calf intestinal alkaline phosphatase (CIP; purchased from 

Roche Diagnostics).

After subjecting 1 pg o f vector to specific endonuclease digestion within the 

MCS, the vector was purified and eluted in 30 pi deionised water (Section 2.2.7). The 

vector was then dephosphorylated using the reaction mix listed below:

Component Volume (pi)

Purified cut vector (eluted in 30 pi) 30

10 X Alkaline Phosphatase Buffer 4

Sterile Water 4

CIP (1 U/pl) 2

Total Volume 40

After 1 h at 37 °C, another 1 pi o f CIP was added and the reaction continued for a 

further 30 min at 37 °C. The dephosphorylated vector was purified and concentrated 

using ethanol precipitation. For this procedure, one-tenth o f the volume o f 3 M sodium 

acetate (pH 5.2) was added to the reaction mix, followed by 2.5 times the combined 

volume o f 100 % ethanol. After mixing, the tube was left overnight at -20  °C before the 

precipitated DNA was collected by centrifugation for 20 min at 4 °C. The supernatant 

was removed and the pellet was washed with 100 pi o f 70 % ethanol. After another spin 

for 15 min at 4 °C, and removal o f the ethanol, the pellet was left to air-dry. The 

dephosphorylated vector was resuspended in 10 pi o f sterile water.
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2.2.9.4 Ligation

T4 DNA ligase catalyses the formation o f phosphodiester bonds between 

neighbouring 3 ’-hydroxyl- and 5’-phosphate ends in double-stranded DNA [257]. This 

enzyme can ligate complementary “sticky” ends from the vector and the insert. For 

pGEM-T ligation reactions, 1, 3 or 5 pi o f A-tailed insert were added to 1 pi o f vector 

(50 ng/pl), 7.5 pi o f 2 X Rapid Ligation Buffer, 1 pi o f T4 DNA Ligase (3 U/pl), and 

made up to a final volume of 15 pi with deionised water (Promega). The ligation took 

place during 16 h at 4 °C. For the other vectors used in this thesis, the following 

components were mixed and incubated for 16 h at 4 °C:

Components Volume (pi)

Vector (< 1 pg/lOpl) 1
Cut PGR Product 5 or 15
T4 DNA Ligase (1 U/pl; 1Roche Diagnostics)
10 X DNA Ligase Buffer 2

Final Volume Made up to 20 pi 
with deionised water

It is suggested that ligation reactions use a vector DNA:insert DNA molar ratio of 

1:3. When 3 different DNA fragments are to be joined in a 3-way ligation step, it is 

important to calculate the appropriate amounts o f vector and inserts for the ligation 

reaction. The following equation can be used:

ng o f  vector x  kb size o f  insert , ..
------------------------------------   X  insert.'vector molar ratio = ng oj insert

kb size o f  vector

This equation was used to determine the quantity o f vector and inserts needed for the 

ligation reaction when the full-length SR-BI sequence was transferred into the pCDNA3 

expression vector in two fragments.

2.2.9.5 Transformation of plasmid DNA into competent E. coli

When bacteria are treated with ice-cold solutions of calcium chloride and then 

briefly heated, a transient state of “competence” is induced, during which the ability of 

bacteria to take up recombinant DNA vectors is enhanced [258]. The DNA synthesising 

machinery of the host then replicates the plasmids. Following plasmid extraction 

(Section 2.2.9.6), individual clones can be analysed to isolate successful transformants.
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Dr. A. Manzano (Dept, o f Medicine, Royal Free & University College Medical 

School, London) supplied the DH5a strain of E. coli, and the BL21 and JM109 strains 

were purchased from Stratagene and Promega, respectively. The transformation 

efficiency of the competent cells was assessed by transforming the bacteria with an uncut 

plasmid and then calculating the number of colony forming units/pg DNA. Competent 

cells should have an efficiency o f at least 1x10^ colony forming units/pg o f DNA.

A 50 pi aliquot o f competent cells was thawed on ice and then mixed with 2 pi of 

the ligation reaction (approximately 10 ng o f DNA) by gentle swirling. Following 

incubation o f the cells on ice for 30 min, the cells were transferred to a 42 °C water-bath 

for exactly 90 s, before being placed back on ice for another 5 min. Next, 125 pi of LB- 

Broth were added to the tubes, which were then shaken at ~150 rpm for 1 h at 37 °C. To 

select for transformants, the contents o f each tube were spread onto LB agar plates 

(containing 100 pg/ml ampicillin) and left for 1 h at room temperature. The plates were 

then turned upside-down and incubated in a dry 37 °C incubator overnight. All the 

plasmid vectors used in this thesis contain the ampicillin resistance gene. Therefore, any 

successful transformants exhibit ampicillin resistance and will grow on the selection 

plates. These colonies were picked and grown overnight in a 50 ml tube, containing 6 ml 

of LB broth (with 100 pg/ml ampicillin) with constant shaking (-200 rpm) at 37 °C. For 

the negative control, DNA was always left out from the transformation reaction. 

Therefore, if  any colonies were found to grow on the negative plates, then the ampicillin 

selection was known to have failed.

The pGEM-T vector has been designed so that successful insertion o f a sequence 

into its MCS results in disruption o f the p-galactosidase coding sequence. This allows 

easy colour screening o f recombinant clones growing on indicator plates. The indicator 

plates were made by spreading 100 pi isopropyl p-D-thiogalactopyranoside (IPTG; 100 

mM stock) and 20 pi 5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside (X-gal; 50 

mg/ml stock) over the surface o f LB plates (containing 100 pg/ml ampicillin) and 

allowing absorption for 30 min at 37 °C prior to use. If ligation has not been successful 

and the P-galactosidase sequence is uninterrupted, then IPTG will promote formation of 

this enzyme, which will convert its colourless substrate (X-gal) into an insoluble product 

that turns blue upon oxidation. Successful ligation, however, will generate white 

colonies and these should be picked and analysed.
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Bacterial clones were stored indefinitely at -80 °C as glycerol stocks. Glycerol 

stocks were prepared by mixing an overnight culture 1:1 with sterile glycerol, and 

storing them at -80  °C. After storage in glycerol, the bacterial stocks were removed 

from the freezer, spread onto LB plates and incubated at 37 °C. This promoted 

exponential growth o f the bacteria again.

2.2.9.Ô Extraction o f plasmids

To determine whether the clones that were picked from the agar plate contain 

recombinant plasmids with the required PCR insert, the plasmids must first be extracted 

from their bacterial hosts and then analysed by endonuclease digestion and agarose gel 

electrophoresis. Plasmids were extracted from 3 ml o f an overnight culture using 

Promega’s ‘Wizard Plus Minipreps DNA Purification System’. Briefly, the cells were 

pelleted by centrifugation at 13,000 rpm for 2 min, and resuspended in 200 pi TE buffer: 

50 mM Tris-HCl, pH 7.5 and 10 mM EDTA. Next, 200 pi o f cell lysis solution [0.2 M 

NaOH and 1 % (w/v) sodium dodecyl sulphate (SDS)] were added and the tubes were 

mixed by inversion. Following the addition o f 200 pi 1.32 M potassium acetate 

(neutralisation solution), the cell debris was removed by a 5 min centrifugation step at 

13,000 rpm. One ml of resin was added to the supernatant and this slurry was then 

pushed through a minicolumn. The DNA was washed with 2 ml ‘column wash solution’ 

before the DNA was dried by centrifuging the column at 13,000 rpm for 2 min. Finally, 

the DNA plasmids were eluted with 50 pi o f deionised water (65 °C) and collected by 

brief centrifugation. The plasmids were either analysed straight away, or were stored at 

-20  °C.

Large-scale extraction of plasmids from 100 ml o f an overnight culture was 

performed using the ‘EndoFree Plasmid Maxi’ kit (Qiagen), according to the 

manufacturer’s instructions. This protocol extracts up to 500 pg endotoxin-free plasmid 

DNA, which can then be used to transfect sensitive eukaryotic cells. The steps were very 

similar to those described above, except on a larger scale.

2.2.10 SITE-DIRECTED MUTAGENESIS

Sequencing o f pGEMT-II {Section 2.2.9) revealed a mis-sense mutation that 

would cause an amino acid change upon mRNA translation. Therefore, site-directed 

mutagenesis was performed to correct the mutation, using the ‘QuikChange Site- 

Directed Mutagenesis Kit’ from Stratagene. This procedure uses a double stranded DNA
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vector and two synthetic oligonucleotides. These primers are complementary to opposite 

strands o f the sequence of interest and contain the desired mutation. Following primer 

annealing to the vector, primer extension occurs using Pfu turbo DNA polymerase and a 

thermal cycler, during which the mutation becomes incorporated into the linearised 

vector sequence. Once sufficient rounds o f amplification have taken place, the parental 

DNA template is digested using the restriction endonuclease Dpnl, which recognises 

methylated and hemimethylated DNA. The linearised vector sequences, with the 

mutation incorporated, are transformed into E, coli, which re-ligate the two ends o f linear 

DNA to produce circular plasmids. Bacterial clones can then be analysed to confirm the 

presence o f the desired mutation.

The pGEM-II plasmid contained a guanine (G) instead o f an adenine (A). The 

codon therefore read GGA, rather than AGA. This would have resulted in an amino 

change from an arginine to a glycine. The two synthetic oligonucleotide primers were 

designed to contain the correct bases (forward 5’-GAG TCT CGC AGG AGA GAG G- 

3’, and reverse 5’-GGT GTG TGG TGG GAG AGT G-3’). The vector containing the 

mutated sequence was purified from bacteria using the miniprep extraction procedure 

(Section 2.2.9.6). Reaction mixtures were made up using either 5, 10, 20, 50 or 100 ng 

of DNA template with 125 ng of forward and reverse primers, 1 X cloned Pfu DNA 

polymerase buffer, 200 pM dNTP mix and 2.5 U Pfu turbo DNA Polymerase, in a final 

volume o f 50 pi.

The cycling parameters used for dénaturation, primer annealing and extension are 

listed below. Stratagene advises 12 cycles for point mutations and 2 min for the 

extension step for every kb of plasmid length.

95 °G 30 s

95 °G 30 s
55 °C 1 min
68 °G 7 min

" 12 cycles

Following temperature cycling, the reaction mixtures were placed on ice for 2 min. 

Agarose gel electrophoresis of 10 pi of the amplified product revealed sufficient 

amplification (Section 2.2.5). Next, 10 U o f the Dpnl enzyme were added to each of the 

amplification reactions before they were incubated at 37 °G for 1 h to digest the parental 

DNA. One pi o f the D/?«I-treated DNA was later transformed into E. coli XLl-Blue

78



(Stratagene) using the protocol described in Section 2.2.9.5. Sequencing of plasmids 

extracted from bacterial clones revealed the success o f the mutagenesis (Section 2.2.9).

The manufacturer supplied a control reaction to verify that the site-directed 

mutagenesis system worked. The control plasmid encoded a mutated p-galactosidase 

gene, containing a stop codon (TAA) instead of a glutamine codon (CAA). Control 

primers were supplied that function to mutate the premature stop codon back to a 

glutamine. The control reaction mix used 10 ng of DNA template and the cycling 

conditions were also the same. To detect whether the mutagenesis had taken place, the 

transformed bacteria were plated out onto indicator plates (Section 2.2.9.5). If the 

mutation had been successfully corrected, then protein translation would continue to the 

end o f the p-galactosidase sequence. Bacteria expressing a functional P-galactosidase 

enzyme would subsequently turn blue in colour.

2.3 Protein Detection and Expression

2.3.1 PROTEIN MEASUREMENT

The ‘Bio-Rad Protein Assay’ (Bio-Rad, Hemel Hempstead, UK) was used for all 

protein quantification, except when samples contained more than 0 .1%  (v/v) detergent, 

which would interfere with the chemical-dye interactions. Therefore, when protein 

measurements were required from cell lysates, containing 1 % (v/v) Triton X-100, the 

alternative ‘BCA Protein Assay Kit’ (Perbio Science Ltd., Cheshire, UK) was used.

2.3.1.1 The BCA protein assav

This assay combines the biuret reaction, in which Cu^^ is reduced to Cu^  ̂ by 

protein in an alkaline environment, with the sensitive colorimetric detection of cuprous 

cations (Cu^^) by bicinchoninic acid (BCA) [259]. During the reaction, two molecules of 

BCA chelate each cuprous ion generated by the biuret reaction, to produce a purple- 

coloured product. This water-soluble complex has been found to have a strong 

absorbance at 560 nm, which increases linearly as the protein concentration increases, 

over a broad working range (20 pg/ml - 2 mg/ml).

For every assay performed, triplicate dilutions o f bovine serum albumin (BSA) 

protein standard were prepared in distilled water to a final volume of 100 pi. A typical
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standard curve ranged from 0-20 pig protein/100 pi. Triplicates of unknown samples 

were also made up to 100 pi with distilled water. To prepare the working reagent, BCA 

Reagent A was mixed with BCA Reagent B in a ratio o f 50:1. One ml o f the working 

reagent was added to each tube, before incubation at 60 °C for 30 min. The samples 

were transferred to disposable 1 ml microcuvettes and absorbances were measured at 562 

nm relative to the water blank reference using the UVIKON 930 spectrophotometer 

(Kontron Instruments). The concentration of standards versus their absorbance at 562 

nm (OD5 6 2) was plotted, and the test sample concentrations were determined from the 

standard curve.

2.3.1.2 The Bio-Rad protein assav

This assay is based on the observation that protein binding to the acidic solution 

o f Coomassie Brilliant Blue G-250 causes its absorbance maximum to shift from 465 nm 

to 595 nm. Bradford first demonstrated the usefulness o f this principle [260], and 

Spector subsequently found that the extinction coefficient of a dye-albumin complex 

solution was constant over a 10-fold range [261]. This means that Beer’s Law can be 

used to accurately quantify protein concentration, by selecting an appropriate ratio o f dye 

volume to sample concentration.

This assay was conducted in a 96-well plate and analysed using a Dynex plate- 

reader (Jencons-PLS, East Sussex, UK) measuring absorbance at 595 nm. The standards 

were set up as described for the BCA method {Section 2.3,1.1), except the final volume 

was 50 pi. The unknown samples were also diluted in 50 pi o f distilled water. To each 

well, 250 pi o f freshly diluted dye reagent [20 % (v/v) solution of Bio-Rad concentrate] 

were added. After 10 min incubation at room temperature, the OD5 9 5  versus reagent 

blank was measured. The concentration of standards versus their OD5 9 5  was plotted, and 

the test sample concentrations were determined from the standard curve.

2.3.2 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

The most common method for the fractionation and characterisation of proteins is 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGB). SDS-PAGE 

requires only microgram amounts o f proteins, and other advantages include speed and 

simplicity, compared to other protein separation techniques [262]. The goal o f SDS- 

PAGE is the separation of polypeptides within a complex mixture according to 

molecular size. SDS-PAGE uses a buffer system, containing the ionic detergent SDS,
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which dissociates all the proteins within the mixture into their individual polypeptide 

subunits. When proteins are heated to 100 °C in the presence o f excess SDS and a 

reducing agent [P-mercaptoethanol or dithiothreitol (DTT)], the proteins become 

denatured and bind SDS in a constant SDS:weight ratio (1.4:1), This results in every 

polypeptide having a constant negative charge per mass unit since intrinsic charges of the 

polypeptide become insignificant [263]. During electrophoresis, SDS-polypeptide 

complexes will migrate towards the anode, and owing to the molecular-sieving 

properties o f the gel, their mobilities are inversely proportional to the logio o f their 

molecular weights. Sample protein molecular weights can therefore be estimated if 

standard proteins o f known molecular weight are applied to the same gel.

Polyacrylamide gels are formed as a result o f acrylamide monomer 

polymerisation into long chains, which then become cross-linked by compounds such as 

N ,N’-methylenebisacrylamide (bisacrylamide). The polymerisation reaction is initiated 

by ammonium persulphate and accelerated by N,N,N' ,N ' -tetramethylethylenediamine 

(TEMED). TEMED acts by catalysing the formation o f free radicals from persulphate, 

which then initiate polymerisation. The effective linear range of polypeptide separation 

of polyacrylamide gels is greatly influenced by the percentage acrylamide in the 

polymerisation mixture and the amount o f crosslinking (Table 2.4). The cross-links 

created by bisacrylamide not only provide the gel with rigidity, but form pores through 

which the SDS-polypeptide complexes pass. As the bisacrylamide : acrylamide ratio 

increases, the size o f the pores decrease. However, the ratio o f 1:29 is most commonly 

used, which generates a gel capable o f resolving polypeptides that differ in molecular 

weight by as little as 3 %.

Acrylamide Concentration
%  (w/v)

[biscrylamide:acrylamide at a 1:29 molar ratio]

Linear Range of Polypeptide 
Separation (kDa)

3 9 5 - 4 0 0

5 5 7 - 2 1 2

7.5 3 6 - 9 4
10 16-68

15 12-43

Table 2.4 Range of polypeptide separation using SDS-poIyacrylamide gels
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To obtain a high resolution o f polypeptide separation from a large, dilute sample 

applied to the gel, a discontinuous gel system is used. This system utilises both stacking 

and resolving gel layers that differ in salt concentration, pH, acrylamide concentration or 

a combination of these. The sample is applied to a stacking gel with high porosity 

[usually 4 % (w/v) acrylamide], which serves to concentrate the SDS-polypeptide 

complexes into an extremely narrow zone (or stack) at the top of the resolving gel. The 

resolving gel has a larger percentage o f acrylamide, and therefore has greater molecular- 

sieving properties, and can separate the complexes into sharp polypeptide bands, 

according to molecular weight.

Gradient polyacrylamide gels, with increasing acrylamide concentration through 

the resolving gel, are now extensively used. There are a number o f advantages to using 

gradient gels, over single percentage gels; gradient gels resolve proteins covering a wide 

range o f molecular weights on a single gel and also promote sharpening o f protein bands 

during migration. The SDS-polypeptide complexes migrate through the pores until the 

decreasing pore sizes impede their progress [264].

In this thesis, SDS-PAGE was used to estimate protein purity in a solution 

(Section 2.3.2.3), to reveal protein-protein interactions (Section 2.3.7) and to fractionate a 

complex protein mixture before Western blotting (Section 2.3.3).

2.3.2.1 Polvacrvlamide gel preparation 

Single Percentage Gels

Single percentage gels were made using the following components:

• Acrylamide mix: acrylamide and bisacrylamide mixed in a ratio o f 29:1.

• Tris buffers: the resolving gel buffer is 1.5 M Tris-HCl (pH 8.8) and the

stacking gel buffer is 1.0 M Tris-HCl (pH 6.8).

• Ammonium persulphate (APS): 10 % (w/v).

• SDS: 10 % (w/v).

The mini gels were cast in Bio-Rad MiniProtean II electrophoresis cassettes. 

Firstly, the resolving gel was made using the components and quantities listed in Table

2.5. The acrylamide solution was then quickly poured into the cassette, until the 

meniscus was at the correct distance from the top o f the plate to allow for the comb 

length plus 0.5 cm. To produce a level resolving gel, the acrylamide solution was
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overlaid with water-saturated isobutanol and then left to set. After about 30 min, the 

isobutanol was removed and the gel washed a few times with distilled water. The 

stacking gel acrylamide solution was then prepared (Table 2.5) and added on top of the 

resolving gel. Once a comb with the appropriate number o f wells had been inserted, the 

stacking gel was allowed to set. The comb was subsequently removed and the wells 

were washed with distilled water, followed by 1 X running buffer; 25 mM Tris, pH 8.3, 

192 mM glycine and 0.1 % (w/v) SDS (diluted from a 10 X stock purchased fi*om 

National Diagnostics, Leicestershire, UK).

Solution Components 
(enough for 1 x 10 ml gel)

^Solutions were added last to initiate polymerisation

4 %
Stacking

8 %
Resolving

1 5 %
Resolving

Water 6.1  ml 4.6 ml 2 .3  ml

3 0  % Acrylamide Mix 1.3 ml 2 .7  ml 5 .0  ml

Tris Buffer 2 .5  ml
(pH 6.8)

2 .5  ml
(pH 8.8)

2 .5  ml
(pH 8.8)

10 % SDS 10 0  p i 100  p i 100  p i

* 1 0 %  APS 1 0 0  p i 100  p i 100  p i

* TEMED 10 p i 6 p i 4pl

Table 2.5 Components required for preparing gels for SDS-PAGE

In addition to casting single percentage gels in the laboratory, ‘Novex’ Tris- 

glycine pre-cast gels (8 and 16 %) were also purchased from Invitrogen, and used to 

produce high quality figures. The gels were supplied in plastic cassettes and a packaging 

buffer containing 0.02 % (w/v) sodium azide. Before use, the 12-well comb was 

removed and the wells were washed with distilled water, followed by 1 X running buffer.

Gradient Percentage Gels

All pre-cast Tris-glycine gradient ‘Novex gels’ (4-20 % and 8-16 %) were 

purchased from Invitrogen and prepared for electrophoresis in the same way as described 

above.

2.3.2.2 Electrophoresis

Sample preparation for all gels was the same: samples were mixed 3:1 with 4 X 

SDS-PAGE sample buffer [200 mM Tris-HCl, pH 6.8, 8 % (w/v) SDS, 0.2 % (w/v) 

bromophenol blue and 20 % (v/v) glycerol]. For reduced samples, p-mercaptoethanol
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was added to a final concentration of 2 % (v/v), and the samples were heated in a boiling 

water bath for 5 min. For non-reducing conditions, p-mercaptoethanol was omitted and 

the samples were heated only. The broad range molecular weight marker (6-175 kDa; 

New England Biolabs, Hertfordshire, UK) was also heated for 3 min prior to loading on 

to the gel. After loading up to 30 pi o f sample and 15 pi o f marker into the wells, the 

electrophoresis chamber was filled with 1 X running buffer. Novex gels were run in the 

‘Mini-cell Xcell IF gel tank (Invitrogen), according to the manufacturer’s instructions. 

Electrophoresis using the mini gels cast in the laboratory was performed in the Bio-Rad 

MiniProtean II electrophoresis chamber at a constant voltage o f 125 V. When the dye 

front had migrated to the bottom of the gel, the gel was removed from its cassette and 

then subjected to either Coomassie or silver staining (Section 2.3.2.3), or Western 

blotting (Section 2.3.3).

2.3.2.3 Staining SDS-PAGE polvacrvlamide gels 

Coomassie staining

Protein bands on gels can be detected using an easily visualised reagent that 

reacts with any protein irrespective o f biological activity. The most simple and most 

commonly used technique is Coomassie blue staining, which has a sensitivity of 0.1-0.5 

pg protein per band. This method was used to detect the purity o f proteins that had been 

isolated using affinity chromatography. Following polypeptide separation by SDS- 

PAGE, the gel was transferred to a container holding about 50 ml of Coomassie stain: 

0.25 % (w/v) Coomassie brilliant blue R-250, 50 % (v/v) methanol and 10 % (v/v) 

glacial acetic acid. Staining took place at room temperature over 30 min with shaking. 

Following gel staining, excess stain was removed by destaining in successive volumes of 

destain: 30 % (v/v) methanol and 10 % (v/v) glacial acetic acid. The destained gel was 

then washed and stored in distilled water, before it was dried using the Bio-Rad ‘GelAir 

Drying Frame’.

Silver staining

Silver staining is a hundred times more sensitive than Coomassie blue staining, 

which is advantageous for the detection o f nanograms o f protein per band. After 

electrophoresis, gels were fixed for 3 x 20 min in a solution of 30 % (v/v) ethanol and 10 

% (v/v) glacial acetic acid, to prevent diffusion o f the protein bands. The gels were then 

washed for 3 x 10 min in distilled water before being subjected to silver staining using 

the Sigma ‘Silver Stain Kit for Polyacrylamide Gels’. This method can also be used to
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stain gels previously stained with Coomassie blue. Following staining, gels were dried 

as described for Coomassie stained gels.

2.3.3 WESTERN BLOTTING

Antibodies bave a crucial role to play in the specific detection o f small quantities 

o f antigen within a complex mixture of proteins. Two immunodetection methods 

frequently used in this thesis were immunoprécipitation (Section 2.3.5) and Western 

blotting. The latter method involves antibody detection o f antigens already fractionated 

from the complex mixture of proteins by electrophoresis. Following gel separation, the 

proteins are transferred to a nitrocellulose membrane, which then has its protein binding 

sites blocked before exposure to the specific primary antibody. This reduces the amount 

o f non-specific binding o f the primary antibody to the membrane. After washing away 

any unbound primary antibody with extensive washing, secondary antibodies directed 

against the primary antibody and labelled with horseradish peroxidase (HRP) are then 

incubated with the membrane. Following further washing, chemiluminescence is used to 

visualise the antigens. Luminescence describes the emission o f light resulting from the 

release o f energy from a substance in an excited state. In chemiluminescence, the 

excitation results from a chemical reaction. The ECL detection system (Amersham 

Biosciences) involves the oxidation o f luminol by HRP in the presence of chemical 

enhancers, such as phenols [265]. The light emitted is at a wavelength o f 428 nm and 

can be detected by a short exposure to blue-light sensitive autoradiography film. The 

Western blotting procedure is summarised below:

Proteins transferred to nitrocellulose

Protein binding sites are blocked 
:

Primary antibody binding 

Washing to remove unbound primary antibody

Binding of anti-primary antibody labelled with HRP 
(Secondary antibody);

Washing to remove unbound secondary antibody ;
Chemiluminescence detection
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2.3.3.1 Sample transfer

Proteins were transferred from polyacrylamide gels to Hybond ECL 

nitrocellulose membranes (Amersham Biosciences) using two different methods. The 

first method involved a Bio-Rad Trans-Blot Semi-Dry Transfer Cell and the second 

method utilised the Novex Western Transfer Apparatus. In each case, a piece of 

nitrocellulose membrane and 2 sheets o f 3MM absorbent paper (Whatman, Maidstone, 

UK) were cut to the correct gel size and pre-soaked in transfer buffer: 25 mM Tris, pH 

8.3, 192 mM glycine and 20 % (v/v) methanol. The gel was then placed next to the 

nitrocellulose membrane and surrounded by absorbent paper to create a transfer 

sandwich:

Cathode end 

1 layer o f absorbent paper 

polyacrylamide gel 

1 layer o f nitrocellulose membrane 

1 layer o f absorbent paper 

Anode end

For semi-dry blotting, the transfer sandwich was placed on the bottom electrode (anode) 

and then the upper electrode was placed on top o f the stack. Blotting occurred over 90 

min with a constant current o f 1.5 mA/cm^ of gel. For Novex blotting, the transfer 

sandwich was positioned in the centre o f the Xcell II Blotting Module (Invitrogen) 

surrounded by pre-soaked sponges. The module was subsequently filled with transfer 

buffer, and deionised water was poured around it to prevent overheating. Blotting 

occurred over 90 min at a constant current of 125 mA. A pre-stained protein marker was 

always present in the polyacrylamide gels and acted as an internal control for protein 

transfer.

2.3.3.2 Immunoblotting

• Tris buffered saline (TBS): 10 mM Tris-HCl, pH 7.5 and 150 mM NaCl.

• TBS-T washing buffer: TBS and 0.05 % (v/v) Tween 20.

• PBS: 138 mM NaCl, 10 mM Na2HP0 4 , 1.75 mM KH2PO4 and 2.7 mM KCl.

• PBS-T washing buffer: PBS and 0.05 % (v/v) Tween 20.

• Milk blocking buffer: 5 % (w/v) Marvel milk powder in PBS-T washing buffer.

• BSA blocking buffer: 3 % (w/v) BSA in TBS-T washing buffer.
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Before exposing nitrocellulose to the primary antibody, the membrane was 

blocked. Generally, this method utilised the milk blocking buffer, and took place on a 

shaker at room temperature for 1 h, or overnight at 4 °C. When the primary antibody to 

be used was directed against a phosphate group (e.g. anti-phosphotyrosine), BSA 

blocking buffer was used instead o f milk blocking buffer, and TBS-T washing buffer 

was used in each of the subsequent steps. This avoids incubating the nitrocellulose 

membrane with phosphates, which might bind the primary antibody and increase the 

background o f the Western blot.

Primary antibodies were optimally diluted in BSA/milk blocking buffer or PBS-T 

washing buffer (Table 2.6) and incubated with the membrane on a shaker for 16 h at 4 

°C. In a few cases, primary antibody incubations were done within 1 h at room 

temperature (Table 2.6). The membrane was then thoroughly washed with 5 x 1 0  min 

washing buffer steps. Secondary antibodies were diluted in either PBS-T or TBS-T 

washing buffers and incubated with the membrane for 1 h at room temperature. After 

repeating the washing steps, the membrane was visualised using an enhanced 

chemiluminescence (ECL) substrate, according to the manufacturer’s instructions 

(Amersham Biosciences). The blot was secured in a film cassette and briefly exposed to 

X-ray film (Hyperfilm ECL, Amersham Biosciences).

2.3.3.3 Stripping the nitrocellulose membrane

Membranes were sometimes used more than once to visualise different antigens 

on the same blot. Following the first immunodetection, antibodies bound to the 

membrane were removed by placing the blot at 55 °C for 30 min in a stripping buffer: 

100 mM P-mercaptoethanol, 62.5 mM Tris-HCl, pH 6.7 and 2 % (w/v) SDS. The 

membrane was then washed for 2 x 10 min in washing buffer, blocked, and subjected to 

a second round o f immunodetection.
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1° Antibody 
& Supplier Antigen

1°
Dilution 
& Buffer

1°
Incubation
Conditions

2° Antibody & 
Dilution in 

Wash Buffer
a-caveolin-1 (mAb)

Clone €060 
Transduction Labs 

(Lexington, KY, USA)

caveolin-1 1:1000
Milk 4°C 16h Sheep a-mouse 

HRP 1:5,000

a-caveolin-1
Transduction Labs 

(Lexington, KY, USA)
caveolin-1 1:3000

Milk 4°C 16h Goat a-rabbit 
HRP 1:5,000

a-CLA-1 (mAb)
Clone 25 

Transduction Labs 
(Lexington, KY, USA)

extracellular SR- 
BI/II

1:1000
BSA 4°C 16h Sheep a-mouse 

HRP 1:10,000

a-clathrin
Santa Cruz Biotech 

(Santa Cruz, CA, USA)

clathrin heavy 
chain

1:1000
Milk 4°C 16h Goat a-rabbit 

HRP 1:10,000

a-GAL4-DBD (mAb)
Clone 10 

Autogen Bioclear 
(Wiltshire, UK)

GAL4 DNA 
Binding Domain

1:10,000
Washing
(PBS-T)

RT 1 h Sheep a-mouse 
HRP 1:10,000

a-GST
Amersham Biosciences 

(Bucks, UK)
GST tag

1:3000
Washing
(PBS-T)

RT 0.5 h Rabbit a-goat 
HRP 1:10,000

a-pS
Cambridge Bioscience 

(Cambridge, UK)
phosphoserine 1:1000

BSA 4°C 16h Goat a-rabbit 
HRP 1:10,000

a-pT
Cambridge Bioscience 

(Cambridge, UK)

phospho-
threonine

1:1000
BSA 4°C 16h Goat a-rabbit 

HRP 1:10,000

a-pY
Cambridge Bioscience 

(Cambridge, UK)
phosphotyrosine 1:10,000

BSA 4°C 16h Goat a-rabbit 
HRP 1:10,000

a-plc-yl (530)
Autogen Bioclear 
(Wiltshire, UK)

phospholipase
C-yl

1:1000
BSA 4°C 16h Goat a-rabbit 

HRP 1:10,000

a-SR-BI
Dr. van der Westhuyzen 
(University o f Kentucky 
Medical Centre, USA)

cytoplasmic
SR-BI

1:3000
BSA 4°C 16h Goat a-rabbit 

HRP 1:10,000

a-SR-BII
Sigma Genosys 

(Cambridge, UK)

cytoplasmic
SR-BII

1:1000
BSA 4°C 16h Goat a-rabbit 

HRP 1:10,000

Streptavidin-HRP
Sigma-Aldrich Co Ltd. 

(Poole, UK)
biotin

1:1000
Washing
(PBS-T)

RT I h none

Table 2.6 Western blotting conditions for detecting varions antigens

AU antibodies were polyclonal, except where monoclonal (mAh) is stated. The symbol a  

denotes anti. Secondary antibodies were supplied by Sigma-Aldrich Company Ltd (Poole, UK).
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2.3.4 PRODUCTION OF ANTI-PEPTIDE ANTISERUM TO HUMAN

CYTOPLASMIC SR-BII (a-SR-BII)

An anti-peptide antiserum directed against the cytoplasmic tail o f human SR-BII 

was commissioned from Sigma Genosys. The sequence o f peptides in the SR-BII tail 

was deduced from the published cDNA sequence and the chosen polypeptide was 

synthesised to be identical to a sequence o f 22 amino acids in the cytoplasmic tail (493- 

514: EDTVSQPGLAAGPDRPPSPYTP). The anti-peptide serum against the SR-BII 

cytoplasmic tail will be referred to as a-SR-BII. In addition, pre-immune serum was 

taken from the rabbits before injection o f the synthetic peptide. Characterisation of a - 

SR-BII was conducted using Western blotting: 0.5 pg o f biotinylated cytoplasmic SR- 

BII (Section 2.3.6) was subjected to 16 % SDS-PAGE under reduced and non-reduced 

conditions, followed by immunodetection with a-SR-BII using the conditions described 

in Section 2.3.3 and Table 2.6. Further characterisation o f the serum was needed to 

determine whether a-SR-BII could immunoprecipitate cytoplasmic SR-BII from 

solution: a-SR-BII antibody (diluted 1:100) was incubated in a 1 pg/ml solution of 

biotinylated cytoplasmic SR-BII and subjected to the immunoprécipitation method 

described in Section 2.3.5. In addition isoform specificity of the antiserum was 

ascertained by subjecting solubilised lysates from recombinant CHO-SR-BI/II cell 

(Section 2.4.3) to 8 % SDS-PAGE separation and subsequent immunoblotting with a- 

SR-BII.

2.3.5 IMMUNOPRECIPITATION

Immunoprécipitation involves the specific removal o f an antigen from a complex 

mixture o f proteins by an antibody. Following antibody/antigen complex formation, the 

antibody binds to a matrix and becomes immobilised, thereby separating the immune 

complex from the protein mixture. Dynabeads covalently bound to either sheep anti

mouse IgG or sheep anti-rabbit IgG (Dynal, Merseyside, UK) were used to bind either 

the mouse- or rabbit-antibody/antigen complexes, respectively. Dynabeads are 

superparamagnetic beads that are designed as a matrix for immunomagnetic separation. 

After thoroughly washing the beads, to remove any non-specific proteins, the matrix was 

heated in SDS-PAGE sample buffer, containing P-mercaptoethanol. This released the 

antigen from the immune complex, which was subsequently identified by Western 

blotting (Section 2.3.3).
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For basic immunoprécipitation reactions, 1 mg/ml cell lysates (Section 2.4.4) 

were subjected to pre-clearing. This involved incubating the cell lysate with 50 pi of 

washed Dynabeads on a rotating wheel for at least 90 min at 4 °C. Subsequently, the 

beads were isolated from the lysate and discarded. This served to remove molecules that 

had a high non-specific binding activity. The primary antibody was then incubated with 

the lysate on a rotating wheel at a 1:100 dilution for 3 h at 4 °C. Following immune 

complex formation, 100 pi o f washed dynabeads were added to the lysate and the 

antibody/antigen complexes bound to this matrix during 90 min on a rotating wheel at 4 

°C. Immune complexes that had bound the beads were separated from the rest of the cell 

lysate proteins magnetically and subjected to 4 washing steps with 500 pi o f lysis buffer: 

50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA and 1 % (v/v) Triton X-100, 

containing the ‘Complete’ Mini protease inhibitor cocktail (Roche Diagnostics). The 

beads were resuspended in 60 pi 1 X SDS-PAGE sample buffer and 1 pi o f p- 

mercaptoethanol, and boiled for 5 min (Section 2.3.2.2). Twenty-five pi o f each boiled 

sample were loaded onto a polyacrylamide gel for analysis.

2.3.6 BACTERIAL EXPRESSION OF FUSION PROTEINS

Transformed E. coli can be exploited to generate milligrams of recombinant 

protein that can easily be purified from other bacterial proteins, due to the presence of a 

fusion tag. The two systems used in this thesis are the ‘PinPoint Xa Protein Purification 

System’ (Promega) and the ‘Glutathione iS-Transferase Gene Fusion System’ (Amersham 

Biosciences), which produce biotinylated and GST-tagged fusion proteins, respectively. 

Following purification, the tags can be cleaved from the fusion proteins, or the 

recombinant proteins can be used directly in experiments such as ‘pull-down’ assays 

(Section 2.3.7).

2.3.6.1 Production of biotinvlated SR-BI and II cvtoplasmic tails

The cytoplasmic tail sequences o f human SR-BI and II were cloned into PinPoint 

Xa vectors (Section 2.2.9), and the plasmids were transformed into the E. coli JM109 

bacterial strain for fusion protein expression. This strain expresses biotin ligase 

holoenzyme, which catalyses the biotinylation o f a specific lysine residue in the 

purification tag sequence. Unlike the endogenous biotinylated protein generated by the 

host bacterium, the biotin moiety on the recombinant fusion protein is accessible to 

purification with avidin. This renders downstream avidin-purification o f the biotinylated 

protein highly specific.
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For small-scale fusion protein induction and detection, overnight bacterial 

cultures transformed with recombinant plasmids and the control plasmid (Promega) were 

diluted 1:100 in 50 ml of fresh LB media containing 100 pg/ml ampicillin and 2 pM 

biotin. After 1 h o f shaking at 37 °C, IPTG was added to a final concentration of 100 

pM to induce protein expression. Cultures were then incubated in a 37 °C shaker for a 

further 5 h. To detect the presence o f fusion proteins in the bacterial cultures, 100 pi of 

each culture were centrifuged, and the pelleted cells were resuspended and boiled in 50 

pi of 1 X SDS-PAGE sample buffer and 1 pi o f P-mercaptoethanol. Five pi of the 

boiled samples were run on a 16 % polyacrylamide gel, blotted onto nitrocellulose 

membrane and detected using a streptavidin-HRP conjugate and chemiluminescence 

{Sections 2.3.2 and 2.3.3; Table 2.6).

For large-scale cultures, the quantity o f cells was scaled up by a factor o f 40 to 

produce 2 litres o f bacterial culture. Following centrifugation o f the cells for 10 min at 

20 °C and 8,000 g  using a 6 x 300 ml rotor (43115-112) and a Europa 24M centrifuge, 

cytosolic proteins were released from the bacterial cells by ultrasonic disruption. Cells 

were resuspended in 10 volumes of ice-cold, glycerol lysis buffer [50 mM Tris-HCl, pH

7.5, 50 mM NaCl and 5 % (v/v) glycerol, containing the ‘Complete’ Mini protease 

inhibitor cocktail] and sonicated on ice, using a Sanyo Soniprep 150 (10 x 15 s pulses at 

10 pm amplitude, with 15 s pauses between pulses). Cellular debris was removed from 

the crude lysate by a 15 min centrifugation step at 10,000 g  and 4 °C.

Purification o f the biotinylated fusion proteins from the mixture of cytosolic 

proteins was performed at 4 °C using affinity chromatography. This process utilised an 

affinity column connected to an Uvicord Sll spectrophotometer and recorder, which 

monitored and recorded the amount o f protein leaving the column (flow-through). A 

fraction collector was situated downstream o f the spectrophotometer to collect the flow

through. The affinity column was generated by filling a column with 1 ml of ‘SoftLink 

Soft Release Avidin Resin’ (Promega) and equilibrating the resin with glycerol lysis 

buffer, until a stable OD2 8 0  reading from the spectrophotometer was obtained (baseline). 

Following the equilibration step, cell lysate was applied to the affinity column using a 

peristaltic pump, at a rate of <1 ml/min to allow for efficient capture o f the biotinylated 

proteins. The resin was subsequently washed with glycerol lysis buffer until the OD2 8 0  

reading had returned to baseline, and any non-specific proteins that had bound the
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column had been washed away. Elution of the biotinylated fusion proteins was achieved 

during a 15 min incubation of the affinity resin with 1.5 ml o f 5 mM biotin in glycerol 

lysis buffer. Avidin-biotin interactions are very strong and usually require denaturing 

conditions to separate the components. However, use o f the ‘Soft Release Avidin Resin’ 

allowed recombinant proteins to be eluted from the avidin matrix using the 

nondenaturing biotin solution. Fractions o f eluted protein were subsequently collected 

and quantified using the Bio-Rad protein assay (Section 2.3.1.2). The fractions 

containing protein were pooled and dialysed in PBS using a 10,000 Da molecular weight 

cut-off (MWCO) dialysis cassette (Perbio Science Ltd.). Following concentration of the 

samples using a 500 pi Vivaspin concentrator (10,000 MWCO; Vivascience Ltd., 

Binbrook, UK), the eluted proteins were then subjected to SDS-PAGE, followed by 

Coomassie staining to verify protein purity (Section 2.3.2).

2.3.6.2 Production of GST-tagged fusion proteins

The cytoplasmic tail sequences of human SR-BI and II were cloned into the 

pGEX-4T-2 vector (Section 2.2.9), which is designed for inducible, intracellular 

expression o f gene fragments as fusions with Schistosoma japonicum  GST [266]. The 

recombinant vectors, along with an empty pGEX-4T-2 control vector, were subsequently 

transformed into the BL21 E. coli strain (Section 2.2.9.5). GST-tagged expression 

vectors containing sequences for plc-yl SH2 and SH3 domains were also transformed 

into this bacterial strain [267]. One pGEX-2TK vector contained all three plc-yl SH2 

and SH3 domain sequences (SH223; nucleotides 1597-2553), and the other vector 

contained only the two SH2 domain sequences (SH22; nucleotides 1597-2274). 

Following transformation, clones were screened for fusion protein expression. 

Individual colonies were picked and transferred into separate tubes containing 6 ml o f 2 

X YTA media (16 g/1 Tryptone, 10 g/1 Yeast Extract and 5 g/1 NaCl, containing 100 

pg/ml ampicillin). The cultures were grown overnight in a 37 °C shaker and then diluted 

1:100 in the desired volume of 2 X YTA media. Growth o f the bacteria continued at 37 

°C until the absorbance o f the culture had reached an ODôoo reading of 0.6-0.8 (between 

3-5 h). At this stage, fusion protein expression was induced, by the addition of IPTG to a 

final concentration of 0.35 mM. Incubation of the culture continued for a further 2 h, 

before 6 ml was pelleted at 13,000 rpm and resuspended in 300 pi o f ice-cold PBS (50 pi 

PBS/ml culture). Sonication using a Sanyo Soniprep 150 (5 x 15 s pulses at 10 pm 

amplitude, with 15 s pauses between pulses) was then performed to disrupt the cells, the 

cellular debris was pelleted at 13,000 rpm, and the supernatant was incubated on a
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rotating wheel for 90 min at 4 °C with 50 )j,l o f glutathione-agarose beads (pre-washed in 

PBS). The beads were washed twice with 1 ml PBS, before they were boiled for 5 min 

in 60 pi 1 X SDS-PAGE sample buffer containing 1 pi P-mercaptoethanol. Twenty pi of 

each o f the samples were subjected to SDS-PAGE (using a 16 % gel) and the proteins 

were then detected by Western blotting with the a-GST primary antibody and 

chemiluminescence {Sections 2.3.2 and 2.3.3\ Table 2.6).

For large-scale production o f GST-tagged fusion proteins, the experimental

procedure was almost entirely the same as described above, except for the following

points:

• The overnight cultures were diluted 1:100 to produce 4 litres o f induced culture.

• Sonication took place in PBS containing 1 % Triton X-100 to facilitate

solubilisation of the fusion protein.

• Pelleting o f the cells occurred by centrifuging at a speed o f 8,000 g  for 10 min 

using a 6  X  300 ml rotor (43115-112) and a Europa 24M centrifuge.

• Purification was performed using a ‘RediPack’ column (Amersham Biosciences) 

containing 2 ml o f glutathione-sepharose.

Large-scale affinity purification of GST-tagged proteins was performed using 

‘RediPack’ columns, according to the manufacturer’s instructions. Briefly, the bacterial 

lysate was applied to the matrix, followed by extensive matrix washing with 3 x 20 ml of 

PBS. The fusion protein was eluted by incubating the matrix at room temperature for 10 

min in 2 ml Glutathione Elution buffer: 50 mM Tris-HCl, pH 8.0 and 10 mM 

glutathione. The eluate was collected before the elution step was repeated twice more, 

followed by protein quantification of each fraction, using the Bio-Rad protein assay 

(Section 2.3.1.2). As for biotinylated fusion proteins, the protein-containing fractions 

were pooled, dialysed against PBS and concentrated. The eluted proteins were then 

subjected to SDS-PAGE, followed by Coomassie staining to verify protein purity 

(Section 2.3.2.3).

2.3.7 PULL-DOW N ASSAYS

‘Pull-down’ assays are designed to detect whether an immobilised protein 

interacts with another protein in solution, allowing it to be isolated from the solution 

during matrix separation. This method was used to screen for potential binding 

interactions between the biotinylated cytoplasmic tails o f SR-BI and II and GST-tagged
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SH3 domains from a variety o f modular signalling proteins (src, crk, plc-yl, fyn, csk and 

grb-2). It was also used to detect whether larger quantities o f GST-tagged cytoplasmic 

SR-BII could interact with, and therefore pull-down, any cellular proteins from cell 

lysates.

2.3.7.1 Example method

For each assay, 2 pg o f GST-tagged SH3 domains were immobilised on 50 pi of 

glutathione-agarose beads during 90 min incubation on a rotating wheel at 4 °C. The 

agarose was then washed twice with 1 ml PBS, before 2 pg o f biotinylated cytoplasmic 

tail (in a total volume o f 200 pi PBS) were mixed with the matrix. The negative controls 

comprised beads alone, and beads bound to the GST tag. The ‘pull-down’ reaction took 

place over 2 h on a rotating wheel at 4 °C. The samples were then transferred to a 

microfuge spin column and subjected to 5 x 0.5 ml washes with PBS, using a refrigerated 

micro frige at 4 °C. During the last wash, the samples were pipetted into microfuge tubes 

and the beads were resuspended in 60 pi 1 X SDS-PAGE sample buffer and 1 pi of P- 

mercaptoethanol, to disrupt any interactions. The samples were separated on a 16 % 

polyacrylamide gel, immunoblotted using a streptavidin-HRP conjugate, and detected 

with chemiluminescence {Sections 2.3.2 and 2.3.3; Table 2.6). To verify that the 

generation o f affinity matrices had been successful, the blots were stripped (Section

2.3.3.3) and re-probed with the a-GST primary antibody.

2.3.7.2 Assav variations 

Method 1

The ‘pull-down’ assay was reversed by immobilising 2 pg o f biotinylated cytoplasmic 

tails on 50 pi of TetraLink Tetrameric Avidin Resin (Promega), followed by incubation 

o f the resin with 200 pi o f PBS containing 2 pg o f GST-tagged SH3 domains. In this 

case, avidin resin alone served as the negative control. The a-GST primary antibody 

was used to detect interacting proteins, and the blot was re-probed with a streptavidin- 

HRP conjugate to ensure that the generation of each affinity matrix had been successful.

Method 2

The ‘pull-down’ assay was repeated using affinity matrices bound to GST-tagged plc-yl 

SH3 domains, with 2 pg biotinylated cytoplasmic SR-BII in 200 pi o f the following
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protein-rich solutions: PBS, 1 % (w/v) BSA, 10 % (v/v) fetal bovine serum (FBS) and 1 

mg/ml HepG2 lysate (Section 2.4.4).

Method 3

Two mg of GST alone or GST-SR-BII were coupled to 1 ml NHS-Sepharose HiTrap 

colunms, as described by the manufacturers (Amersham Biosciences). This obviated the 

need to use glutathione-agarose beads to create an affinity matrix, and therefore allowed 

the ‘pull-down’ assay to involve GST-tagged proteins both in solution and attached to 

the affinity matrix. Once the coupling efficiencies for each column bad been estimated, 

beads bound to 50 pg protein were incubated with 25 pg o f GST-tagged plc-yl SH2 and 

SH3 domains (GST-SH22 and GST-SH223; Section 2.3.6.2) in 200 pi PBS. biteracting 

proteins were separated using 4-20 % SDS-PAGE and immunoblotted with a-GST.

Method 4

Cell lysate ‘pull-down’ assays involved immobilising 25 pg o f GST-tagged cytoplasmic 

tail or GST alone on 50 pi glutathione-agarose, and incubating the beads with 1 ml of 

THP-1 cell lysate, at a concentration of 1 mg/ml (Section 2.4.4). hi this case, the 

proteins were separated using 16 % or 4-20 % polyacrylamide gels, and detected using 

Western blotting or silver staining (Section 2.3.2.3).

2.3.7.3 ‘Pull-down’ assavs with SR-BII immunoprécipitation 

Method 1

To investigate whether plc-yl binds cytoplasmic SR-BII in response to receptor 

activation, the following ‘pull-down’ assay with SR-BII immunoprécipitation was 

employed. Confluent cultures of recombinant Chinese hamster ovary (CHO) cells 

expressing human SR-BII (CHO-SR-BII; Section 2.4.3) were stimulated for 30 min with 

10 % (v/v) ‘HDL plasma’ prior to cell lysis (Sections 2.3.10.6 and 2.4.4). One ml of 

stimulated cell lysate (0.5 mg/ml) was subsequently incubated for 2 h with 25 pg o f GST 

alone, or the GST-tagged plc-yl SH2 and SH3 domains, GST-SH22 or GST-SH223 

(Section 2.3.6. 2). The receptor was isolated by immunoprécipitation with a-CLA-1 

(Section 2.3.5), and any bound GST-tagged proteins were separated by 4-20 % SDS- 

PAGE and detected by immunoblotting with a-GST.
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Method 2

HDL-stimulated tyrosine phosphorylation o f cytoplasmic SR-BII was monitored using 

the following method. CHO-SR-BII cells (Section 2.4.3) were grown to confluency in 

90 mm plates, washed with PBS, and then subjected to 5 or 30 min incubations in serum- 

free media with and without 10 % (v/v) ‘HDL plasma’ (Section 2.3.10.6). One plate of 

cells was left ‘resting’ (i.e. no change o f media). Cells were washed in ice-cold PBS and 

lysed in 1 ml lysis buffer, containing 0.1 mM sodium vanadate and 1 mM DTT (Section

2.4.4). Cell lysate protein concentrations were quantified using the BCA protein assay 

(Section 2.3.1.1). Up to 0.8 ml o f 1 mg/ml lysates were subjected to 

immunoprécipitation with a-CLA-1 (Section 2.3.5). Successful isolation o f the receptor 

and the state of cytoplasmic tail phosphorylation were detected by immunoblotting with 

a-SR-BII and a-phosphotyrosine, respectively.

2.3.8 YEAST TWO-HYBRID SYSTEM

The ‘Matchmaker GAL4 Two-Hybrid System’ (Clontech) was used to identify 

whether there are any cellular protein-protein interactions between the cytoplasmic tail of 

SR-BII and the SH3 domain of plc-yl. This system is based on the method first 

described by Fields and Song [268]. Yeast express two regulatory proteins, GAL4 and 

GAL80, which control galactose metabolism. When galactose is present in the medium, 

the GAL4 protein binds to the responsive elements within the upstream activating 

sequences o f many genes involved in galactose metabolism, and activates their 

transcription. When galactose is absent, GAL80 binds to GAL4 and transcriptional 

activation is blocked. In the yeast two-hybrid system, the GAL4 protein is divided into 

two domains: the DNA-binding domain (GAL4-DBD) and the activation domain 

(GAL4-AD). The GAL4-DBD binds to its conserved activation sequence within the 

DNA, but alone cannot promote transcription; the GAL4-AD must be complexed to 

GAL4-DBD in order for the gene to be transcribed. In this procedure, yeast are 

transformed with expression vectors encoding GAL4-DBD and GAL4-AD fused to 

peptide sequences o f interest. If an interaction occurs between the fusion proteins, the 

GAL4-AD is brought into close proximity with the GAL4-DBD and a complete 

activation complex is generated. This active complex binds upstream of the lacZ 

reporter gene and activates its transcription. The production o f the p-galactosidase 

enzyme can then be monitored using a colorimetric assay.
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The Y 190 yeast strain was chosen for the two-hybrid experiment. This host 

strain carries a deletion of the gal4 and gal80 genes, which means that induction of the 

reporter gene only occurs in response to a two-hybrid interaction. Briefly, the host was 

transformed with the pGADlG-plc-yl expression vector (containing the GAL4-AD and 

plc-yl SH3 domain sequences) and the pYTH9-II expression vector (containing the 

GAL4-DBD and cytoplasmic SR-BII sequences; for construction o f this vector see 

Section 2.2.9). Successful transformants were subsequently isolated using selection 

plates and analysed for the presence of the p-galactosidase enzyme. The positive control 

plasmids, pSEl 111 and pSEl 112, were a kind gift from Dr. A. Robertson (Royal Free & 

University College Medical School, London, UK) and encode for SNFl and SNF4 

proteins fused to GAL4-DBD and GAL4-AD domains, respectively. SNFl and SNF4 

proteins interact in yeast and therefore serve as positive controls for this system [269].

2.3.8.1 Culturing and handling veast

The yeast strain was grown in YPD medium and on YPD agar medium plates 

(Clontech). The YPD medium is a blend o f peptone, yeast extract and glucose in the 

correct proportions for the growth o f most S. cerevisae strains. The medium was 

adjusted to pH 5.8 and then autoclaved. Once the medium had cooled to 55 °C, adenine 

hemisulphate was added to a final concentration of 0.003 % (w/v). The Y190 host strain 

carries the ade-101 mutation and its growth is therefore enhanced by the addition of 

adenine hemisulphate.

Synthetic dropout (SD) medium is a minimal medium used to select for specific 

phenotypes following yeast transformation. SD medium consists o f a minimal SD base 

(which provides a nitrogen base and a carbon source) and a ‘dropout’ solution that 

contains a specific mixture of amino acids and nucleosides. The minimal SD Base, SD 

Agar and 10 X dropout solutions were purchased from Clontech. The selection medium 

was adjusted to pH 5.8, autoclaved and adenine hemisulphate was added in the same way 

as described for YPD medium.

The Y190 strain was stored indefinitely as a glycerol stock culture at -80  °C. To 

prepare a new glycerol stock culture, a colony was picked and resuspended in 0.5 ml of 

YPD medium. Once the cells had been dispersed by vortexing, sterile glycerol was 

added to a final concentration o f 25 % (v/v), and the cells were stored at -80  °C. To 

recover frozen strains, a small amount o f the glycerol stock was streaked onto YPD
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plates and incubated at 30 °C for 3-4 days, until the colonies reached 2 mm diameter. 

This plate was described as the ‘working stock’ plate. It was wrapped in parafilm and 

stored at 4 °C for up two months. Transformed yeast strains were maintained in the 

same way, except that SD medium was used.

To prepare an overnight liquid culture, a large colony (2-3 mm diameter) was 

transferred from the working stock plate to 5 ml YPD medium, followed by vortexing for 

1 min to disperse the cells. The cultures were then incubated at 30 °C for 16 h with 

shaking (250 rpm) to produce a stationary phase culture with an absorbance at 600 nm 

(ODôoo) greater than 1.5. Enough overnight culture was transferred to fresh medium to 

produce an ODôoo value in the range o f 0.2-0.3, before the culture was incubated at 30 °C 

for a further 3-5 h with shaking. This produced a mid-log phase culture with an ODôoo ~ 

0.5. The absorbance measurements were made using a UVIKON 930 spectrophotometer 

(Kontron Instruments).

2.3.8.2 Transformation and selection

DNA was introduced into yeast using the lithium acetate (LiAc)-mediated 

method [270]. This method is simple and thought to be highly reproducible. To prepare 

competent cells for transformation, a 300 ml yeast culture was grown to mid-log phase 

and the cells were pelleted by 5 min centrifugation at 1,000 g  and room temperature. 

The supernatant was discarded and the cells were resuspended in 1.5 ml o f freshly 

prepared, sterile LiAc solution: 100 mM LiAc, 10 mM Tris-HCl, pH 7.5 and 1 mM 

EDTA. This provided enough competent cells for 15 different transformations. 

Generally, competent cells were co-transformed with both plasmids at the same time. 

However, sequential transformation, with colony selection in between transformations, 

was also used.

Co-transformation reactions were prepared by mixing 5 pg o f each plasmid and 

0.1 mg o f herring testes carrier DNA with 100 pi o f competent cells. For the positive 

control, 2.5 pg o f each o f the plasmids were used, and for the negative control, plasmids 

were omitted. To each tube 0.6 ml o f sterile polyethylene glycol/LiAc solution [40 % 

(w/v) polyethylene glycol 3350, in LiAc solution] was added and mixed well by 

vortexing for 10 s. The cells were then incubated at 30 °C for 30 min with shaking at 

200 rpm, before 70 pi o f DMSO were added and mixed by gentle inversion. The
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competent cells were subjected to a heat shock at 42 °C for 15 min, to allow the DNA to 

enter the cells. The cells were then cooled on ice for 2 min and pelleted at 13,000 rpm 

and room temperature. The supernatant was discarded and the cells were resuspended in 

0.5 ml TE buffer: 10 mM Tris-HCl, pH 7.5 and 1 mM EDTA. One hundred pi o f each 

transformation reaction was plated onto SD selection plates, which were incubated 

upside-down at 30 °C for 2-4 days, to allow for growth o f successful transformants.

Yeast-two hybrid expression vectors contain nutritional markers for the selection 

o f cells successfully transformed with the plasmids. The pGADlO plasmid contains the 

leucine sequence, whereas the pYTH9 plasmid contains the tryptophan sequence. 

Therefore, cells transformed with both plasmids were selected by growth on SD plates 

containing the leucine/tryptophan dropout solution. Following the selection of 

successful transformants, the P-galactosidase assay determined whether these cells 

expressed fusion proteins that were interacting with one another.

2.3.8.3 B-Galactosidase assav

• Z buffer: 16.1 g/L Na2HP0 4 .7 H2 0 , 5.5 g/L NaH 2 P0 4 .H2 0 , 0.75 g/L KCl and 

0.246 g/L MgS04.7H20.

• X-gal stock solution: 20 mg/ml X-gal in N,N-dimethylformamide.

• Z buffer/X-gal solution: 100 ml Z buffer, 1.67 ml X-gal solution and 0.27 ml p- 

mercaptoethanol.

A colony-liff filter assay was used to detect whether the transformed yeast cells 

were expressing the lacZ gene. For each plate to be assayed, a sterile Whatman #5 filter 

was presoaked in 2.5 ml o f Z buffer/X-gal solution in a 100-mm plate. A clean, dry filter 

was placed over the surface of the plate containing the colonies to be assayed. The filter 

was then transferred to a pool of liquid nitrogen for 10 s, followed by thawing at room 

temperature. The freeze/thaw cycle served to permeabilise the cells and cause the P- 

galactosidase enzyme to be released. This filter was then placed on top o f the presoaked 

filter, containing the substrate for P-galactosidase, and incubated at 30 °C until blue 

colonies appeared. The blue colouration indicated the expression o f p-galactosidase, 

which had resulted directly from the interaction o f GAL4-DBD and GAL4-AD fusion 

proteins within the yeast cell.
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2.3.8.4 Yeast protein extracts

In order to verify expression o f the two fusion proteins within the transformed 

yeast, the cell walls were disrupted by a combination o f chemical and physical means, 

and the proteins were subsequently isolated. For every transformed yeast strain that was 

to be assayed in a Western blot, a 50 ml mid-log phase culture was prepared (Section

2.3.8.1) and the total number o f ODôoo units was calculated for future use (e.g. ODeoo = 

0.6 X 55 ml = 33 total ODôoo units). A larger culture o f the untransformed yeast strain 

(Y190) was also prepared as a negative control. Each culture was poured into two pre

chilled 50 ml centrifuge tubes (halfway filled with ice), before the tubes were centrifuged 

in a pre-chilled 8 x 50 ml rotor (43114-143) for 5 min at 1,000 g  and 4 °C, using the 

Europa 24M centrifuge (Kontron Instruments). The cell pellet was washed in 50 ml ice- 

cold distilled water and stored at -80 °C until the next stage o f the experiment.

• 100 X PMSF (phenylmethyl-sulphonyl fluoride) stock solution: 0.1742 g in 10

ml isopropanol.

• TCA buffer: 20 mM Tris-HCl, pH 8.0, 50 mM ammonium acetate, 2 mM EDTA 

and 1 X PMSF. The PMSF and ‘yeast protease inhibitor cocktail’ were added 

immediately prior to use.

Each cell pellet was thawed on ice and then resuspended in 100 pi o f ice-cold 

TCA buffer per 7.5 ODôoo units o f cells. The cell suspension was then transferred to a

1.5 ml tube containing 100 pi o f glass beads, and 100 pi o f ice-cold 20 % (w/v) 

trichloracetic acid (TCA), per 7.5 OD0 0 0  units of cells. The tube was vortexed at 4 °C for 

10 min and the supernatant (the first cell extract) was transferred to a fresh tube. The 

glass beads were washed by adding 500 pi o f an ice-cold 1:1 mixture o f 20 % (w/v) TCA 

and TCA buffer, followed by vortexing at 4 °C for 5 min. The supernatant was added to 

the first cell extract and the proteins were pelleted at 13,000 rpm for 10 min at 4 °C. The 

pellet was resuspended in 10 pi o f 1 X SDS-PAGE sample buffer (containing P- 

mercaptoethanol) per OD0 0 0  unit o f cells, and boiled for 10 min. The samples were 

centrifuged for 10 min at 13,000 rpm and room temperature, and then 35 pi o f each 

supernatant were loaded onto a 4-20 % Novex gel for SDS-PAGE (Section 2.3.2). Once 

the proteins had been separated by SDS-PAGE, they were transferred to a nitrocellulose 

membrane and immunoblotted with the following antibodies, to detect fusion protein 

expression: a-SR-Bll, a-plc-yl and a-GAL4-DBD (Section 2.3.3).
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2.3.9 ISOLATION OF CAVEOLAE LIG H T M EMBRANES FROM  CELL

LYSATES

2.3.9.1 Sucrose gradient ultracentrifugation

Due to their low buoyant density, caveolin-rich light membranes (CLM) can be 

isolated from cells using density gradient ultracentrifugation. CLM were prepared using 

a detergent-free method as described by Waugh et al. [271]. Recombinant CHO cell 

monolayers were grown to confluence in 175 cm^ flasks (Section 2.4.1) and scraped into 

2 ml MBS buffer [25 mM morpbolinoetbane sulpbonic acid, 150 mM NaCl, 10 mM 

EDTA and 10 mM EGTA, pH 6.5] containing 500 mM sodium carbonate and protease 

inhibitors. Cells were sonicated on ice using a Sanyo Soniprep 150 (5 x 10 s pulses at 12 

pm amplitude, with 10 s pauses between pulses) and the cell bomogenate was then 

mixed with 2 ml o f 90 % (w/v) sucrose in MBS buffer. After transferring each sample to 

a 12 ml (14 x 89 mm) ultracentrifuge tube (Beckman Coulter, Buckinghamshire, UK), a 

5-35 % discontinuous sucrose gradient was formed above the bomogenate. Firstly, a 4 

ml layer o f 35 % (w/v) sucrose in MBS was gently pipetted onto the sample, followed by 

a second 4 ml layer o f 5 % (w/v) sucrose in MBS. The sucrose gradient was centrifuged 

in a Beckman SW41 swing-out rotor for 18 b at 39,000 rpm and 4 °C (Beckman Optima 

LE-80). Following the overnight spin, a light-scattering CLM band was seen at the 5-35 

% sucrose interface.

Twelve 1 ml fractions were collected from the Beckman tubes and their protein 

content was determined using the Bio-Rad protein assay (Section 2.3.1.2). Twenty pi 

samples from fractions 2-12 were subjected to SDS-PAGE (using 4-20 % Novex gels), 

followed by immunoblotting with a-caveolin-1 (pAb), a-clatbrin, a-SR-BII and a-CLA- 

1 (Sections 2.3.2 and 2.3.3).

2.3.9.2 Co-immunoprecipitation

To determine whether human SR-BII co-immunoprecipitated with caveolin-1, 

250 pi o f the CLM fraction were mixed 1:1 with Tris buffered saline (TBS), and the 

sample was subjected to immunoprécipitation with polyclonal a-caveolin-1 (Section

2.3.5). The sample was eluted from the beads in 100 pi o f SDS-PAGE sample buffer 

(containing 2 pi P-mercaptoetbanol), separated by SDS-PAGE and analysed by 

immunoblotting with a-SR-BII (Sections 2.3.2 and 2.3.3). In order to ascertain the
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proportion o f SR-BII that co-immunoprecipitated with caveolin-1, another sample of the 

starting material, as well as the flow-through from the immunoprécipitation, were 

concentrated 10-fold using a 500 pi Vivaspin concentrator (10,000 MWCO; Vivascience 

Ltd.). These samples were mixed 1:1 with 2 X SDS-PAGE sample buffer and 2 pi of P- 

mercaptoethanol. The concentrated starting material and flow-through were run 

alongside the immunoprécipitation reaction samples on the Novex gel. Following 

transfer o f the proteins onto nitrocellulose, the blot was cut into two parts and 

appropriate sections were probed with SR-BII antiserum or a-caveolin-1 monoclonal 

antibody.

Finally, to investigate whether plc-yl, or any other signalling molecule, co- 

immunoprecipitates with the a-caveolin-1/SR-BII complex in response to HDL binding, 

the CLM fraction was isolated from HDL-stimulated CHO-SR-BII cells and subjected to 

the co-immunoprecipitation reaction described above. Recombinant cells were HDL- 

stimulated by incubation in serum-free media containing 10 % (v/v) ‘HDL plasma’ 

(Section 2.3.10.6) for 20 min, whereas resting cells were incubated in serum-free media 

alone. Both silver staining and immunoblotting with a-plc-yl (Sections 2.3.2.3 and

2.3.3) were subsequently performed to assess whether plc-yl, or any other signalling 

protein, is recruited to caveolae following HDL stimulation.

2.3.10 ISOLATION OF PLASMA LIPOPROTEINS FROM HUMAN PLASMA

Several procedures exist to separate lipoproteins into their various classes 

[reviewed in 272]. The two lipoprotein separation techniques used in this thesis are 

precipitation and ultracentrifugation. The latter procedure is the preferred method for 

large-scale lipoprotein preparation, and was used to isolate large quantities o f LDL. A 

combination of both procedures provided a fast and economical way to isolate total 

HDL. These two techniques are described in detail below.

2.3.10.1 Blood sampling

For all lipoprotein isolations, 50 ml o f blood was taken from the antecubital vein 

of a donor, and added to tubes containing 0.8 ml of 0.2 M EDTA (pH 7.4) and 1.4 ml of 

0.3 M sodium chloride (pH 7.4) [273]. The blood was immediately centrifuged for 20 

min at 1,800 g  and 4 °C using a bench-top centrifuge (Heraeus Megafuge l.OR) to 

separate the plasma from the blood cells.
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2.3.10.2 Sequential preparative ultracentrifugation

Lipoproteins have lower hydrated densities than other plasma proteins, which 

permit their isolation from plasma by flotation ultracentrifugation [274]. The density of 

plasma can be increased by the addition o f NaCl and/or NaBr. Subsequently, during 

ultracentrifugation, lipoproteins will float to the surface depending on their density and 

the overall density o f the solution. By sequentially increasing the density of the plasma 

solution, the individual lipoprotein classes can be isolated in a stepwise manner. The 

density range o f plasma lipoproteins is given in Table 2.7.

Lipoprotein Class Density Range (g/ml)

Chylomicrons < 0.940

VLDL 0.940- 1.006

Intermediate-density lipoprotein (IDL) 1.006-1.019

LDL 1.019-1.063

HDL2 1.063- 1.125

HDL3 1.125-1.21

Table 2.7 Density classes of plasma lipoproteins

The sodium bromide density solutions required for sequential preparative 

ultracentrifugation were prepared by Dr. D. Riddell (Royal Free & University College 

Medical School, London, UK). Briefly, a base density solution of 1.006 g/ml was 

generated by adding 57 g anhydrous NaCl, 0.5 g EDTA, 5 ml 1 M NaOH, and 0.5 g 

sodium azide to 5.015 litres o f distilled water. This solution gave a refractive index 

value of 1.3345 at 20 °C. All the other density solutions required for lipoprotein 

isolation were prepared by adding a known weight of solid NaBr to the base density 

solution. For accurate density determination, the refractive index value for each solution 

was measured using a reffactometer. Fine adjustments to the density solutions were 

achieved by adding d=1.478 g/ml and d=1.006 g/ml solutions to increase and decrease 

the overall density, respectively.

The following equation was used to calculate the volume of density solution 

required to float lipoproteins:
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Vi.di + V2 .d2 = (vi + V2).d3

Where: vi = Volume of plasma (or ultrafiltrate)

V2 = Volume of density solution to be added 

di = Density o f plasma (or ultrafiltrate) 

d2 = Density solution used for adjustment 

ds = Density required

All the following centrifugation steps took place at 16 °C, using a 12 x 38.5 ml 

rotor (Kontron TFT 50.38) in a Kontron Centrikon T-2060 ultracentrifiige. Screw- 

capped polycarbonate centrifuge tubes with a working capacity o f 29 ml were used for 

all o f the centrifugations (Kontron Instruments Ltd.)

2.3.10.3 Chylomicron. VLDL and IDL preparation

The first step in LDL and HDL purification was the isolation o f all the 

lipoproteins with lower densities than LDL (d<1.019 g/ml): chylomicrons, VLDL and 

IDL. Firstly, 19.333 ml o f plasma were placed in the centrifuge tube and its density was 

adjusted to 1.019 g/ml by adding 9.667 ml o f 1.045 g/ml density solution. The samples 

were centrifuged for 20 h at 37,000 rpm (105,000 g). The lipoproteins that floated to the 

top of the tube were collected using a syringe and a needle.

2.3.10.4 LDL preparation

The solution below the chylomicron, VLDL and IDL fraction was removed, 

wiping clean the inner surface of the tube, until only 19.333 ml remained. The density of 

this solution was then adjusted to 1.065 g/ml with the addition o f 9.667 ml of 1.157 g/ml 

density solution. The samples were mixed and centrifuged under the same conditions as 

described in Section 2.3.10.3. The LDL fraction was isolated from the top 4 ml and 

dialysed against 2 x 4  litres of PBS using dialysis cassettes (10,000 MWCO; Perbio 

Science Ltd.). Finally, its concentration was determined using the Bio-Rad protein assay 

(Section 2.3.1.2).

2.3.10.5 Isolation o f HDL by ultracentrifugation

After LDL removal, HDL2 and HDL3 were sequentially isolated. Firstly, the 

solution below the LDL fraction was adjusted to 19.333 ml, and its density was changed 

to 1.125 g/ml with the addition of 3.29 ml o f 1.478 g/ml and 6.38 ml o f 1.125 g/ml

104



density solutions. The samples were centrifuged for 40 h at 37,000 rpm (105,000 g) and 

the HDL] was isolated. Secondly, the solution below the HDL] fraction was removed 

such that 19.333 ml was left in the tube. Its density was adjusted to 1.21 g/ml by adding 

6.13 ml o f 1.478 g/ml and 3.54 ml o f 1.21 g/ml density solutions. Following another 

centrifugation step at 37,000 rpm (105,000 g) for 40 h, the HDL] was isolated. Dialysis 

and protein quantification subsequently took place in the same way as described for 

LDL.

2.3.10.6 Isolation of HDL by precipitation

Apolipoprotein B (apoB) interacts with a number o f precipitating agents, such as 

magnesium and phosphotungstic acid, causing apoB-containing lipoproteins to be 

separated from non-apoB-containing lipoproteins in a single step. This creates an easy 

method for separating HDL particles from chylomicrons, VLDL, IDL and LDL. For the 

precipitation reaction, 100 pi o f 0.5 M MgCl] and 100 pi o f 4 % (w/v) phosphotungstic 

acid (in 0.19 M NaOH) were added to every 1 ml o f fresh plasma and mixed well [272]. 

The plasma was then centrifuged immediately for 20 min at 2,000 g  and 20 °C in a 

bench-top centrifuge (Heraeus Megafuge l.OR). All the apoB-containing lipoproteins 

were precipitated, leaving plasma with HDL as the sole lipoprotein component. In some 

cases, HDL] and HDL] were isolated from the apoB-free plasma by raising its density 

(still at 1.006 g/ml) and performing ultracentrifugation, essentially as described above. 

The apoB-free plasma was dialysed and quantified in the same way as for LDL, and used 

directly as a rich source of total HDL (‘HDL plasma’).

2.3.10.7 Agarose gel electrophoresis for lipoprotein detection

Following the isolation o f plasma lipoprotein subclasses by sequential 

ultracentrifugation, the success o f the separation was verified using agarose gel 

electrophoresis. During agarose gel electrophoresis, lipoproteins migrate to different 

positions according to their charge. Figure 2.7 represents the migration pattern of the 

major plasma lipoproteins that can be clearly visualised following electrophoretic 

separation: LDL particles remain close to the application point and migrate in the beta 

position; VLDL particles migrate further than LDL particles to the pre-beta position; 

HDL particles comprise the fastest fraction and migrate to the alpha position; finally 

chylomicrons remain at the application point. Furthermore, when plasma is separated 

using this method and lipoprotein (a) or Lp(a) particles are present at a sufficiently high
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concentration, they can be seen migrating between VLDL and HDL (fast pre-beta 

position).

©
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Figure 2.7 Migration pattern of plasma lipoproteins following electrophoresis

Lipoprotein separation using agarose gel electrophoresis was performed using the 

‘HYDRAGEL LIFO + Lp(a)’ kit from Sebia (Issy-les-Moulineaux, France) according to 

the manufacturer’s instructions. Briefly, up to 5 pi o f each lipoprotein sample was 

applied to the bottom of the 8 % (w/v) agarose gel. Samples of fresh plasma (3 pi per 

lane) were used as controls to monitor lipoprotein migration in the gel. The gel was 

subsequently placed into the electrophoresis chamber (Sebia K20) containing 300 ml of 

Tris-barbital running buffer (pH 9.2; supplied with the kit), and migration took place 

over 90 min with a constant voltage o f 50 V. Once the gel bad dried it was subjected to 

staining with a lipid specific Sudan black stain to reveal the migration patterns o f the 

lipoproteins (typically 10 min). The Sudan black stain was prepared fresh before use: 

0.044 % (w/v) in 53 % ethanol. Once the gel bad been destained with a solution o f 45 % 

(v/v) ethanol, the purity of individual lipoprotein fractions was determined.

2.4 Cell Culture

2.4.1 GENERAL CELL CULTURE AND CRYOPRESERVATION

HepG2 (hepatoblastoma) cells and THP-1 (monocytic) cells were the two human 

cell lines used in this thesis. The CHO-Kl hamster epithelial cell line was chosen to
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transfect and over-express human SR-BI or II. HepG2, THP-1 and CHO-Kl cell lines 

were purchased from the European Collection of Animal Cell Culture (ECACC, 

Wiltshire, UK), with ECACC numbers of 85011430, 88081201 and 85051005, 

respectively.

2.4.1.1 Cell maintenance

All cell types were cultured in 75 cm^ and 175 cm^ tissue culture flasks at 37 °C, 

in a humidified atmosphere of 5 % CO2 and 95 % air (Jencons Millenium CO2 incubator, 

Jencons-PLS). In each case, the growth medium was supplemented with the following 

components: 2 mM glutamine, 10 % (v/v) heat inactivated FBS, 100 pg/ml streptomycin 

and 100 U/ml penicillin. All cell culture work was performed in a class 11 

microbiological safety cabinet (Envair Ltd., Lancashire, UK), using sterile, disposable 

plastic ware.

HepG2 hepatoblastoma cells

HepG2 cells were maintained as adherent cells in Dulbecco’s Modified Eagle’s 

Medium (Life Technologies). The cells were passaged every 7 days by brief 

trypsinisation: HepG2 cell monolayers were washed in PBS, removed using a 2 min 

incubation with 0.25 % (v/v) trypsin-EDTA at 37 °C, and then neutralised in fresh 

media. The resuspended cells were passed through a 21 G needle to form a single cell 

suspension and split 1:8.

THP-1 monocytic cells

THP-1 cells were grown as a suspension culture in RPMl-1640 media (Life 

Technologies). The cells were seeded at a density of 1 x 10  ̂ cells/ml and allowed to 

grow until their density reached 1x10^ cells/ml (about 7 days).

CHO-Kl epithelial cells

CHO-Kl cells were maintained as adherent cells in Ham’s F12 media (Life 

Technologies). The cells were passaged every 3-4 days by brief trypsinisation, as 

described for HepG2 cells, and split 1:7 using fresh media.

2.4.1.2 Viable cell counting

Trypan Blue stain was used to stain dead cells and determine cell viability during 

counting. A 30 pi aliquot of the cell suspension was diluted 1:1 with Trypan Blue stain,
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and pipetted under the coverslip of a haemocytometer. The number o f viable cells 

present in eight 1 mm^ squares, and a total volume o f 10"  ̂ cm^, was counted using an 

inverted phase-contrast microscope (Nikon TMS, Jencons-PLS). After calculating the 

average number o f viable cells per square, the concentration o f the cell suspension was 

calculated using the following equation:

Viable cell count/ml = Dilution factor x Average count per square x ICf̂

2.4.1.3 Crvopreservation

Cryopreservation is a technique that allows cells to be stored for a long period 

under liquid nitrogen. To prepare cells for storage, 1-5 x 10^ cells were resuspended in 1 

ml freezing solution [10 % (v/v) DMSO in normal culture medium]. Immediately, the 

cells were transferred to a 1.8 ml cryovial (Life Technologies) and placed in a freezing 

chamber (Nalgene Cryo 1 °C Freezing Container, Fisher Scientific, Leicestershire, UK) 

at -80 °C. When the isopropanol-containing freezing chamber is placed at -80 °C, its 

temperature is reduced by 1 °C every minute. Once the cells had reached -80 °C, the 

cryovials were transferred to liquid nitrogen containers for long-term storage.

When required, cells were rapidly thawed by immersing the bottom of the 

cryovial in a 37 °C water bath, before transferring the vial contents to an excess of 

media. The cells were pelleted at 300 g  for 5 min in a bench-top centrifuge (Heraeus 

Megafuge l.OR), resuspended in fresh media, and transferred to a 75 cm^ flask. Cells 

were subsequently subcultured as described previously (Section 2.4.1.1).

2.4.2 MONOCYTE DIFFERENTIATION AND CHOLESTEROL LOADING

2.4.2.1 Monocvte differentiation

The phorbol ester, phorbol 12-myristate 13-acetate (PMA) was used to 

differentiate THP-1 monocytes into macrophages. The phorbol binds to the cell 

membrane and activates the protein kinase C signal transduction pathway. This causes 

the cells to stop proliferating and form an adherent monolayer [275]. In order to 

differentiate cells into macrophages, 1.75 x 10  ̂ THP-1 cells in 35 ml o f RPMI-1640 

media were seeded into 175 cm^ flasks. PMA was added to the cells at a final 

concentration o f 250 nM (from a 1 mM stock dissolved in DMSO), and the flasks were 

incubated in a humidified atmosphere of 5 % CO2 and 95 % air at 37 °C. The media 

containing PMA was replaced every two days. After 7 days, the differentiated
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macrophages had developed irregular shaped nuclei and contained many phagocytotic 

vacuoles. The THP-1 macrophages were then cell surface biotinylated to isolate 

membrane proteins (Section 2.4.5.1), or they were incubated with Ac-LDL to accumulate 

cellular cholesterol (see section below).

2.4.2.2 Cholesterol loading of macrophages

Scavenger receptors expressed on the cell surface o f macrophages are responsible 

for the uptake o f modified forms of LDL in cell culture, such as Ac-LDL. In the 

presence of Ac-LDL, THP-1 macrophages rapidly accumulate cellular cholesterol and 

the resultant lipid-laden macrophages are found to closely resemble atherosclerotic foam 

cells [7,276]. The addition of acetyl groups to positive lysine and arginine residues of 

apolipoprotein B abolishes their ability to bind to the LDL receptor and promotes their 

rapid uptake by macrophage scavenger receptors [277].

Native LDL (nLDL) was acetylated by a protocol based on the method of Basu et 

al. [278]. Following isolation o f nLDL from plasma, using sequential ultracentrifugation 

(Section 2.2.10) its protein concentration was determined, before the lipoprotein was 

subjected to chemical modification by saturated sodium acetate and acetic anhydride. To 

a volume o f nLDL (6-10 mg/ml), an equal volume o f saturated sodium acetate was 

added. The mixture was stirred constantly at 4 °C. Six aliquots o f 10 M acetic 

anhydride were then added over a period of an hour, with a final 30 min stirring after the 

last addition. The total volume (pi) o f acetic anhydride to be added was equal to 1.5 

times the total mg nLDL used. The mixture was then dialysed against PBS, using a 

dialysis cassette (Perbio Science Ltd.), sterile filtered, and the protein concentration was 

measured once again (Section 2.3.1). To verify that the acétylation procedure had been 

successful, equal amounts of Ac-LDL and nLDL were loaded onto an agarose gel and 

separated by electrophoresis (Section 2.3.10.7). The addition o f acetyl groups to positive 

lysine and arginine residues o f apolipoprotein B causes the LDL particles to become 

more negatively charged, which increases their mobility by agarose gel electrophoresis.

Once it was established that the acétylation procedure had been successful, the 

differentiated macrophages were cholesterol-loaded. Firstly, the cells were serum- 

starved overnight in media containing 1 % (w/v) BSA, before the cells were incubated 

for 24 h in serum-free media containing 75 pg/ml Ac-LDL. The cholesterol-loaded
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THP-1 macrophages were subsequently cell surface biotinylated to isolate membrane 

proteins (Section 2.4.5.1).

2.4.3 TRANSFECTION AND SELECTION OF STABLE CLONES

Full-lengtb SR-BI and II sequences were cloned into the pCDNAB vector to 

generate pCDNA3-I and pCDNA3-II, respectively (Section 2.2.9). These plasmids were 

used to transfect CHO-Kl cells. Subsequently, stable clones over-expressing SR-BI or II 

(CHO-SR-BI and CHO-SR-BII cells) were isolated and analysed.

2.4.3.1 Transfection protocol

The day before transfection, 4 x 1 0 ^  CHO-Kl cells were seeded into each well of 

a 6-well plate, and incubated overnight to produce a monolayer at 70 % confluency. For 

each transfection reaction, 2 pg o f plasmid DNA was diluted in 100 pi o f culture media, 

containing no serum or antibiotics. Ten pi o f ‘Superfect Transfection Reagent’ (Qiagen) 

were then mixed with each plasmid, and the tubes were subsequently left for 10 min at 

room temperature to allow transfection complex formation. ‘Superfect’ is a 

polyamidoamine dendrimer that possesses a defined spherical architecture, with branches 

radiating from a central core that terminate at charged amino groups [279]. Negatively 

charged DNA is rapidly assembled into a compact structure within the ‘Superfect’-DNA 

transfection complexes. These complexes possess a net positive charge, which enables 

them to bind to negatively charged receptors, such as sialylated glycoproteins, on the 

surface o f eukaryotic cells. Following endocytosis, and fusion o f the endosome with a 

lysosome, the ‘Superfect’ reagent inhibits lysosomal nucleases by buffering the 

lysosome, and thereby promotes delivery o f plasmid DNA into the cell. CHO-Kl cells 

were prepared for transfection by aspirating their growth medium and washing them with 

4 ml o f warm PBS. The transfection complexes were mixed gently with 600 pi of 

normal growth medium and transferred immediately to the cells. The plates were 

incubated for 3 h at 37 °C and 5 % CO2 to allow for cellular uptake o f the DNA. The 

transfection medium was then removed and the cells were washed three times with 4 ml 

o f PBS. The cells were incubated overnight in normal media.

The transfection protocol described above was also performed using two controls, 

‘Superfect Transfection Reagent’ alone and DNA alone, in parallel wells to check for 

cytotoxicity o f the procedure. As a positive control, 2 pg o f pCDNA3-GFP containing 

the green fluorescent protein (GFP) sequence were transfected into cells. This vector
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was generously provided by Dr. A. Manzano (Royal Free & University College Medical 

School, London, UK). When the transfection was successful, cells expressed the 

fluorescent protein after 24-48 h. GFP fluorescence was detected with an inverted 

fluorescent microscope (Nikon Eclipse TE200) at 2OX magnification, using the NB 2EC 

filter and incident light o f wavelength 465-495 nm.

2.4.3.2 Selection and analvsis o f clones

The pCDNA3 vector contains the neomycin selectable marker (Figure 2.8), 

which confers cellular resistance to geneticin 0418 sulphate (Life Technologies). 

Twenty-four hours after transfection, selection o f the transfected cells began, with the 

addition of geneticin to the culture media at a final concentration o f 600 pg/ml. This 

concentration was chosen following a geneticin dose-response experiment using 

untransfected CHO-Kl cells (Section 4.2.2.1). Cells that had successfully taken up 

pCDNA3-I/II expressed neomycin, as well as SR-BI or II, and therefore survived. The 

surviving cells were expanded and maintained under selection pressure and are described 

as the ‘mixed population’ o f cells.

pCDNA3-I/II

Figure 2.8 Plasmid map of pCDNA3-I/II

The cytomegalovirus (CMV) enhancer-promoter generates high-level SR-BI/II expression 

and the bovine growth hormone (BGH) polyadenylation signal and transcription termination 

sequence enhance mRNA stability. The neomycin-selectable marker confers resistance to 

geneticin, whereas the ampicillin resistance gene and ColEl origin select and maintain the 

plasm id in E. coli.

Individual cells from the mixed population were subsequently isolated and clones 

were expanded and analysed. Firstly, cells underwent serial dilutions and were seeded 

into 90 mm plates at a very low density (~ 20 cells/plate). Once the cells had adhered to
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the plate, positions o f single cells were marked on the underside o f the dish. Following 5 

cell divisions, the clones were gently trypsinised and picked, using an inverted light 

microscope and a 200 pi pipette tip. Over the next few weeks, the clones were expanded 

and cell lysates were analysed for SR-BI/II protein expression using SDS-PAGE and 

Western blotting (Sections 2.4.4, 2.3.2 and 2.3.3). Following analysis, one CHO-SR-BI 

clone and two CHO-SR-BII clones (high- and low-expressing) were selected for 

subcloning. This extra cloning step was performed in order to increase the chance of 

isolating a pure clone (method as described above). Finally, flow cytometric analysis 

and densitometry o f autoradiographs were used to compare the levels o f cell surface 

receptor expression in each o f the clones (Section 2.4.5).

2.4.4 PREPARING CELL LYSATES

In order to lyse cultured cells and isolate cellular proteins, a combination of 

chemical and physical techniques was used. Firstly, the cells were scraped into a 

detergent-containing lysis buffer, which solubilised the cell membranes. Secondly, the 

cells were physically disrupted using shear stress forces. The lysis buffer contained the 

‘Complete’ Mini protease inhibitor cocktail (Roche Diagnostics) and throughout the 

whole procedure ice-cold buffers were used and tubes were kept on ice. Taken together, 

these steps reduced the amount of protein degradation caused by cellular proteases.

Monolayer cultures were grown to confluency and washed in warm PBS, 

followed by ice-cold PBS. One ml o f lysis buffer [50 mM Tris-HCl, pH 7.5, 150 mM 

NaCl, 2 mM EDTA and 1 % (v/v) Triton X-100, containing the ‘Complete’ protease 

inhibitor added immediately prior to use] was pipetted into each 75 cm^ flask. The cells 

were quickly scraped and collected in a 1.5 ml tube. A 19 G needle and syringe was 

used to create shearing forces as the cells were drawn up and down five times through 

the needle. The lysates were then left on ice for 30 min before the detergent-insoluble 

cellular fraction was pelleted by centrifugation for 10 min at 13,000 rpm and 4 °C. The 

supernatant was subsequently transferred to a fresh tube and assayed for protein 

concentration using the BCA protein assay (Section 2.3.1.1).

In order to prevent protein dephosphorylation during lysate production, two extra 

components were added to the lysis buffer immediately prior to use: sodium vanadate 

and DTT, to a final concentration of 0.1 mM and I mM, respectively. This buffer was
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used in experiments to investigate cytoplasmic SR-BII phosphorylation and cytoplasmic 

SR-BII binding interactions.

2.4.5 ANALYSIS OF CELL SURFACE R EC EPTO R  EXPRESSION

Two methods were used for comparing the levels of SR-BI and II cell surface 

expression in human cell lines and recombinant clones. The first method involved 

biotinylating cell surface proteins and isolating them using streptavidin beads. The 

biotinylated proteins were then subjected to SDS-PAGE and immunoblotting, followed 

by densitometric analysis of the autoradiograph. The second method involved flow 

cytometry.

2.4.5.1 Biotinvlation of cell membranes

Cells were grown to confluency in 175 cm^ flasks and washed twice with warm 

PBS. The cells were then incubated at room temperature for 30 min in 4 ml of 0.5 

mg/ml ‘EZ-Link Sulpho-NHS-LC-Biotin’ (Perbio Science Ltd; dissolved in PBS). After 

washing the cells twice more with PBS, they were incubated at room temperature for 20 

min in 4 ml of 10 mM glycine (dissolved in PBS). The glycine served to quench any 

biotin that had not been washed away. The cells were finally washed with PBS, before 

they were scraped into 2 ml ice-cold lysis buffer and lysed (Section 2.4.4).

After determining the protein concentration o f each cell lysate, an equal amount 

o f protein (0.7-1.0 mg protein/ml) was incubated with 150 pi o f pre-washed streptavidin 

superparamagnetic iron oxide particles. Binding o f biotinylated proteins to the 

streptavidin beads occurred overnight on a rotating wheel at 4 °C. The particles were 

then washed with 5 x 500 pi of lysis buffer and resuspended in 60 pi SDS-PAGE sample 

buffer (containing 1 pi of p-mercaptoethanol). The samples were boiled for 10 min and 

the released proteins were subjected to SDS-PAGE and immunoblotting. The a-CLA-1 

antibody bound to both isoforms o f the receptor and its use in immunoblotting (Section

2.3.3) allowed the levels o f SR-BI and II to be compared from the same autoradiograph, 

using densitometric analysis (Bio-Rad Imaging Densitometer, Model GS-670).

This method was also used for isolation o f the SR-BII from HepG2 cells and 

THP-1 monocytes, macrophages and cholesterol-loaded macrophages. The receptor was 

detected by immunoblotting with a-SR-BII (Section 2.3.3).
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2.4.5.2 Flow cytometry

Flow cytometry is a rapid and sensitive technique used for making physical or 

biological measurements of a large number of individual suspended cells as they interact 

with a focused laser beam of defined wavelength. Cells are forced into serial cell flow 

(by a process o f hydrodynamic focussing) and at the time o f laser-intercept, each cell 

generates scattered incident light; forward scatter light depends upon cell size and side 

scatter light is dependent on cellular internal granularity/complexity. Cells subjected to 

fluorescent immunolabelling o f antigenic epitopes also generate a fluorescence light 

emission impulse following laser light excitation. Lenses in the detection zone collect all 

optical signals generated by a single cell and photomultiplier tubes convert the optical 

signals into electrical pulses. The voltage pulse is amplified and passed to a computer to 

be processed into digital format and saved in Listmode data files, which can be recalled 

for further analysis.

Flow cytometric analyses were carried out on CHO-SR-BI/II cells to determine 

cell surface receptor expression. The a-RED-1 antibody (Novus Biologicals, Littleton, 

CO) was chosen for this experiment as it binds to the extracellular domain, common to 

both isoforms, and is suitable for use in immunofluorescent techniques. Adherent cells 

were grown to confluency in 6-well plates and the traces o f media were washed away 

with warm PBS. One ml of ice-cold PBS was then added to the cells, which were 

incubated at 4 °C for 15 min. This step caused the cells to become cool and contract, 

thereby allowing intact cells to be recovered by gentle scraping in PBS using a cell lifter 

(Coming Costar, Buckinghamshire, UK). After pelleting the cells by pulse 

centrifugation at 13,000 rpm and 4 °C, they were resuspended in 150 pi of a-RED-1 

primary antibody, diluted 1:1000 in ice-cold 0.1 % (w/v) BSA/PBS and incubated for 45 

min at 4 °C. Following two washing steps with 0.25 ml ice-cold PBS, cells were 

resuspended in 150 pi of goat a-rabbit secondary antibody conjugated to fluorescein 

isothiocyanate (FITC; Molecular Probes Europe, Leiden, The Netherlands), diluted 

1:800 in ice-cold 0.1 % (w/v) BSA/PBS. The incubation conditions and washing steps 

were the same as for the primary antibody. For experimental controls, cells were 

incubated with pre-immune rabbit semm (diluted 1:1000) instead o f the primary 

antibody (with secondary antibody as normal), while other samples were only exposed to 

the secondary antibody (with the primary antibody omitted). Finally, the cells were fixed
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in 200 |j-l o f 1 % (w/v) paraformaldehyde in PBS as a single-cell suspension (confirmed 

by phase-contrast microscopy), and stored in the dark at 4 °C overnight.

FITC fluorescence resulting from antibody binding to cell surface SR-BI and II 

was measured using a fluorescence-activated cell sorter (FACS; FACS Calibur, Becton 

Dickinson, Oxford, UK) equipped with an argon ion laser providing an excitation 

wavelength o f 488 nm, and standard computer and electronics. In this experiment, the 

flow cytometer was only used to observe individual characteristics o f cells, and the cell- 

sorting function of the FACS was not required. Initially, the cell population (excluding 

debris) was gated on a dual parameter display o f side and forward scattered light using 

linear amplifications. FITC fluorescent emissions between 520-530 nm were collected 

and analysis was performed on 5,000 gated events per sample. Log fluorescence signals 

were stored as Listmode data files, median fluorescence values were calculated, and 

figures were created using WinMDI Version 2.8 software (internet address: 

http: \ \facs.scripps. edu).

2.4.6 MEASURING CELLULAR FREE [^H]-CHOLESTEROL EFFLUX

Radioisotopes have important roles as tracer molecules, and have widespread use 

in metabolic investigations. The atomic nucleus of tritium is unstable and decays to emit 

an electron (p-emitting radioisotope). The number of decay events that occur in a given 

time interval is related only to the number o f radioactive atoms present. Therefore, if  the 

number o f decay events is accurately measured by liquid scintillation counting (LSC), 

the number o f radioactive atoms present in the sample can be quantified. Scintillant 

contains fluorescent organic compounds (“fluors”), which become excited upon 

bombardment with radiation, including electrons, and emit photons o f light. This 

fluorescence can be detected by photomultiplier tubes and quantified. To determine 

whether SR-BII functions to promote efflux in response to HDL stimulation, 

recombinant CHO-SR-BII cells were loaded with tritiated [^H]-cholesterol, incubated 

with HDL particles, and the amount of [^H]-cholesterol effluxed into the media was 

measured using LSC. The methodology for measuring FC efflux was based on the 

protocol described by Gu et al. [196].

On day 1, CHO control cells and CHO-SR-BII cells (mixed population; Section 

2.4.3.2) were seeded into 12-well plates at a density o f 175,000 cells/well. For each 

experimental condition, triplicate wells were seeded. Following aspiration of media on
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day 2, cells were loaded with 1 ml media containing 5 % (v/v) FBS and 1 pCi [ H]- 

cholesterol. The cells were incubated at 37 °C for at least 24 h to allow for radiolabelled 

cholesterol uptake. On day 3, the labelling media was removed and the cells were 

washed twice with serum-free media. The cells were then incubated for 16 h with 1 ml 

o f equilibration media; serum-ffee media containing 1 % (w/v) fatty acid free BSA. 

Following aspiration o f equilibration media on day 4, cells were washed with serum-free 

media and efflux was subsequently stimulated by adding 1 ml serum-free media 

containing either 200 pg HDL3 protein, 5 % (v/v) ‘HDL plasma’, or 5 % (v/v) plasma. 

Background efflux was ascertained by incubating cells with 1 ml serum-free media. 

Cells were then incubated at 37 °C for 4 h, or a time course (0.5, 1 , 2  and 4 h) was 

performed.

The experiment was terminated by removing the media containing any [^H]- 

cholesterol that had effluxed from the cells. This media was centrifuged for 2 min at 

13,000 rpm and room temperature to pellet any floating cells. A 100 pi aliquot of the 

supernatant was taken from each media sample and mixed thoroughly with 8  ml Cocktail 

T scintillation fluid in scintillation vials. A liquid scintillation counter (Beckman LS 

6500, Beckman Coulter Ltd.) was used to measure the number o f decay events occurring 

in each vial over a period of 1 min. This value was recorded in disintegrations per 

minute (dpm). Cell monolayers were lysed in 1 ml o f 0.1 M NaOH and an aliquot of 100 

pi was then taken from each sample. The cellular dpm values were determined using 

LSC and the total [^H]-cholesterol dpm in the cells and media was then calculated. Once 

the mean background value (no HDL stimulation) had been subtracted, the percentage 

[^H]-cholesterol efflux was calculated for each experimental condition (see equation 

below). The abilities of different recombinant cells to efflux FC were then compared.

Percentage FC efflux = H]-cholesterol in media above background (dpm) X 100

H]-cholesterol in media (dpm)+ H]-cholesterol in cells (dpm)

In order to compare the levels of FC efflux promoted by HDL versus its major 

apolipoprotein constituent, apoA-I, [^H]-cholesterol efflux was also performed using 10 

pg lipid-free apoA-I protein per ml serum-free media [199]. Delipidated apoA-I purified 

from human plasma was generously provided by Dr. G. Sperber (Royal Free & 

University College Medical School, London, UK).
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2.4.7 MEASURING CELLULAR CHOLESTERYL [^H]-OLEATE STORES

FOLLOWING HDL STIMULATION

Tritium was used as a tracer molecule in CE mobilisation studies. Briefly, 

recombinant CHO cells took up [9,10-^H]-oleic acid, which subsequently became 

esterified and generated pools of stored radiolabelled cholesteryl oleate. Once HDL had 

stimulated the cells, radiolabelled stores were monitored, by thin layer chromatography 

(TLC) and LSC, to determine whether HDL promoted a reduction in cholesteryl oleate 

pools.

On day 1, CHO control cells and recombinant CHO cells were seeded into 12- 

well plates at a density of 200,000 cells/well. For each experimental condition, triplicate 

wells were plated. After 24 h, the cells were serum-starved by an overnight incubation in 

serum-ftree media containing 1 % (w/v) BSA. On day 3, the cells were incubated for 36 

h with 1 ml o f loading media: serum-free media containing LDL (100 pg protein/ml) and 

40 pM BSA/[^H]-oleic acid (0.5 pCi/ml). The oleic acid/albumin complex was prepared 

according to the method o f Ellsworth et al. [280]. On day 4, after 36 h o f loading, the 

media was removed, and the cells were incubated overnight in equilibration media: 

serum-free media containing 1 % (w/v) BSA. On day 5, the cells were washed once with 

PBS, followed by incubation with 1 ml of efflux medium: serum-free media containing 

either 200 pg HDL3 protein or 5 % (v/v) ‘HDL plasma’ (Section 2.3.10). Serum-free 

media alone was used as a control to monitor background changes to the radiolabelled 

pools. The mobilisation experiment either took place over 5 h, or over a time course of 

2, 4, 6 , 10, 24 and 48 h. Radiolabelled cells were also analysed at time point zero to 

determine the level o f radiolabelled CE at the start o f the experiment.

Removal o f the efflux media terminated the mobilisation experiment. The cells 

were washed once with PBS and subjected to lipid extraction with 1 ml o f 3:2 

hexane:isopropanol. After 1 h, the solvent containing the lipid extract was removed from 

the cells and spiked with 100,000 dpm of [4-^"^C]-cholesterol. This acted as an internal 

control within the experiment and allowed for losses to be calculated. The solvent was 

then dried down at 40 °C under nitrogen and the lipids were resuspended in 25 pi 

chloroform. The lipid samples and a lipid standard were subsequently spotted onto the 

application strip o f a TLC plate (Silica gel 60 Â; 20 x 20 cm, layer thickness 250 pm; 

Whatman, USA). To prepare the TLC chamber, the solvent mixture [hexane:diethyl 

ether:glacial acetic acid (90:20:1)] was added to a tank lined with filter paper and left to
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equilibrate. The TLC plate was then placed into the solvent vapour-filled chamber. 

Once the solvent front had reached 2-3 cm from the top, the plate was removed and 

dried, before it was placed in an iodine chamber to stain for 5-10 min. The boundary 

positions o f the required bands (CE and FC) were marked and scraped into scintillation 

vials containing 8 ml of Cocktail T scintillant. The cholesteryl oleate pools were 

quantified using a Beckman LS 6500 scintillation counter (Beckman Coulter Ltd.) and 

the values were corrected for experimental losses (using the internal [4-^"^C]-cholesterol 

control). The cellular material remaining after the lipid extraction was solubilised in 1 

ml o f 0.1 M NaOH, and its protein concentration was determined using the Bio-Rad 

protein assay (Section 2.3.1.2). The stores o f radiolabelled CE were corrected for protein 

levels and expressed as dpm/pg protein. Each value was then used to calculate the 

percentage of the mean amount o f CE present at the start o f the experiment. Finally, this 

value was subtracted from 100 % to determine the percentage of mobilised CE. For each 

o f the cell types (CHO control cells, CHO-SR-BI and CHO-SR-BII recombinant cells), 

the mean percentages of mobilised CE were compared.

2.5 Statistical Analysis

Values in text and figures were expressed as the mean ± S.E.M. Statistical 

differences between means were determined using Student’s /-test and considered 

significant if  p<0.05. All analyses were performed using Microsoft Excel (Microsoft 

Office 2000).
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Chapter 3
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3. SR-BII AND SIGNAL TRANSDUCTION

3.1 Introduction

As outlined in Chapter 1 (Section 1.6.53) I have identified a number of 

conserved proline-rich, putative signalling motifs in the C-terminal cytoplasmic tail of 

SR-BII, which have the potential to interact with specific domains within modular 

signalling proteins (Figure 1.11). Within the 44-amino acid C-terminal SR-BII tail 

sequence alone, there are six PXXP motifs that might serve as ligands for SH3 domains 

[235]. Furthermore, I have also identified a potential SH2 domain recognition site; it is 

well established that SH2 ligands comprise a phosphotyrosine residue followed by a 

hydrophobic amino acid at position +3 [237], and within the C-terminus o f SR-BII such 

a m otif (YTPL) is present. Potentially, phosphorylation o f the cytoplasmic tyrosine 

residue within the tail o f SR-BII might result from activation o f the receptor when HDL 

binds to its extracellular region.

Due to the proline-rich nature of cytoplasmic SR-BII and the presence of a 

potential tyrosine phosphorylation site within it, I proposed that HDL binding to the 

extracellular domain of SR-BII promotes signal transduction via intracellular protein- 

protein interactions. One such signalling pathway that may involve SR-BII-mediated 

signalling is the stimulation o f cellular cholesterol mobilisation in response to HDL 

binding at the cell surface [47]. Since SR-BII is able to bind HDL and also contains 

many potential signalling motifs, I hypothesised that upon HDL stimulation, SR-BII acts 

as a signal transducer to promote intracellular CE hydrolysis.

This chapter describes investigations into the potential role o f SR-BII in signal 

transduction. Firstly, I generated cytoplasmic SR-BI and II fusion proteins and used 

them in a variety o f ‘pull-down’ binding assays to determine whether these cytoplasmic 

sequences have the potential to interact with a panel o f SH3 domain-containing 

signalling proteins. Subsequently, cytoplasmic SR-BII interactions were examined 

within more physiological cellular environments using either recombinant CHO cells 

over-expressing human SR-BII (CHO-SR-BII) or the yeast two-hybrid system. In 

addition, the phosphorylation state o f the tyrosine residue within cytoplasmic SR-BII 

was monitored upon HDL stimulation o f CHO-SR-BII cells. Finally, I isolated caveolae
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from CHO-SR-BII cells to establish the localisation of human SR-BII within the plasma 

membrane. Caveolae are sites of cholesterol flux between lipoproteins and cells, as well 

as microdomains within the plasma membrane that concentrate signalling intermediates 

[50,54]. Murine SR-BII has been found to localise in these cholesterol-rich 

microdomains, which suggests that human SR-BII might also localise in caveolae, from 

where it may serve to transduce signals and promote cholesterol flux [233]. The role of 

SR-BII in cholesterol homeostasis was also investigated and these results are discussed 

in Chapter 4.

3.2 Results

3.2.1 GENERATION OF CYTOPLASMIC SR-BI AND II EXPRESSION VECTORS

In order to generate GST- and biotin-tagged cytoplasmic tails, C-terminal 

cytoplasmic sequences of SR-BI and II were PCR-amplified from a human cDNA 

template and cloned into fusion protein expression vectors. The fusion proteins would 

subsequently be used for analysing binding interactions with peptides from signalling 

protein domains. The cloning strategies for the production o f cytoplasmic SR-BI and II 

expression vectors are outlined in Section 2.2.9. In this chapter, ‘cytoplasmic tail’ refers 

to the entire C-terminal tail sequence.

3.2.1.1 Svnthesis of cDNA templates

The human HepG2 (hepatoblastoma) and THP-1 (monocytic) cell lines have been 

reported to express both SR-BI and II mRNA [232]. Messenger RNA was therefore 

isolated from these two cell lines and used for generating a cDNA template by reverse 

transcription (Section 2.2.2). The quality of the cDNA template was assessed by PCR- 

amplifying the UlA  ‘housekeeping gene’ using specific primers {Section 2.2.3 and Table

2.1). The PCR products were subsequently separated by agarose gel electrophoresis 

(Section 2.2.5) and bands o f the correct size (230 bp) were observed in samples from 

both cell lines and not in the negative control, indicating successful cDNA synthesis 

(Figure 3.1).
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396—
298— 230  bp
220 - product

Figure 3.1 Successful generation of human cDNA templates

Messenger RNA was isolated from THP-1 and HepG2 human cell lines and used for  

cDNA synthesis with reverse transcriptase. The integrity o f  the synthesised cDNA was confirmed 

by a UlA RT-PCR (Section 2.2.3), follow ed by separation o f the amplified products on a 1.5 % 

agarose gel (Section 2.2.5). This figure shows results from a representative VIA RT-PCR, with 

the method being performed following every cDNA synthesis.

3.2.1.2 Cytoplasmic SR-BII expression vectors

The 3’ SR-BII cytoplasmic tail sequence was PCR-amplified from a cDNA 

template using the primers and conditions described in Table 2.1 and Section 2.2.3, 

respectively. The predicted amplification product o f 140 bp was generated over a primer 

annealing temperature range o f 59-65 °C, indicating that the optimum annealing 

temperature for this set o f primers is broad (Figure 3.2, panel A). The 140 bp PCR 

product was directly purified from the reaction mix according to the method described in 

Section 2.2.7, before it was ligated into the pGEM-T vector (pGEM-II) and transformed 

into competent bacteria (Sections 2.2.9.4 and 2.2.9.5). Plasmids were subsequently 

extracted from six bacterial clones and analysed by restriction endonuclease digestion 

with SacW and Pst\ (Sections 2.2.9.6 and 2.2.8). These unique restriction sites are 

situated in the MCS of pGEM-T, either side o f the cytoplasmic tail insertion site. 

Generation o f a digestion product o f -160  bp would indicate that the bacterial clone had 

been successfully transformed with the 3’ SR-BII cytoplasmic tail sequence. Digested 

samples were separated on an agarose gel (Section 2.2.5) and the correctly sized 

digestion products were detected in clones designated 1, 4, 5 and 6 (Figure 3.2, panel B). 

Since PCR products are able to ligate into the pGEM-T cloning vector in either 

orientation, the clones were sent for automated fluorescent sequencing (Section 2.2.9).
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Analysis of the sequencing chromatograms allowed the orientation of each cytoplasmic 

tail within its vector to be ascertained.

The cloned PCR product comprised only the unique SR-BII tail sequence. 

Therefore, in order to generate the entire tail sequence, including the five amino acids 

that are common to both isoforms, an oligonucleotide polylinker was inserted (Figure 

2.4). Firstly, the pGEM-II vector was subjected to digestion with Bsu2>6\ and Pstl 

endonucleases (Section 2.2.8) and dephosphorylation (Section 2.2.9.3). Secondly, the 

polylinker with Bsu2>6\ and Pst\ “sticky ends” was ligated into the cut vector using these 

restriction sites (Section 2.2.9.4). Following transformation o f competent bacteria with 

the ligation reaction, plasmids were isolated from six bacterial clones (Sections 2.2.9.5 

and 2.2.9.6). Successful insertion o f the oligonucleotide polylinker was confirmed by 

digesting plasmids with BamHl and Hindill restriction enzymes. The BamHl and 

H indlll restriction sites were located in the reverse primer and the polylinker, 

respectively. Generation of a digestion product of -140  bp revealed that all six clones 

contained the entire SR-BII cytoplasmic tail sequence (Figure 3.2, panel C).

Sequencing data not only revealed the orientation of the tail sequence within the 

pGEM-II vector, but the presence of a point mutation (T->C) within each of the clones 

that would result in an amino acid change (A rg^G ly; Figure 3.3, panel A). It was 

therefore necessary to perform site-directed mutagenesis to correct the mutation (Section 

2.2.10). After 12 cycles o f PCR amplification using primers containing the correct 

sequence, PCR products were separated on an agarose gel (Section 2.2.5) to verify that 

sufficient amplification had taken place (Figure 3.3, panel B). A PCR product of the 

correct size was seen in all samples, except the negative control. However, as the 

amount o f vector DNA template increased, a smaller PCR product was also observed. 

This could have resulted from incomplete vector replication during one of the 

amplification cycles. Therefore, only the PCR samples containing one pure product 

were subjected to Dpn\ enzyme digestion to remove any parental DNA. Competent 

bacteria were subsequently transformed with the desired sequence (Section 2.2.9.5).
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Figure 3.2 Cloning the SR-BII cytoplasmic tail sequence

Panel A, A viable cDNA template (as assessed in Figure 3.1) was used fo r  PCR 

amplification o f the 3 ’ C-terminal SR-BII tail sequence. The PCR reaction was performed over a 

prim er annealing temperature range o f 59-65 °C (Table 2.1 and Section 2.2.3), followed by 

separation o f the amplification products using a 1.5 % agarose gel. Panel B, Following 

transformation o f competent bacteria with pGEM-II, six clones were picked fo r  analysis. 

Plasmids were isolated from each o f the clones and subjected to restriction endonuclease 

digestion with SacII and P stl fo r 1 h, using the conditions described in Section 2.2.8. Digestion 

products were separated using a 1.5 % agarose gel. Panel C, Plasmids were extracted from six 

bacterial clones and analysed by restriction digestion to confirm that the oligonucleotide 

polylinker had been successfully inserted. Endonuclease digestion with BamHl and H indlll was 

performed fo r  1 h and digestion products were separated using a 1.5 % agarose gel.
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Successful site-directed mutagenesis o f the positive control plasmid changed the 

premature stop codon (TAA) into a glutamine codon (CAA), resulting in the production 

of full-length (3-galactosidase. When bacteria transformed with this plasmid were grown 

on indicator plates containing IPTG and X-Gal (Section 2.2.9.5), blue colonies were 

observed. This colour screen verified the presence o f (3-galactosidase and the success of 

the control mutagenesis reaction. Sequencing was employed to reveal the success of SR- 

BII tail mutagenesis: two bacterial clones were confirmed to contain the correeted SR- 

BII tail sequence (Figure 23 , panel C).

A

G C T G T C © G  C T G

G C T G T  C @ G C  T G

B
^  c D N A in P C R  ^  

reaction (ng)

^ 5 10 20 50 100

product

Figure 3.3 Correction of a mutation within cloned cytoplasmic SR-BIl by site- 

directed mutagenesis 

Panel A, Chromatogram revealing part o f  the sequencing data from one o f the pGEM-II 

bacterial clones. The data revealed a T ^ C  point mutation (circled). This mutation was 

observed in each o f  the analysed clones. Panel B, Site-directed mutagenesis was used to correct 

the point mutation. PCR amplification was performed using a range o f template concentrations 

(5-100 ng) and the conditions described in Section 2.2.10. Following 12 cycles o f  PCR. 

amplification products were separated using a 1 % agarose gel. Panel C, Chromatogram 

revealing the same region as shown in Panel A. The original point mutation had been corrected 

(C-^T) by site-directed mutagenesis (circled).
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This corrected sequence was subsequently transferred into the pGEX-4T-2 and 

PPXa-3 expression vectors to produce pGEX-II and PPXa3-II, respectively (Section 

2.2.9). In each case, successful cytoplasmic tail transfer was confirmed by subjecting 

plasmids from each bacterial clone to restriction endonuclease digestion with the 

appropriate enzymes (data not shown). These expression vectors were subsequently 

used to generate GST-tagged and biotinylated cytoplasmic SR-BII fusion proteins 

(Section 3.2.2).

3.2.1.3 Cvtoplasmic SR-BI expression vectors

The full-length SR-BI sequence was amplified by PCR and ligated into the 

pGEM-T vector, as described in Sections 2.2.2.2 and 4.2.1. Following transformation of 

competent bacteria, plasmids were purified from four bacterial clones and sequenced 

(Sections 2.2.9.5 and 2.2.9.6). Sequencing data revealed that all o f the four clones had 

many mutations throughout the SR-BI sequences. One clone, however, contained the 

correct SR-BI cytoplasmic tail sequence, which was manipulated in the following way to 

isolate the cytoplasmic tail (Section 2.2.9). The unwanted 5’ SR-BI sequence was 

digested from the pGEM-T vector using Sacll and ^ccIII restriction enzymes (Section

2.2.8). Sacll cuts at a unique site in the MGS of pGEM-T, upstream of the SR-BI 

sequence, and Acclll cuts at a unique site in the cytoplasmic tail sequence, a few 

nucleotides downstream from the transmembrane region. The digestion reaction was 

separated on an agarose gel (Section 2.2.5) and a digestion product o f the expected length 

(-1500 bp) was observed (Figure 3.4, panel A). This indicated that the mutated 5’ SR-BI 

sequence had been successfully removed. The cut vector was then purified from the gel 

(Section 2.2.6) and an oligonucleotide polylinker with SacQ. and ^ccIII sticky ends was 

subsequently ligated into the vector (Figure 2.5; Section 2.2.9.4). This served to replace 

the first four cytoplasmic tail nucleotides and thereby complete the cytoplasmic tail 

sequence. Following transformation of competent bacteria with the re-circularised 

vector, plasmids were purified from five bacterial clones and subjected to endonuclease 

digestion with BamYll and HindiW (Sections 2.2.9.5, 2.2.9.6 and 2.2.8). As already 

described for cytoplasmic SR-BII, the BamlAl and HindQl sites were located in the 

reverse primer and oligonucleotide polylinker, respectively. The cytoplasmic tail 

sequence o f -140 bp was successfully digested from plasmids extracted from each of the 

five bacterial clones, confirming successful polylinker insertion in all o f the analysed 

clones (Figure 3.4, panel B). Cytoplasmic SR-BI was transferred into the pGEX-4T-2 

and PPXa-3 expression vectors to produce pGEX-I and PPXa3-I, respectively (Section
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2.2.9). These expression vectors were subsequently used to generate GST-tagged and 

biotinylated cytoplasmic SR-BI fusion proteins (Section 3.2.2).

A
1 kb Digest  

ladder reaction
bp bp

3,054 _  
2,036 —

^  1.5 kb 
product

1,018 —  

506 —
1,636 —

220 —

B
1 kb Bacterial c lo n e s  

ladder 1 2 3 4 5

140 bp 
-product

Figure 3.4 Cloning the SR-BI cytoplasmic tail sequence

Panel A, The mutated 5' SR-BI sequence was digested from a plasm id containing the 

full-length sequence during 1 h incubation with AccIII and Sacll restriction enzymes (Section 

2.2.8). The digestion products were separated on a 1 % agarose gel. Panel B, Plasmids were 

extracted from six bacterial clones and analysed by restriction digestion to confirm that the 

oligonucleotide polylinker had been successfully inserted. Endonuclease digestion with BamHI 

and H indlll was performed fo r  I h, and digestion products were separated on a 1.5 % agarose

gg/.

3.2.2 PRODUCTION OF FUSION PROTEINS TO INVESTIGATE POTENTIAL 

SIGNALLING INTERACTIONS OF SR-BI/R CYTOPLASMIC TAILS

3.2.2.1 Small-scale production o f biotinylated cytoplasmic SR-BI/II

The PinPoint Xa Protein Purification System was used to generate biotinylated 

SR-BI and II cytoplasmic tails (Section 2.3.6.1). The PPXa-3 expression vector carries a 

segment encoding a peptide that is biotinylated on a specific lysine residue in E. coli 

strains expressing biotin ligase. Due to the strong binding interaction that occurs 

between biotin and avidin, this biotinylated residue subsequently functions as a 

purification tag when bacterial proteins are exposed to avidin.

PPXa-3 expression vectors containing cytoplasmic SR-BI and SR-BII sequences 

(PPXa3-I and PPXa3-II; Sections 2.2.9 and 3.2.1) and the positive control expression 

plasmid were transformed into the E. coli JM109 bacterial strain for biotinylated fusion 

protein expression (Section 2.2.9.5). Small-scale recombinant bacterial cultures were 

grown overnight and induced to express either biotinylated cytoplasmic SR-BI/II or the 

control fusion protein (Section 2.3.6.1). Following induction with IPTG, a small aliquot
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of cells was pelleted, boiled in SDS-PAGE sample buffer and analysed by SDS-PAGE 

and Western blotting (Sections 2.3.2 and 2.3.3) with a streptavidin-HRP conjugate 

(Figure 3.5, panel A). The autoradiograph shows the successful generation of 

biotinylated fusion proteins o f the expected molecular weights: control fusion protein of 

40 kDa and biotinylated cytoplasmic SR-BI/II o f -20-25 kDa. Unexpectedly, two 

biotinylated fusion proteins of slightly different molecular weights were detected in 

recombinant bacteria expressing cytoplasmic SR-BI. It appears that the major (lower) 

band represents the correctly sized fusion protein (-20 kDa), since the length of the two 

cytoplasmic tails differ only by 3 residues and its molecular weight is similar to that of 

the SR-BII fusion protein. It remained unclear what the minor (upper) band represented. 

A faint band of -2 0  kDa was also observed in cellular extracts from the JM109 host 

strain and the cells expressing the control fusion protein. This extra band represents the 

single 22.5 kDa biotinylated protein generated endogenously by the F. coli JM109 strain. 

Compared to the large amount o f recombinant fusion protein expression, the endogenous 

biotinylated protein is only expressed at low levels. The 22.5 kDa E. coli protein would 

have also been observed in the cellular extracts from recombinant cells expressing SR-BI 

and II cytoplasmic tails if  their molecular weights had been more dissimilar. Despite the 

low levels of endogenous biotinylated protein generated by the host bacterium, it cannot 

be purified by avidin since the biotin moiety is not accessible. Therefore, when avidin- 

based purification methods were employed, only recombinant fusion proteins were 

isolated.

The next step was to verify that the two cytoplasmic peptides were recognised by 

their respective antibodies using Western blotting with isoform-specific antibodies. This 

experiment would confirm that the sequences had been inserted into their expression 

vectors so as to maintain their correct open reading frames. Recombinant bacterial 

proteins were separated as described above by SDS-PAGE, followed by immunoblotting 

with an isoform-specific antibody directed against the C-terminal cytoplasmic tail of 

human SR-BI (Dr. van der Westhuyzen, University o f Kentucky Medical Centre, USA). 

The cytoplasmic SR-BI fusion protein was readily detected by a-SR-BI, indicating that 

this fusion protein had been successfully generated (Figure 3.5, panel E). Furthermore, 

the minor (upper) band that was detected with streptavidin-HRP had disappeared, 

indicating that this unknown biotinylated peptide does not cross-react with a-SR-BI. 

Unfortunately, there are no isoform-specific human SR-BII antibodies commercially 

available, and no reports have been published using an antibody against the C-terminal
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tail o f this isoform. Therefore, in order to confirm SR-BII cytoplasmic tail expression in 

recombinant E. coli, it was necessary for me to produce a specific anti serum against SR- 

BII (Section 3.2.2.2).

a-SR-BIkDa kDa

5 0 - f
3 1 -

3 6 -
3 0 -

1 9 -

16 —

Figure 3.5 Generation of biotinylated cytoplasmic SR-BI and II fusion proteins

Panel A, Control JM109 cultures and recombinant JM109 cultures expressing either a 

40 kDa biotinylated control protein or biotin-tagged cytoplasmic SR-BI/II were boiled under 

reducing conditions (Section 2.3.6.1). Following protein separation by 16 % SDS-PAGE, the 

fusion proteins were detected by immunoblotting with a streptavidin-HRP conjugate. Panel B, 

The experiment was repeated using recombinant cultures expressing biotinylated cytoplasmic 

SR-BI and immunoblotting with the a-SR-BI isoform-specific antibody.

3.2.2.2 Anti-peptide antiserum to cvtoplasmic human SR-BII

The unique cytoplasmic SR-BII tail sequence is very short (only 39 amino acids), 

which therefore limits the choice o f immunogenic region. Having assessed the 

hydrophilicity o f the tail sequence [281,282], the most antigenic region was estimated to 

be a stretch o f 22-amino acids two residues downstream from the common SR-BI and II 

region (residues 493-514: EDTVSQPGLAAGPDRPPSPYTP). A rabbit anti-peptide 

anti serum directed against this peptide (a-SR-BII) was subsequently commissioned 

(Section 2.3.4). Although anti-peptide antisera are invariably immunoreactive with their 

synthetic peptides, it is not guaranteed that this will be the case for the ‘native’ protein. 

Therefore, it was necessary to characterise the antibody and to ascertain the conditions in 

which the antibody could recognise its antigen (Section 2.3.4).

The majority o f human SR-BII antiserum characterisation was performed under 

my supervision by Camilla Reed, a Wellcome Trust vacation student from the Royal 

Holloway University o f London (Surrey, UK). Firstly, 0.5 pg o f biotinylated
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cytoplasmic SR-BII fusion protein (Section 3.2.2.1) was separated by 16 % SDS-PAGE 

under reduced and non-reduced conditions (Section 2.3.2). Following protein transfer to 

a nitrocellulose membrane, the membrane was incubated with SR-BII antiserum diluted 

1:1,000 in BSA blocking buffer, using the optimised conditions described in Section

2.3.3.2 and Table 2.6. As shown in panel A of Figure 3.6, a-SR-BII was found to be 

strongly immunoreactive towards cytoplasmic SR-BII (-25 kDa) under both conditions. 

Pre-immune serum that was taken from the same rabbits before antigen injection failed 

to react with the fusion protein (data not shown), indicating that the antiserum is specific 

to cytoplasmic SR-BII. This result also confirmed that the biotinylated cytoplasmic SR- 

BII fusion protein had been generated successfully. Secondly, the ability o f the 

antiserum to immunoprecipitate the cytoplasmic SR-BII fusion protein from solution was 

investigated: SR-BII antiserum or pre-immune serum was diluted 1:100 in a 1 pg/ml 

solution o f biotinylated cytoplasmic SR-BII and subjected to the immunoprécipitation 

method described in Section 2.3.5. Precipitated proteins were separated by 16 % SDS- 

PAGE and immunoblotted with streptavidin-HRP. SR-BII anti serum, but not the pre- 

immune serum, was found to precipitate biotinylated cytoplasmic SR-BII from the 

solution (Figure 3.6,panel B).

In addition, I verified that the antiserum was isoform-specific and able to 

recognise the full-length type II receptor by subjecting clarified cell lysates from 

recombinant CHO cells over-expressing full-length SR-BI and II (described in Sections

2.4.3 and 2.4.4) to Western blotting. SR-BII protein was readily detected by a-SR-BII in 

recombinant cells expressing low and high amounts of receptor, yet this antiserum did 

not cross-react with SR-BI protein (Figure 3.6, panel C). This result confirmed that a - 

SR-BII was indeed specific for the full-length type II isoform. Due to the properties of 

a-SR-BII, this antiserum would serve as a vital tool for detecting SR-BII expression in 

recombinant CHO cells by Western blotting (Section 4.2.2.2), as well as isolating SR-BII 

from human cell lines (Section 4.2.8).
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Figure 3.6 Characterisation of the antipeptide antiserum to cytoplasmic SR-BII 

Panel A, Biotinylated cytoplasmic SR-BII protein (0.5 pg) was subjected to 16 Vo SDS- 

PAGE under both reducing and non-reducing conditions, prior to Western blotting using the 

antipeptide antiserum to cytoplasmic SR-BII (a-SR-BII; Section 2.3.3). Panel B, Biotinylated 

cytoplasmic SR-BII protein in solution was subjected to immunoprécipitation with either pre- 

immune serum or a-SR-BII. Precipitated biotinylated peptides were subsequently reduced, 

separated by 16 % SDS-PAGE, transferred onto nitrocellulose, and detected with streptavidin- 

HRP and chemiluminescence (Section 2.3.3.2). Panel C, Recombinant CHO cells over

expressing full-length SR-BI or SR-BII (at high and low levels) were lysed and equal quantities o f  

cell extracts were separated by 8 % SDS-PAGE (Sections 2.4.1 and 2.4.4). The full-length SR- 

BII protein was detected by immunoblotting with a-SR-BII (for isoform-specific identification).
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3.2.2.3 Large-scale production o f biotinylated cvtoplasmic SR-BI/II

Having established that the recombinant JM109 cultures could be induced to 

express detectable quantities of biotinylated cytoplasmic SR-BI and II tails and that these 

fusion proteins cross-react with isoform-specific antibodies, I then used affinity 

chromatography with an avidin column for large-scale fusion protein production (Section

2.3.6.1). For large-scale purifications, cell extracts from two litres o f recombinant 

JM109 cultures were applied to the avidin affinity column. During chromatography, a 

UV spectrophotometer (OD2 8 0) and recorder constantly measured and traced the protein 

absorbance of the column outflow. An example o f an absorbance trace is shown in 

Figure 3.7.

Additions to avidin column:

Lysis
buffer

Cell
extract

Lysis
buffer

I

5 mM biotin and pump 
stopped for 15 min

I

Eluted
proteins
collected

B asel ine—

Time

Figure 3.7 Representative protein absorbance (OD280) trace during biotinylated 

cytoplasmic SR-BI/II purification using avidin affinity 

chromatography
Lysis buffer was pum ped through the system to allow the avidin column to equilibrate 

and a stable baseline to be achieved (Section 2.3.6.1). When the cell extract was applied to the 

column, the biotinylated fusion proteins bound to the avidin resin. The spectrophotometer 

absorbance reading increased as unbound cellular proteins passed  through the column. This 

value subsequently decreased to baseline when the column was washed with lysis buffer to 

remove traces o f  unbound protein. A t this point, 5 mM  biotin was introduced to the column and 

the pump was turned o ff for 15 min to allow biotin to compete with the fusion proteins fo r  avidin 

resin binding sites and thereby release biotinylated fusion proteins from  the column. When the 

pump was switched on again, the eluted proteins were collected.
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To verify that the avidin resin had efficiently captured the biotinylated proteins, 

the column flow-through was collected. Firstly, equal volumes of starting cell extract 

and column flow-through were separated by SDS-PAGE, along with an aliquot of the 

column eluate (Section 2.3.2). Secondly, the proteins were transferred to nitrocellulose 

and immunoblotted with streptavidin-HRP (Section 2.3.3). Despite finding biotinylated 

fusion proteins in the starting material and in the eluate as expected, there were no 

biotinylated proteins detected in the flow-through (Figure 3.8, panel A). This result 

suggested that the avidin column had sufficient capacity and was efficient at binding all 

the biotinylated protein available. However, the band detected in the starting cell lysate 

was quite weak, and in order to confirm that the column was indeed capturing the 

biotinylated proteins efficiently, I should have concentrated both the starting material 

and flow-through by 10 times before repeating the Western blot.

Finally, the eluted proteins were separated by SDS-PAGE, and the gel was 

Coomassie stained to analyse protein purity and check for degradation products (Section

2.3.2.3). Pure biotinylated fusion proteins were isolated using this method of 

purification (Figure 3.8, panel B), and since no bands of lower molecular weight were 

detected, it appeared that no fusion protein degradation had taken place.

A

lysate FT eluate

SR-BII
tail

B

.SR-BII
tail

Figure 3.8 Binding efficiency of the avidin column and purity of the eluted 

biotinylated cytoplasmic SR-BII fusion protein

Panel A, Equal volumes o f bacterial cell lysate and column flow-through (FT) were 

separated by 16%  SDS-PAGE, along with an aliquot o f  the eluted fusion protein (Section 2.3.2). 

Immunoblotting with .streptavidin-HRP detected the biotin-tagged cytoplasmic tail. Panel B, 

Two pg  o f  protein eluted from  the affinity column were separated by 16 % SDS-PAGE and 

detected by Coomassie staining (Section 2.3.2.3). The stained gel shows pure cytoplasmic SR- 

BII fusion protein obtained from a typical preparation; additional affinity purifications gave 

similar results.
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Following biotinylated protein elution, fractions were collected and those 

containing protein (as quantified by the Bradford assay; Section 2.3.1.2) were pooled and 

dialysed against PBS. Although the manufacturer claimed that this system would 

typically yield 1-5 mg of purified fusion protein per litre of starting culture, the largest 

quantity o f SR-BI/II cytoplasmic tail that I managed to purify from nine different 

preparations was only 50 pg. Since no fusion protein degradation products were 

observed using either immunoblotting or Coomassie staining (Figures 3.5 and 3.8), it 

appeared likely that the problem was low fusion protein expression, rather than specific 

degradation of cytoplasmic SR-BI/II by the host strain o f E. coli.

3.2.2.4 GST-tagged cvtoplasmic SR-BI/II

Because my recombinant bacteria only expressed biotinylated cytoplasmic SR- 

BI/II at low levels, it was necessary to find another system for generating larger 

quantities o f cytoplasmic tail fusion proteins. Firstly, bacteria were transformed with the 

empty GST expression vector (pGEX) and the expression vector containing the 

cytoplasmic SR-BII tail sequence (pGEX-II; Sections 3.2.1.2 and 2.2.9.5). 

Subsequently, two clones from each type o f recombinant bacteria were expanded into 

small-scale cultures. These cultures were grown overnight and induced to express GST 

alone or GST-tagged cytoplasmic SR-BII with the addition o f IPTG (Section 2.3.6.2). 

Clarified bacterial cell lysates were incubated with glutathione-agarose beads to isolate 

the GST-tagged proteins. The beads were boiled in SDS-PAGE sample buffer and 

samples were immunoblotted with a-GST (Sections 2.3.2 and 2.3.3). Panel A of Figure 

3.9 shows that each clone expressed either the GST tag (27 kDa) or a larger GST-tagged 

cytoplasmic SR-BII fusion protein (~32 kDa). Immunoblotting with a-SR-BII was 

performed to confirm successful production of GST-SR-BII (Figure 3.9, panel B). The 

same approach was employed to detect whether recombinant bacteria transformed with 

the pGEX-I vector were expressing GST-tagged cytoplasmic SR-BI. The a-GST blot 

(Figure 3.9, panel C) revealed that one o f the bacterial clones expressed a GST-tagged 

protein o f the correct molecular weight (-32 kDa). Unfortunately, I was unable to use 

Western blotting to verify that the cytoplasmic tail had been accurately generated, due to 

insufficient a-SR-BI antibody. However, since the protein was the correct size and 

sequencing data had previously shown that the expression plasmid contained the correct 

tail sequence ‘in-ffame’, I concluded that GST-SR-BI had been successfully generated.
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Following large-scale purification o f GST-tagged proteins using glutathione- 

sepharose columns, the eluted protein was quantified. The GST-tagged fusion proteins 

were expressed at extremely high levels in the recombinant bacteria; 4 litres of starting 

culture generated over 30 mg o f fusion protein. A Coomassie stained gel revealed the 

purity o f the isolated fusion proteins (Figure 3.9, panel D). The GST tag alone and the 

GST-SR-BII fusion protein were pure, but the GST-SR-BI sample contained a minor 

band with the same molecular weight as GST alone. This extra band may have resulted 

from use o f the same glutathione-sepharose column after purification o f GST alone (i.e. 

the GST tag may not have been completely eluted from the column during the elution 

and regeneration procedures) or GST-SR-BI may have degraded. However, since both 

the GST tag and the GST-SR-BI fusion protein would serve as negative controls in 

future experiments (Sections 3.2.4 and 3.2.5), it was not necessary to purify GST-SR-BI 

any further.

3.2.2.5 GST-tagged plc-yl SH2 and SH3 domains

Small-scale recombinant bacterial cultures were induced with IPTG to express 

plc-yl SH2 and SH3 domains as fusion proteins with the GST tag (GST-SH223 and 

GST-SH22; Section 2.3.6.2). GST-tagged proteins were isolated from cell lysates using 

glutathione-agarose beads and analysed by 4-20 % SDS-PAGE. Immunoblotting with a- 

GST showed strong bands at 55 and 64 kDa, the correct molecular weights for GST- 

SH22 and GST-SH223, respectively (Figure 3.10, panel A). Bound antibodies were 

stripped from the membrane (Section 2.3.3.3), which was subsequently re-probed with a- 

plc-yl (Section 2.3.3 and Table 2.6). This antibody was raised against a recombinant 

protein corresponding to amino acids 530-850, mapping within the SH2-SH2-SH3 

domains o f plc-yl. Immunoblotting with a-plc-yl revealed that the GST-SH223 fusion 

protein had been successfully generated (Figure 3.10, panel B). This antibody was not 

predicted to bind to the GST-SH22 fusion protein (as the SH3 domain is absent), yet a 

faint band was detected. The most likely explanation for the presence o f this faint band 

is incomplete stripping of the membrane. Despite failing to verify successful production 

of plc-yl SH2 domains by immunoblotting, I was confident to use the GST-SH22 fusion 

protein in future binding assays, since the expression vector had been used previously by 

Finan et al. [283,284] to generate a functionally active protein.
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Figure 3.9 Generation of the GST tag and GST-tagged cytoplasmic SR-BI and II 

fusion proteins

Recombinant bacterial clones induced to express the GST tag or GST-tagged 

cytoplasmic SR-BIl were cultured and lysed. The GST-tagged proteins were subsequently 

separated from  the clarified lysates by incubation with glutathione-agarose beads, as described 

in Section 2.3.6.2. The beads were boiled under reducing conditions to release bound proteins, 

which were then separated using 16 Vo SDS-PAGE (Section 2.3.2) and immunoblotted with a- 

GST (Panel A), or a-SR-BII (Pane! B). The experiment was repeated using recombinant 

bacteria induced to express GST-tagged cytoplasmic SR-BI and a-GST for detection (Panel C). 

The purity o f  eluted peptides from the large-scale glutathione-sepharose columns was 

determined by separating I pg  o f  each GST-tagged protein by 16 % SDS-PAGE, follow ed by 

Coomassie staining (Section 2.3.2.3) o f the gel (Panel D).
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a-plc-y1 blota-GST blot

Figure 3.10 Generation of GST-tagged plc-yl SH2 and SH3 domains

Recombinant bacterial cultures were induced to express GST-tagged plc-y l SH2 

domains with and without the SH3 domain (GST-SH223 and GST-SH22, respectively). The GST- 

tagged proteins were subsequently separated from clarified bacterial cell lysates by incubation 

with glutathione-agarose beads, as described in Section 2.3.6.2. The beads were boiled under 

reducing conditions to release bound proteins, which were then separated using 4-20% SDS- 

PAGE. Immunoblotting with a-GST revealed the purified GST-tagged proteins (Panel A), while 

detection with a-plc-yl confirmed the successful generation o f  a GST-tagged peptide containing 

the SH2 and SH3 domains o f p lc-y l (Panel B, right hand lane).

3.2.3 ‘PULL-DOWN’ ASSAYS INDICATE AN INTERACTION BETWEEN THE SH3

DOMAIN OF PLC-yl AND CYTOPLASMIC SR-BII

To investigate the potential o f cytoplasmic SR-BII to interact with signalling 

domains, a number o f ‘pull-down’ assays were performed. In the first instance, the ‘pull

down’ binding screen involved immobilising equal quantities (2 pg) o f GST-SH3 

domain fusion proteins on glutathione-agarose beads to generate a variety o f affinity 

matrices. GST-tagged SH3 domains from the following modular signalling proteins 

were used: crk, csk, fyn, grb-2, plc-yl and src. The type 1 isoenzyme o f plc-y was 

chosen as this is constitutively expressed, whereas the type 2 isoenzyme is only found in 

the lymphoid system [285]. The affinity matrices were subsequently incubated with 

biotinylated cytoplasmic SR-BII. After substantial washing of the matrices, the beads 

were boiled in SDS-PAGE sample buffer to release any bound proteins. The presence of 

cytoplasmic SR-BII in each of the samples was detected by Western blotting with a 

streptavidin-HRP conjugate (Section 2.3.7.1). Panel A o f Figure 3.11 shows the
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autoradiograph from the preliminary binding screen: the SH3 domain o f plc-yl bound 

more cytoplasmic SR-BII than any o f the other SH3 domains. Furthermore, this binding 

interaction was detected when the screen was repeated on two other occasions. This 

autoradiograph also reveals weak interactions between the SH3 domains o f csk and src, 

and cytoplasmic SR-BII. However, these interactions were not observed in any of the 

other binding screens. As expected, the negative controls (either beads or GST alone) 

failed to interact with cytoplasmic SR-BII. Finally, to ensure that each of the affinity 

matrices had successfully bound the GST-tagged fusion proteins, the antibodies were 

stripped from the blot and the membrane was subsequently re-probed with an antibody 

directed against the GST tag (a-GST). GST-tagged fusion proteins were observed in 

each lane (apart from beads alone), revealing that the generation o f each affinity matrix 

had been successful. Furthermore, this autoradiograph revealed that the interaction 

between cytoplasmic SR-BII and the SH3 domain o f plc-yl was a valid result, as 

overloading o f GST-plc-yl onto the beads had not caused it.

In order to confirm that this interaction was specific to the SR-BII isoform, avidin 

affinity matrices bound to biotinylated SR-BI or II cytoplasmic tails were generated, and 

incubated with GST-tagged plc-yl SH3 domains {Section 2.3.7.2; method 1). Any bound 

proteins were detected by immunoblotting with a-GST (Figure 3.11, panel B). Avidin 

beads alone and the SR-BI cytoplasmic tail affinity matrix failed to bind to GST-plc-yl, 

yet interactions between cytoplasmic SR-BII and the plc-yl SH3 domain were still 

detected. This result revealed that the protein-protein interaction is specific to 

cytoplasmic SR-BII and that the interaction does not involve the first five residues in the 

C-terminal tail that are present in both isoforms. This finding was expected as no 

potential proline-rich signalling motifs were present in either the unique cytoplasmic SR- 

BI sequence or in the tail sequence common to SR-BI and II. The results shown here 

demonstrate the ability o f cytoplasmic SR-BII to bind to the SH3 signalling domain of 

plc-yl. However, the conditions of this ‘pull-down’ assay were not physiological, as two 

pure proteins were incubated together in isolation from any other proteins. It was 

therefore necessary to ascertain the significance of the preliminary binding screen result 

and demonstrate that cytoplasmic SR-BII and plc-yl still interact within a more 

physiological environment.
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Figure 3.11 ‘Pull-down’ assays showing an interaction between the cytoplasmic 

tail of SR-BII and the plc-yl SH3 domain

Panel A, Two jug o f  GST-tagged SH3 domains from a variety o f  signalling proteins were 

immobilised on 50 /J  o f  glutathione-agarose beads and incubated with a solution containing 2 

p g  o f  biotinylated cytoplasmic SR-BII. The beads were washed and boiled in SDS-PAGE sample 

buffer, containing f-mercaptoethanol, to elute any bound cytoplasmic SR-BIL After separating 

the samples by 16 % SDS-PAGE, the interacting proteins were detected by immunoblotting with 

a streptavidin-HRP conjugate. The blot was stripped and probed with a-GST to ensure that each 

GST-tagged SH3 domain had successfully bound to the matrix. These blots represent one ‘pull

down ' binding screen, but the same results were obtained on two other occasions. Panel B, The 

‘pull-down ’ assay was reversed in order to investigate whether the interaction between 

cytoplasmic SR-BII and the SH3 domain o f p lc-y l was specific to the SR-BII isoform. Affinity 

matrices, comprising 50 p i avidin beads bound to 2 pg  biotinylated cytoplasmic SR-BI or II, 

were incubated in a solution containing 2 pg  GST-tagged p lc-y l SH3 domains. Interacting 

proteins were detected as described fo r  panel A, except that an a-GST antibody was used.
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3.2.4 CYTOPLASMIC SR-BII FAILS TO BIND PLC-yl USING A ‘PULL-DOWN’

ASSAY UNDER MORE PHYSIOLOGICAL CONDITIONS

The initial ‘pull-down’ binding screen revealed a binding interaction between the 

following two pure proteins: the SH3 domain of plc-yl and cytoplasmic SR-BII (Section

3.2.3). In order to establish whether these two proteins specifically interact under more 

physiological conditions (i.e. in the presence o f many other proteins), the ‘pull-down’ 

assay was repeated using GST-plc-yl affinity matrices incubated with cytoplasmic SR- 

BII in the following protein-rich solutions: 1 % (w/v) BSA, 10 % (v/v) FBS and 1 mg/ml 

HepG2 cell lysate (Section 2.3.7.2; method 2). Figure 3.12 shows the autoradiograph 

generated from immunoblotting with a streptavidin-HRP conjugate. It was evident that 

the protein-protein interaction between the SH3 domain o f plc-yl and cytoplasmic SR- 

BII only took place when the two pure proteins were present alone in solution. When 

albumin, FBS or cellular proteins were introduced to the system, cytoplasmic SR-BII 

failed to bind the plc-yl SH3 domain.
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Figure 3.12 Cytoplasmic SR-BII fails to interact with plc-yl SH3 domain in the 

presence of other proteins

Two /jg o f  GST-tagged p lc-y l SH3 domains were immobilised on 50 fjl o f glutathione- 

agarose beads. The affinity matrices were incubated with 2 jug biotinylated cytoplasmic SR-BII 

in 200 jJ  o f the following solutions: PBS, 1 % (w/v) BSA, 10 % (v/v) FBS and 1 mg/ml HepG2 

cell lysate (Section 2.3.7.2). Interacting proteins were detected by boiling the beads in SDS- 

PAGE sample buffer under reducing conditions, and any eluted proteins were separated by 4-20 

% SDS-PAGE and immunoblotted with a streptavidin-HRP conjugate.

If a strong binding interaction exists between cytoplasmic SR-BII and the plc-yl 

SH3 domain, one would have expected these proteins to interact in the presence o f other 

proteins. However, the additional proteins introduced into the system might have been 

used in too great excess, thereby blocking the binding sites non-specifically. In addition,
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the HepG2 cell lysate contains full-length native plc-yl, which might have competed 

with the GST-tagged SH3 domain of plc-yl for cytoplasmic SR-BII binding.

Despite this discouraging finding, I proceeded to determine whether there is a 

stronger interaction between cytoplasmic SR-BII and the SH3 domain o f plc-yl when 

either its two adjacent SH2 signalling domains are present, or the plc-yl SH3 domain is 

correctly folded within the full-length signalling molecule. For both o f these 

experiments, larger quantities (25 pg) o f GST-tagged proteins were used for the 

generation o f affinity matrices (as described by Finan et a l  [284]). Firstly, ‘pull-down’ 

experiments were performed using affinity matrices bound to GST-tagged cytoplasmic 

SR-BII or GST alone, in the presence o f GST-tagged plc-yl SH2 and SH3 domains in 

solution (GST-SH22 and GST-SH223; Section 2.3.7.2; method 3). Since both the 

cytoplasmic tail and plc-yl domains were GST-tagged, the cytoplasmic SR-BII affinity 

matrix was generated using NHS-activated sepharose, which obviated the use of 

glutathione-agarose beads. Immunoblotting with a-GST confirmed that equal quantities 

o f GST tag and GST-SR-BII had been used in the experiment (Figure 3.13, panel A). 

This antibody also revealed that both the GST alone control beads and GST-SR-BII 

beads had interacted with the plc-yl signalling domains. These interactions were 

therefore non-specific and had most likely resulted from the dimérisation o f GST tags 

[286]. One way to avoid the dimérisation o f GST tags would have been to cleave this 

tag from cytoplasmic SR-BII before using it in the assay. An alternative method would 

have been to generate a cytoplasmic SR-BII fusion protein with a different tag (e.g. 

histidine tag), using another expression system.

Secondly, to establish whether the cytoplasmic tail o f SR-BII is able to ‘pull

down’ full-length, native plc-yl from solution, more physiological ‘pull-down’ 

experiments were performed using cytoplasmic SR-BII affinity matrices incubated in the 

presence o f human THP-1 cell lysates. Glutathione-agarose affinity matrices bound to 

GST-SR-BI/II or GST tag were incubated with the whole THP-1 cell lysate (Section 

2.3.7.2; method 4). Any bound proteins were eluted and subjected to SDS-PAGE and 

immunoblotting with a-plc-yl. The positive control verified that plc-yl was detectable 

in the THP-1 cell lysate, yet no full-length, native plc-yl had been ‘pulled-down’ down 

by GST-tagged cytoplasmic SR-BII (Figure 3.13,panel B).
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Figure 3.13 Cytoplasmic SR-BII fails to interact with full-length plc-yl

Panel A, NHS-Sepharose beads bound to 50 pg  GST-SR-BI/II or GST tag were 

incubated in 200 p i PBS containing 25 pg  o f GST-tagged p lc-y l SH2 and SH3 domains (SH22 

and SH223). Any interacting proteins were detected using the method described in Figure 3.12 

and imtnunoblotting with a-GST Panel B, Twenty-five pg  o f GST-tagged cytoplasmic SR-BI/II 

or GST tag alone were immobilised on 50 p i o f  glutathione-agarose beads. The affinity matrices 

were incubated with 1 ml o f THP-1 cell lysate (1 mg protein/ml). Eluted proteins were separated 

by 8 % SDS-PAGE and immunoblotted with a-plc-yl. The positive control was 25 pg  protein 

from the THP-1 cell lysate.

Therefore, using this cell lysate ‘pull-down’ assay, I failed to demonstrate an 

interaction between cytoplasmic SR-BII and full-length plc-yl. However, at this stage I 

was unable to conclude that cytoplasmic SR-BII does not bind plc-yl, since the binding 

capabilities o f the cytoplasmic tail had been studied in isolation from the rest o f the 

receptor. Moreover, although this experiment used a cell lysate, none o f the experiments 

had studied binding interactions within a cellular environment.
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3.2.5 CELLULAR SIGNALLING MOLECULES THAT BIND CYTOPLASMIC SR-BH
REMAIN ELUSIVE

In order to widen the search for signalling molecules that bind cytoplasmic SR- 

BII, a ‘pull-down’ experiment using a cytoplasmic SR-BII affinity matrix incubated with 

a human THP-1 cell lysate was performed (Section 2.3.7.3; method 4). The human 

monocytic THP-1 cell line was chosen because these cells contain SR-BII mRNA 

transcripts [232]. Cellular proteins that bound the affinity matrix were subjected to SDS- 

PAGE and immunoblotted with antibodies against serine, threonine or tyrosine 

phosphorylated residues (a-pS/T/Y), to detect any interacting phosphorylated cellular 

proteins. Many signalling cascades are known to involve proteins containing these 

phosphorylated residues, such as pathways involving receptor tyrosine kinases [241]. 

The a-pY  antibody bound to proteins containing phosphorylated tyrosines within the cell 

lysate positive control, but no proteins containing phosphotyrosines were found to 

interact with cytoplasmic SR-BII (Figure 3. \A, panel A). No cellular proteins containing 

phosphorylated serines/threonines were detected to interact with cytoplasmic SR-BH, 

however even the a-pS and a-pT antibodies failed to bind the cell lysate positive 

controls (data not shown). Therefore, no conclusion can be made as to whether 

cytoplasmic SR-BII interacts with cellular proteins containing phosphorylated serine or 

threonine residues. This finding was probably not due to dephosphorylation of the 

residues during the experiment, as a phosphatase inhibitor was included in the cell lysis 

buffer.

The same samples were subjected to silver staining for the sensitive detection of 

any cellular binding proteins. The initial silver stain result looked promising, as there 

was a protein o f -8 0  kDa repeatedly found in the GST-SR-BII sample that was absent 

from the GST alone control (Figure 3.14, panel B). Since SR-BII has a molecular weight 

of 82 kDa, I immunoblotted the samples with a-SR-BII, to establish whether 

dimérisation o f the cytoplasmic tails had caused cytoplasmic SR-BII to bind the whole 

receptor and thereby isolate it from the rest of the cell lysate (Figure 3.14, panel C). 

Despite verifying the presence of cytoplasmic SR-BII at the same position as the 

unknown -8 0  kDa protein, there were also many other bands in the lane and it appeared 

likely that the antibody was binding to dimers of GST-tagged cytoplasmic SR-BH and 

not to the cellular receptor itself. The experiment was then repeated with a better 

experimental control: GST-SR-BII affinity matrix incubated with cell lysis buffer.
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Immunoblotting with a-G ST confirmed that the ~80 kDa band was most probably 

generated from dimérisation o f the GST-tagged SR-Bll cytoplasmic tails (Figure 3.14, 

panel D).
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Figure 3.14 The interaction of cytoplasmic SR-BII and cellular proteins as 

investigated by cell lysate ‘pull-down’ assays

Twenty-five pg o f  GST-tagged cytoplasmic SR-BIl or GST alone were immohilised on 50 

p i o f glutathione-agarose heads and the affinity matrices were incubated with I ml o f THP-1 cell 

lysate (1 mg/ml). Interacting proteins were detected by boiling the beads in SDS-PAGE sample 

buffer under reducing conditions, and any proteins eluted from  the affinity beads were separated 

by 4-20 % SDS-PAGE (Section 2.3.7.2). Panel A, The proteins were transferred to a 

nitrocellulose membrane and probed with a-phosphotyrosine. Panel B, Samples were separated 

by SDS-PAGE and silver stained. Panel C, The proteins were transferred to a nitrocellulose 

membrane and probed with a-SR-BII. Panel D, The experiment was repeated to include the 

following control reaction: GST-SR-BII affinity matrix incubated with cell lysis buffer (-). The 

samples with cell lysate present are indicated with a + sign. The proteins were tran.sferred to a 

nitrocellulose membrane and probed with a-GST.

Having failed to elucidate the identity of any signalling proteins that bind to 

cytoplasmic SR-Bll alone, it was necessary to explore whether the cytoplasmic tail binds
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signalling molecules in response to activation o f the whole receptor. My next 

experiments (Section 3.2.6) therefore involved CHO cells over-expressing recombinant 

human SR-BII (Section 2.4.3).

3.2.6 INCUBATION OF CHO-SR-BH CELLS WITH HDL DOES NOT STIMULATE

PLC-yl TO INTERACT WITH CYTOPLASMIC SR-BH

To establish whether the cytoplasmic tail o f SR-BII binds plc-yl in response to 

HDL binding to its extracellular domain, recombinant CHO cells over-expressing SR-BH 

(Section 2.4.3) were subjected to a short exposure with HDL, prior to cell lysis. 

Subsequently, GST-tagged plc-yl SH2 and SH3 domains were incubated with the 

activated cell lysates (Section 2.3.7.3, method 1). The receptor was successfully 

immunoprecipitated from the lysate using an antibody directed against the extracellular 

region (data not shown). Any GST-tagged proteins interacting with the activated 

receptor were detected by immunoblotting with a-GST (Figure 3.15, panel A). The 

antibody successfully bound to the GST alone positive control, yet neither o f the two plc- 

yl fusion proteins, GST-SH22 or GST-SH223, were found to have been recruited by the 

activated receptor. As with many immunoprécipitation reactions, the heavy chain IgG 

(53 kDa) is clearly visible in all the immunoprecipitated samples. Although, any 

interaction between cytoplasmic SR-BII and plc-yl appears unlikely, the strong IgG 

heavy chain band may have obscured any signal from the GST-SH22 fusion protein, 

which has a molecular weight o f 55 kDa.

Finally, there is one tyrosine residue in the cytoplasmic tail o f SR-BII, which is 

positioned three residues upstream of a hydrophobic residue. If  the tyrosine residue was 

to become phosphorylated, then this m otif would comprise a potential SH2 domain 

recognition site [237]. I therefore investigated cytoplasmic SR-BII tyrosine 

phosphorylation in response to HDL stimulation (Section 2.3.7.3, method 2). 

Recombinant CHO-SR-BII cells were incubated for 5 or 30 min in serum-free media 

with or without HDL. Subsequently, the cells were lysed and the receptor was 

immunoprecipitated from cell lysates using a-CLA-1. On three separate occasions, 

immunoblotting with a-SR-BII verified the successful isolation of SR-BII (Figure 3.15, 

panel B), but probing with a-pY failed to detect phosphorylation o f the cytoplasmic 

tyrosine residue, with or without HDL stimulation. This result was not caused by

145



déphosphorylation o f the tyrosine residue, as a phosphatase inhibitor was included in the 

lysis buffer. Although a-pY  is used routinely in our laboratory, regrettably, I failed to 

run an immunoblotting positive control in an adjacent lane on the gel. I am unable, 

therefore, to confirm that the immunoblotting reaction was successful on each occasion, 

and so cannot conclude unequivocally that the tyrosine residue within cytoplasmic SR- 

BII fails to become phosphorylated upon receptor activation.
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Figure 3.15 Cytoplasmic SR-BII activation in response to HDL stimulation

Panel A, Confluent cultures o f  recombinant CHO cells expressing SR-BII (CHO-SR-BII) 

were stimulated fo r  30 min with 10 % (v/v) HDL plasma ’prior to cell lysis (Sections 2.3.7.3 and 

2.3.10.6). One ml o f  stimulated cell lysate (0.5 mg/ml) was subsequently incubated fo r  2 h with 

25 pg  o f  GST alone, or GST-tagged p lc-y l SH2 and SH3 domains (GST-SH22 or GST-SH223). 

The receptor was isolated by immunoprécipitation using a-CLA-1 (Section 2.3.5). After boiling 

the imrnunocomplexes in SDS-PAGE sample buffer under reducing conditions, any eluted GST- 

tagged proteins were separated by 4-20% SDS-PAGE and detected by immunoblotting with a- 

GST. GST alone was included in the first lane o f the gel as an immunoblotting positive control. 

Panel B, Recombinant CHO-SR-BII monolayers were grown to confiuency in 100 mm dishes and 

incubated fo r  5 and 30 min in serum-free media with and without 5 % (v/v) HDL plasm a’. 

Control cells remained in H am ’s F I2 media containing 5 % (v/v) FBS. Following treatments, 

the cells were lysed and the protein concentration o f  each lysate was quantified. Equal amounts 

o f cell lysate were subjected to receptor immunoprécipitation with a-CLA-1, before precipitated 

proteins were analysed by 4-20 % SDS-PAGE and immunoblotting. Probing with SR-BII 

antiserum verified the success o f  the precipitation, while a-phosphotyrosine (a-pY) detected the 

state o f cytoplasmic tail tyrosine phosphorylation.
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3.2.7 THE YEAST TWO-HYBRID SYSTEM FAILS TO DETECT CYTOPLASMIC

SR-BH AND PLC-yl CELLULAR INTERACTIONS

The yeast two-hybrid system was performed to establish whether the SH3 domain 

o f plc-yl and cytoplasmic SR-BII interact within a cellular environment (Section 2.3.8). 

The pYTH9 yeast expression vector containing the GAL4 DNA binding domain (GAL4- 

DBD) sequence, and the pGADlO vector containing the plc-yl SH3 domain and GAL4 

activation domain (GAL4-AD) sequences, were generously provided by Dr. X-M. Sun 

(MRC Lipid Group, Hammersmith Hospital, UK). In order to generate the correct 

restriction sites for insertion o f the cytoplasmic SR-BII tail sequence into pYTH9, 

cytoplasmic SR-BII was re-amplified by PCR, using the PPXa3-II plasmid as a template 

and the primers and conditions described in Section 2.2.3 and Table 2.1. After 

separating the PCR products by agarose gel electrophoresis (Section 2.2.5), the correctly 

sized amplification product of ~140 bp was detected over a wide annealing temperature 

range o f 56-68 °C (Figure 3.16, panel A). However, at lower annealing temperatures 

(e.g. 56-62 °C), two faint bands were also observed, which meant that the desired PCR 

product was not completely pure. Thus, the correctly sized product was cut and purified 

directly from the gel (Section 2.2.6), and subjected to restriction endonuclease digestion 

with Spel and Sail (Section 2.2.8). This digestion reaction created the correct ‘sticky 

ends’ to enable cytoplasmic SR-BII to be inserted into the MCS of pYTH9 in the correct 

orientation (pYTH9-II). Following ligation and transformation, plasmids were isolated 

from 6  bacterial clones (Section 2.2.9) and analysed by restriction digestion with Spel 

and Sail to verify correct insertion of the tail sequence (Figure 3.16, panel B). Digestion 

products o f -140 bp were observed in all 6  samples, revealing the high efficiency of the 

ligation reaction. Plasmids from two o f the pYTH9-II clones were sequenced to confirm 

that the tail had been inserted ‘in-frame’ and that no mutations had been introduced by 

PCR amplification. The pGADlO-plc-yl expression vector was also sequenced to verify 

that it contained the correct SH3 domain sequence and that it had been ligated into the 

MCS so as to maintain the correct reading frame.
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Figure 3.16 Generation of a yeast two-hybrid expression vector containing 

cytoplasmic SR-BII

Panel A, The SR-BII cytoplasmic tail sequence was re-amplified from the PPXa3-II DNA 

template over a prim er annealing temperature range o f 56-68  XI, using the primers and 

conditions described in Table 2.1 and Section 2.2.3. Amplification products were separated 

using a 1.5 % agarose gel. Panel B, Following transformation o f competent bacteria with 

pYTH9-II, six clones were picked fo r  analysis. Plasmids were isolated from each o f  the clones 

and subjected to restriction endonuclease digestion with Spel and Sail, fo r  1 h, using the 

conditions described in Section 2.2.8. Digestion products were separated using a 1.5 Yo agarose

gg/.

Competent yeast cells were co-transformed with pGADlO-plc-yl and pYTH9-II 

expression vectors (Section 2.3.8.2). The pGADlO-plc-yl and pYTH9-II contain the 

leucine and tryptophan nutritional markers, respectively, which allow cells that have 

been successfully transformed with both plasmids to be selected overnight on plates 

lacking leucine and tryptophan amino acids. The transformation reaction looked 

promising, since many transformed cells formed colonies on the selection plates, 

whereas untransformed cells failed to grow. The next step was to determine whether the 

two peptides o f interest (cytoplasmic SR-BII and the plc-yl SH3 domain) were
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interacting within the yeast cells. For this, p-galactosidase expression was measured 

(Section 23.8.3). Expression of P-galactosidase would indicate that the two fusion 

proteins were interacting, thereby bringing the GAL4 activation domain into close 

proximity with the GAL4 DNA binding domain to create a functional transcriptional 

activator. The SNFl and SNF4 fusion proteins are known to interact within yeast [269], 

therefore yeast that I had transformed with plasmids encoding these proteins served as a 

positive control for this assay. Indeed, following the P-galactosidase assay, the positive 

control colonies turned blue, verifying that the assay had been successful (Figure 3.17, 

panel A). Unfortunately, no blue colour was observed from colonies transformed with 

cytoplasmic SR-BII and the plc-yl SH3 domain, indicating that the cells were not 

expressing P-galactosidase. This result meant that either the fusion proteins were not 

interacting, or that they had not been successfully expressed in the first place.

The selected transformants continued to grow on selection plates, suggesting that 

the yeast cells contained both expression plasmids. However, it was necessary to 

confirm that the required fusion proteins were being expressed using Western blotting. 

Proteins were therefore extracted from transformed yeast (Section 2.3.8.4), and subjected 

to immunoblotting with antibodies against the SH3 domain o f plc-yl, cytoplasmic SR- 

BII, GAL4-AD and GAL4-DBD. Despite performing three Western blots to detect each 

fusion protein, I was unable to verify the presence o f either o f the two fusion proteins 

within the transformed yeast. This was also the case when the yeast were transformed 

with only one o f the expression vectors. Panels B and C o f Figure 3.17 are examples o f 

the a-plc-yl and a-GAL4-DBD blots obtained. In both cases, the positive 

immunoblotting controls, of pure GST-plc-yl and a GAL4-DBD-containing protein, 

bound their respective antibodies (lanes 4), although there was a high level o f non

specific binding to proteins in the yeast lysate. No specific bands o f the expected 

molecular weights were detected in the transformed yeast protein extracts that were 

absent from the negative control (untransformed yeast protein extracts). The same 

findings were obtained when the GAL4-AD and a-SR-BII antibodies were used, 

indicating that neither GAL4-DBD/cytoplasmic SR-BII nor GAL4-AD/plc-y 1 (SH3 

domain) fusion proteins were detectable by Western blotting.

It appears as though the transformation reaction was successful and that leucine 

and tryptophan were being expressed, which allowed the transformed cells to grow on
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selection plates. Unfortunately, the fusion proteins were either not being expressed at 

sufficiently high levels for detection, or else the proteins were rapidly degraded. Since 

neither GAL4-DBD/cytoplasmic SR-BII nor GAL4-AD/plc-yl (SH3 domain) fusion 

proteins were detected in the transformed yeast, the negative p-galactosidase assay result 

is invalid, and I am unable to conclude whether or not these two peptides interact within 

the yeast cell.
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Figure 3.17 Generation of yeast two-hybrid fusion proteins was unsuccessful

The Y190 yeast strain was co-transformed with p S E I I l l  and p S E l l l l  positive control 

plasmids. Selected colonies were analysed using the P-galactosidase assay to confirm lacZ gene 

expression (Panel A). Proteins were extracted from yeast transformed with expression vectors 

encoding the cytoplasmic SR-BII and p lc-y l SH3 domain sequences (Section 2.3.8.4). Equal 

quantities o f  cellular proteins were separated by 4-20 % SDS-PAGE and immunoblotted with 

antibodies against the SH3 domain o f  p lc-y l (Panel B) and the GAL4-DNA binding domain 

(GAL4-DBD; Panel C). Each autoradiograph is representative o f  three blots obtained using the 

same procedure. Key: 1 -  double transformants; 2 =  single transformants [p lc-yl SH3 domain 

(B) and cytoplasmic SR-BII (C)J; 3 = negative control (untransformed); 4 = positive control 

[GST- p lc-y l SH3 domain (B) and GAL4-DBD-containingprotein (C)].
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3.2.8 HUMAN SR-BII CO-IMMUNOPRECIPITATES WITH CAVEOLIN-1,
REVEALING TRUE CAVEOLAR LOCALISATION

Caveolin-rich light membranes (CLM) were prepared from recombinant CHO 

cells expressing human SR-BI or II (CHO-SR-BI/II). After lysing the cells by sonication 

in a buffer containing 0.5 M NaiCO], pH 11.0, cell extracts were fractionated by 

discontinuous sucrose density gradient ultracentrifugation (Section 2.3.9.1). Samples 

from each o f the twelve fractions were separated by SDS-PAGE and the proteins were 

detected by silver staining (Section 2.3.2). A  distinct protein population comprising the 

CLM fraction was seen in fractions 4 and 5, while the remaining protein was found at the 

bottom of the density gradient in fractions 8-12 (Figure 3.18, panel A). Protein 

quantification o f each fraction using the Bio-Rad protein assay (Section 2.3.1.2) 

indicated that the CLM fraction comprised about 5 % o f total cellular protein [271]. 

Confirmation of CLM in fractions 4 and 5 at the 5/35 % (w/v) sucrose interface was 

achieved by immunoblotting the gradient fractions for caveolin-1 , an integral membrane 

protein marker for caveolae (Figure 3.18, panel B). Furthermore, immunoblotting with 

an antibody against the clathrin heavy chain confirmed the presence o f this clathrin- 

coated pit associated protein in the bottom fractions {panel B). When gradient fractions 

from CHO-SR-BII recombinant cells were probed with SR-BII antiserum, human SR-BII 

was found to be present in the CLM fractions that contained caveolin-1. Immunoblotting 

with the a-CLA-1 antibody verified the presence of human SR-BI in CLM fractions 

isolated from recombinant CHO-SR-BI cells {panel B). Caveolae membrane 

invaginations are a subset of lipid rafts, which are generated by the polymerisation of 

caveolin proteins [287]. The data presented here confirms only the presence of human 

SR-BII within these plasma membrane lipid rafts, and it cannot be concluded that this 

receptor has true caveolar localisation. It was necessary, therefore, to demonstrate co- 

immunoprecipitation o f SR-BII with caveolin proteins in order to confirm the presence 

o f SR-BII within caveolae.

Immunoisolation o f caveolae from CLM was performed using polyclonal a- 

caveolin-1 serum and magnetic Dynabeads covered in anti-rabbit secondary antibody 

(Section 2.3.5). Immunoblotting with a monoclonal a-caveolin-1 antibody verified that 

caveolin-1 had been successfully immunoprecipitated from the CLM fraction (Figure 

3.\^ ,p a n e l C).
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Figure 3.18 Human SR-BII localises to CLM and co-immunoprecipitates with 

caveolin- 1

Confluent monolayers o f recombinant CHO cells expressing either human SR-BI or II 

from one 175-cm^ flask were sonicated in 2 ml o f  buffer containing 500 niM Na2CO3, and the 

homogenates were subsequently fractioned on a 5/35 % (w/v) discontinuous sucrose density 

gradient. Panel A, Fractions ( 1 2 x 1  ml) were collected and assayed fo r  protein concentration 

follow ed by reduced SDS-PAGE and silver staining (4-20 % acrylamide gels; the position o f the 

molecular weight markers is shown on the right). Panel B, Replicate gels were immunoblotted 

with antibodies against caveolin-1, clathrin heavy chain, SR-BII and SR-BI as indicated. Panel 

C, 250 fjl o f  the CLM fraction (fractions 4 & 5) were incubated sequentially with a-caveolin-1 

polyclonal antibody and magnetic beads coated with secondary antibody. Equivalent volumes o f  

the starting CLM fraction, the post-adsorption flow-through (FT), and the adsorbed proteins 

eluted from the beads (Eluate) were analysed by SDS-PAGE and immunoblotting on 

nitrocellulose membranes. The blot was cut into two parts and appropriate sections were probed  

with SR-BII antiserum or a-caveolin-1 monoclonal antibody.
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The immunocomplexes were subsequently immunoblotted with SR-BII antiserum, which 

demonstrated that the majority of this isoform co-immunoprecipitated with caveolin- 1  

(Figure panel C). This finding confirms SR-BII localization to caveolae, a plasma 

membrane microdomain involved in cholesterol homeostasis and signal transduction 

[50,54].

3.2.9 HDL STIMULATION OF CHO-SR-BH CELLS DOES NOT RECRUIT PLC-yl
TO CAVEOLAE

Having successfully co-immunoprecipitated caveolin-1 and SR-BII, I then 

proceeded to determine whether plc-yl is recruited to caveolae upon HDL stimulation, 

and therefore precipitates with caveolin-1 and SR-BII. CLM fractions were isolated 

from resting and HDL-stimulated CHO-SR-BII cells, and subjected to 

immunoprécipitation with polyclonal a-caveolin-1 (Section 2.3.9.2). Western blotting 

with a-SR-BII and a monoclonal a-caveolin-1 antibody confirmed that the receptor had 

successfully co-immunoprecipitated with caveolin-1 (Figure 3.19, panel A). Samples 

were subsequently immunoblotted with a-plc-yl to detect whether plc-yl also co- 

immunoprecipitates with the caveolin-1/SR-BII complex. The a-plc-yl antibody 

successfully bound to the two positive controls: the GST-tagged plc-yl SH3 domain and 

the full-length hamster plc-yl from CHO-SR-BII cell lysates (Figure 3.19, panel B). 

This result verified that the human antibody was able to detect hamster plc-yl and would 

therefore be able to recognise any precipitated plc-yl from CHO-SR-BII cells. Short 

exposure autoradiographs failed to detect any interactions between caveolar SR-BII and 

hamster plc-yl (data not shown). However, after exposing the film to the blot for longer, 

faint bands of the correct molecular weight for plc-yl were observed in both lanes 

representing resting and HDL-stimulated cells (Figure 3.19, panel B). Following HDL 

stimulation of the recombinant cells, no upregulation o f plc-yl precipitation with 

caveolin- 1  was detected, indicating that plc-yl is not recruited to caveolae in response to 

HDL. It therefore seems unlikely that plc-yl is stimulated to interact with SR-BII once 

the receptor is activated. This experiment provides evidence that human SR-BII does not 

interact with full-length hamster plc-yl in response to HDL activation.

Finally, the samples were also analysed by silver staining to identify any other 

cellular proteins that might co-immunoprecipitate with caveolar SR-BII in response to
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HDL stimulation (Figure 3.19, panel C). The stained gel revealed an identical pattern of 

bands at a similar intensity in both resting and stimulated cells, and no specific band was 

detected in the +HDL lane, that was not present in the -HDL lane. It therefore appears 

that no specific protein precipitates with SR-BII and caveolin-1 as a result o f HDL 

activation.
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Figure 3.19 Co-immunoprecipitation of signalling molecules with caveolin-1 

following stimulation of CHO-SR-BH cells with HDL

The CLM fraction was isolated from HDL-stimulated and resting CHO-SR-BII 

monolayers (Section 2.3.9.2) and subjected to immunoprécipitation with the a-caveolin-l 

polyclonal antibody as described for Figure 3.18. Proteins eluted from the beads were analysed 

by 4-20 % SDS-PAGE and the following methods: immunoblotting with SR-BII antiserum, and 

a-caveolin-I monoclonal antibody (Panel A); immunoblotting with a-plc-yl (Panel B); and 

silver staining (Panel C).
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3.3 Discussion

3.3.1 CYTOPLASMIC SR-BII HAS THE POTENTIAL TO INTERACT WITH

SIGNALLING MOLECULES
Following the identification o f many putative signalling motifs within the C- 

terminal cytoplasmic tail o f SR-BII (Figure 1.11), my initial aim in this study was to 

determine the signalling potential o f SR-BII. Despite very few reports regarding the 

characteristics of the type II splice variant, we have a great deal o f information regarding 

its extracellular binding interactions, since this region is identical to that of its well- 

characterised isoform, SR-BI [232]; SR-BII therefore binds HDL via its major 

apolipoprotein, apoA-I [201]. However, in contrast to SR-BI, its physiological 

significance as an HDL receptor has been questioned [191]. In this chapter, I 

investigated whether cytoplasmic SR-BII binds cellular signalling molecules in response 

to HDL stimulation, in order to establish whether this isoform might function as the 

unidentified HDL receptor involved in signal transduction and the activation of cellular 

cholesterol mobilisation [47].

‘Pull-down’ assays were employed to screen SH3 domains from a variety of 

modular signalling proteins for cytoplasmic SR-BII protein-protein interactions. 

Preliminary results revealed a binding interaction between the SH3 domain o f plc-yl and 

cytoplasmic SR-BII. Initially, I considered plc-yl to be an attractive candidate for SR- 

BII signalling as it associates with caveolae, plasma membrane microdomains involved 

in signal transduction [54], and mediates the activation o f PKC, via phospholipid 

hydrolysis and DAG production. Indeed, HDL binding to the cell surface o f cholesterol- 

loaded fibroblasts is known to promote PKC activation [47]. However, signalling 

pathways involving plc-yl are reported to be transduced in response to interactions 

between the SH2 domains of plc-yl and autophosphorylation sites on activated receptor 

tyrosine kinases [241]. In contrast, SH3 domains mediate association with proline-rich 

sequences in partner proteins and, for many years, proteins that interact with this domain 

in plc-yl had not been convincingly identified in vivo. Last year, Yablonski et al. [288] 

identified the SLP-76 adaptor protein as a physiological ligand for the SH3 domain of 

plc-yl. This adaptor is believed to play a vital role in T-cell receptor signalling by 

promoting the phosphorylation and activation o f plc-yl. Indeed, association of the 

proline-rich region of SLP-76 with the SH3 domain o f plc-yl, within a complex of
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adaptor proteins, results in the optimal activation of plc-yl. It therefore appears as 

though the SH3 domain in plc-yl might promote signal transduction by recruiting 

adaptor proteins to signalling complexes, which serve to stabilise the complex and 

optimise the enzyme’s activation.

The discovery o f an interaction between cytoplasmic SR-BII and the SH3 domain 

o f plc-yl highlighted the potential of cytoplasmic SR-BII to bind signalling molecules 

and promoted its role in signal transduction. However, this interaction had occurred 

when two pure peptides were present in solution; therefore this finding was not 

indicative that a selective cellular binding interaction occurs. Binding assays were 

repeated in the presence o f many other proteins to ascertain whether the interaction 

occurs under more physiological conditions. The results were disappointing, since the 

protein-protein interaction between cytoplasmic SR-BII and the plc-yl SH3 domain only 

appeared to take place when the two purified peptides were present in solution. After the 

addition o f other proteins to the assay, including BSA, FBS and cell lysates, the 

interaction between the SH3 domain o f plc-yl and cytoplasmic SR-BII was not detected. 

Despite using larger quantities of cytoplasmic SR-BII to generate an affinity matrix, as 

described in ‘pull-down’ assays by Finan et al. [284], the matrix was unable to ‘pull

down’ full-length plc-yl from a cell lysate. Therefore, although I demonstrated an 

interaction between cytoplasmic SR-BII and the SH3 domain o f plc-yl in an artificial 

environment, it appeared unlikely that this signalling domain in plc-yl is the 

physiological ligand for cytoplasmic SR-BII.

The subsequent set of experiments served to establish whether the SH3 domain of 

plc-yl binds cytoplasmic SR-BII under the following conditions: firstly, within a cellular 

environment (using the yeast two-hybrid system); and secondly, when the cytoplasmic 

tail is activated as part of the whole receptor (using HDL-stimulated recombinant CHO 

cells over-expressing SR-BII).

Firstly, the yeast two-hybrid system was chosen to investigate binding 

interactions between the SR-BII cytoplasmic tail and the SH3 domain o f plc-yl within a 

cell. Transformation of the yeast with the two fusion protein expression vectors 

appeared to have been successful as the yeast expressed the plasmid nutritional markers 

and were therefore able to grow on selection plates. However, this system failed to shed
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light on the binding interaction between cytoplasmic SR-BII and plc-yl SH3 domain, as 

the two peptides o f interest were not expressed at high enough levels for detection by 

Western blotting. The fusion proteins may not have been detected for one o f the 

following reasons: inefficient transcription of the expression plasmid due to a weak 

promoter, or rapid degradation of the fusion proteins and their transcripts. It is more 

likely that inefficient transcription was responsible for the lack o f GAL4-AD/plc-y 1 

(SH3 domain) production, since pGADlO contains a truncated 410 bp AD H l promoter. 

This truncated promoter was once thought to be the only portion necessary for high-level 

expression [289]. However, in most vector constructs, this promoter has been found to 

result in very low levels o f fusion protein expression [290]. The high-level of expression 

reported by Beier and Young [289] appears to be caused by a small segment o f DNA 

derived from pBR322, which was later found to act as a transcriptional enhancer in yeast 

[291]. No details are available as to whether the pYTH9 vector contains the truncated 

AD H l promoter, but this could also explain why the GAL4-DBD/cytoplasmic SR-BII 

fusion protein was not detected. Therefore, despite successfully showing a binding 

interaction between the two positive control peptides, I was unable to use this cellular 

system to confirm a cellular binding interaction between cytoplasmic SR-BII and the 

SH3 domain of plc-yl.

Secondly, recombinant CHO cells over-expressing SR-BII (CHO-SR-BII) were 

generated in order to study the whole SR-BII protein and not just its cytoplasmic tail in 

isolation (Section 4.2.2). Moreover, the recombinant cells were used to investigate 

whether plc-yl co-immunoprecipitates with SR-BII upon HDL stimulation. Firstly, 

HDL-stimulated CHO-SR-BII cell lysates were incubated with GST-tagged plc-yl SH2 

and SH3 domains, but no fusion proteins were found to co-immunoprecipitate with the 

activated receptor. Secondly, co-immunoprecipitation o f native full-length plc-yl with 

SR-BII was investigated; caveolar SR-BII was successfully immunoisolated with 

caveolin-1 from HDL-stimulated CHO-SR-BII cells using a-caveolin-1, but Western 

blotting revealed that upon HDL stimulation there was no increase in plc-yl precipitation 

with the caveolin-1/SR-BII complex. It therefore appears unlikely that plc-yl binds to 

the cytoplasmic tail o f SR-BII in response to HDL activation o f the receptor.

My evidence was accumulating against a cellular binding interaction between 

cytoplasmic SR-BII and plc-yl, therefore the search was widened to identify the true
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cellular ligand for cytoplasmic SR-BII: silver stained gels were analysed following cell 

lysate ‘pull-down’ assays and co-immunoprecipitation o f HDL-stimulated SR-BII with 

caveolin-1. This sensitive technique for detecting only nano grams of protein failed, 

however, to identify any specific proteins interacting with cytoplasmic SR-BII.

Furthermore, immunoblotting for any potential signalling proteins containing

phosphorylated tyrosine residues also failed to highlight any phosphorylated cellular 

proteins interacting with cytoplasmic SR-BII. Unfortunately, I was unable to make the 

same conclusions for cellular proteins containing phosphorylated serine and threonine 

residues, as the a-pS and a-pT antibodies failed to detect their antigens in the 

immunoblotting positive control.

Finally, I looked at cytoplasmic tail phosphorylation in response to receptor 

activation by HDL stimulation. I monitored the state o f tyrosine phosphorylation of the 

potential SH2 binding site within the cytoplasmic tail o f SR-BII following HDL 

stimulation. SR-BII was successfully immunoprecipitated from stimulated CHO-SR-BII 

cell lysates and then immunoblotted with anti-phosphotyrosine antibodies, but I 

repeatedly failed to demonstrate tyrosine phosphorylation in activated SR-BII. These 

data suggest that SR-BII does not transduce signals via SH2 domain interactions.

Nevertheless, this conclusion is not unequivocal since proteins containing

phosphorylated tyrosine residues were not included in the immunoblotting experiment as 

a positive control.

In summary, I have identified many potential proline-rich signalling motifs in 

cytoplasmic SR-BII and have demonstrated their potential to interact with an SH3 

domain from a modular signalling molecule when studied in isolation. Unfortunately, 

under more physiological conditions, I was unable to confirm this interaction, or identify 

another signalling domain/molecule that binds to the C-terminal cytoplasmic tail of SR- 

BII, even when the receptor is activated by HDL.

3.3.2 CAVEOLAR LOCALISATION OF SR-BH SUGGESTS A ROLE IN BOTH
SIGNALLING AND CHOLESTEROL HOMEOSTASIS
Caveolae were isolated from recombinant CHO cells expressing human SR-BH 

using sucrose density gradient ultracentrifugation. Co-immunoprecipitation o f SR-BH 

with caveolin-1 , an integral membrane protein marker for caveolae, revealed the 

presence o f the majority o f the human receptor in caveolar plasma membrane
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microdomains. These data are the first confirmation that human SR-BII localises to the 

same plasma membrane microdomain as its splice variant, SR-BI [176], and is also 

consistent with a study on mSR-BII [233]. It therefore appears that the targeting signal 

for caveolar localisation resides in the homologous region present in both isoforms, and 

not in their distinct C-terminal cytoplasmic tails. Indeed, fatty acylation o f SR-BI and II 

is thought to target these isoforms to caveolar microdomains o f the plasma membrane 

[182-184], most probably by the palmitoylation o f Cys"̂ ^̂ , which is common to both 

isoforms [233].

Caveolae are thought to have two principal functions: firstly, to concentrate 

signalling proteins and promote signal transduction from transmembrane receptors via 

second messengers [54]; and secondly, to act as a conduit for cellular cholesterol flux 

[50]. Caveolar SR-BI is known to promote both HDL CE selective lipid uptake 

[176,190] and HDL-mediated cholesterol efflux [116], as well as signal transduction. 

SR-BI was recently discovered to activate the caveolar protein eNOS, in response to 

HDL binding its extracellular domain [192]. Furthermore, the cytoplasmic tail o f SR-BI 

has been found to interact with a PDZ domain-containing protein, named PDZKl [219]. 

Therefore, my detection of SR-BII in caveolae not only highlights the potential 

involvement o f this isoform in signal transduction, but also promotes a role for SR-BH in 

mediating cholesterol flux between cells and lipoproteins. The roles o f SR-BH in 

mobilising stored cholesterol and promoting cellular cholesterol efflux are investigated 

in Chapter 4.
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4. SR-BII AND CELLULAR CHOLESTEROL 

HOMEOSTASIS

4.1 Introduction

As outlined in Chapter 1 (Section 1.6.3.1), SR-BI was the first physiological 

HDL receptor to be identified [103]. It is highly expressed in the liver and steroidogenic 

tissues where it functions to bind mature HDL particles, and selectively remove CE from 

the lipoprotein core [162,164]. In addition to mediating HDL lipid uptake, SR-BI 

expression also correlates with HDL-mediated cellular cholesterol efflux from cultured 

cells [116]. Since low levels o f SR-BI are found in many tissues and cell types, 

including macrophages [191], this receptor is thought to contribute to cellular cholesterol 

homeostasis by promoting FC efflux. Despite finding significant proportions of mRNA 

transcripts encoding the type II splice variant of SR-BI (SR-BII) in mouse tissues [233], 

there has been little characterisation of SR-BII expression in human tissues. In the 

human monocytic (THP-1) and hepatoblastoma (HepG2) cell lines, SR-BII represents 31 

% and 21 % of total SR-BI/II mRNA, respectively [232], but SR-BII protein has not 

been detected in THP-1 cells or untreated HepG2 cells, and its physiological significance 

has been questioned [191,234]. Studies with CHO cells transfected with murine SR-BII 

revealed that this isoform shares many properties with SR-BI; SR-BII binds HDL with 

high-affinity, and mediates both selective lipid uptake from HDL and HDL-dependent 

cellular cholesterol efflux, albeit to a lesser extent than SR-BI [233]. The role of human 

SR-BII in cellular cholesterol homeostasis, however, has not yet been determined.

This chapter investigates the role of human SR-BII in cellular cholesterol 

homeostasis. Once excess cellular FC has been esterified and deposited as cytosolic 

lipid droplets, it cannot leave the cell directly but must first undergo hydrolysis to FC 

before cellular efflux can occur. The mobilisation o f stored cholesterol is promoted by 

HDL binding to an unidentified cell surface receptor, activation o f signalling pathways 

and FC translocation to the plasma membrane [36,44-47]. Having revealed that human 

SR-BII localises to membrane caveolae and explored its potential to bind signalling 

molecules (Chapter 3), I investigated whether SR-BII functions as the unidentified HDL 

receptor that promotes CE mobilisation and hence regression of atherosclerotic plaques, 

containing lipid-laden macrophages. Initially, I generated recombinant CHO cells over

expressing full-length human SR-BI or II, and aimed to select recombinant clones with

161



similar levels of cell surface receptor expression. I then compared the abilities o f each 

isoform to mediate HDL-stimulated FC efflux. Prior to investigating whether human 

SR-BII functions to promote the mobilisation o f stored CE, I confirmed SR-BH protein 

expression in THP-1 monocyte/macrophages, and subsequently monitored whether 

macrophage SR-BII expression is upregulated upon cholesterol loading. Finally, the 

recombinant cells were used to investigate whether SR-BII mediates labelled cholesteryl 

oleate hydrolysis in response to HDL stimulation.

4.2 Results

4.2.1 GENERATION OF EXPRESSION VECTORS ENCODING SR-BI AND II

The first step in generating recombinant cells over-expressing SR-BI/II was to 

clone the full-length SR-BI and II sequences into a mammalian expression vector. The 

strategy used for obtaining both sequences was firstly to isolate the type I sequence, and 

secondly to swap the cytoplasmic tails and thereby generate the type II sequence (Section 

2 2 ^ .

4.2.1.1 Full-length SR-BI expression vectors

Due to the high GC content (~75 %) of the first 200 bp o f the SR-BI/II sequence, 

the sequence was PCR-amplified from a THP-1 cDNA template using the ‘Advantage- 

GC cDNA PCR’ kit (Section 2.2.3.2), and the primers listed in Table 2.1. Firstly, it was 

necessary to optimise the PCR primer annealing temperature: identical PCR reactions 

containing 0.5 M ‘GC-melt’ were subjected to PCR amplification using a range of 

primer annealing temperatures (56-66 °C). Following the separation o f PCR products 

using agarose gel electrophoresis, the predicted amplification product o f -1650 bp was 

observed in the sample with an annealing temperature o f 62 °C (Figure 4.1, panel A). 

Secondly, it was necessary to optimise the concentration o f ‘GC-melt’ added to the 

reaction samples. The PCR amplification reaction was repeated using the optimised 

primer annealing temperature o f 62 °C and a range o f ‘GC-melt’ concentrations (0, 0.5, 

1.0 and 1.5 M). As shown in panel B o f Figure 4.1, the largest quantity o f amplification 

product was obtained using a ‘GC-melt’ concentration o f 0.5 M. Little product was 

observed when ‘GC-melt’ was absent, and when its concentration increased to 1.0 M, no 

amplification product was detected at all. These findings highlight the sensitivity of this 

particular PCR amplification.
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The correctly sized PCR product was extracted from the agarose gel, ligated into 

the pGEM-T vector and transformed into competent bacteria (Sections 2.2.9.4 and 

2.2.9.5). The transformed bacteria were grown overnight on selection plates containing 

IPTG and X-Gal, in addition to ampicillin (indicator plates). Following an overnight 

incubation, any blue colonies were ignored and white colonies were picked for analyses; 

the white colour was due to interruption o f the p-galactosidase sequence, by successful 

ligation o f the SR-BI sequence into the pGEM-T MGS. Plasmids were subsequently 

extracted from five bacterial clones and analysed by restriction endonuclease digestion 

with Sac\i and Sail (Sections 2.2.9.6 and 2.2.8). These restriction sites are situated in the 

MGS of pGEM-T, either side of the SR-BI sequence insertion site. Digestion reaction 

samples were separated on an agarose gel (Section 2.2.5) and the correctly sized 

digestion product o f -1600 bp was detected in clones 1, 3, 4, and 5 (Figure 4.1, panel C). 

Sequencing data from each of these four clones not only revealed the orientation o f the 

SR-BI sequence within the vector, but a large number o f mutations throughout the 

sequences. It was not possible, therefore, to use any o f these sequences to generate a 

mammalian SR-BI expression vector. However, one o f the plasmids was subsequently 

manipulated in order to isolate the correct SR-BI cytoplasmic tail sequence, which did 

not contain any mutations (Section 3.2.2.3).

The full-length SR-BI sequence was kindly given to me in a pT7T3D vector by 

Dr. G. Sharp (GlaxoSmithKline, UK). The E'coRI and Notl restriction sites were chosen 

as suitable sites to transfer the SR-BI fragment into the pGDNA3 mammalian expression 

vector (Figure 2.6). However, due to the presence of an additional EcoRl site within the 

SR-BI sequence, it was necessary to digest the SR-BI sequence from the pT7T3D vector 

in 2 fragments. The two endonuclease digestion reactions involved NotVXhoi and 

X h o V E co ^  pairs o f enzymes, with the predicted digestion products o f -2.1 kb & -450 

bp and -420 bp & -640 bp, respectively. The digestion products were separated on an 

agarose gel and all the predicted fragments were observed (Figure 4.2, panel A). The 

bands o f -2.1 kb and -420 bp were then purified from the gel and inserted into the 

pGDNA3 vector in a 3-way ligation using a vector DNA:insert DNA molar ratio o f 1:3 

(Sections 2.2.6 and 2.2.9.4). Following transformation o f competent bacteria, plasmids 

were purified from nine bacterial clones and analysed for correct SR-BI sequence 

insertion. Analysis was performed using Xbal and HindBl restriction enzymes, which 

have cleavage sites within the MGS of pGDNA3. The digestion products were

163



subsequently separated on an agarose gel to reveal that clones 3, 4, 7 and 8  contained the 

full-length SR-BI sequence (Figure 4,2, panel B), Finally, another restriction digest with 

EcoBl was performed to confirm that the 3-way ligation had indeed been successful in 

these four clones: the predicted digestion product o f -1050 bp was observed in each 

sample (Figure 4.2, panel C). The pCDNA3 vector containing full-length SR-BI 

(pCDNA3-I) was not sequenced, as the inserted fragment had already been checked for 

mutations in the pT7T3D vector.

4.2.1.2 Full-length SR-BII expression vectors

The generation of pCDNA3 containing full-length SR-BII was relatively simple 

as it only involved exchanging the type I cytoplasmic tail for the type II tail. The AccIQ, 

restriction site is a unique site that cuts in the cytoplasmic tail region common to both 

isoforms. The type I tail and 3’ UTR was therefore easily removed from pCDNA3-I 

using Acclll and an enzyme that cuts downstream in the pCDNA3 MCS {NotT). 

Following separation of the -1100 bp digestion product from the cut vector using 

agarose gel electrophoresis, the cut vector was purified from the gel (Figure 4.3, panel 

A). Likewise, the pGEX-II vector {Section 2.2.9 and Table 2.3) was subjected to exactly 

the same digestion to remove the type II tail. The SR-BII cytoplasmic tail sequence was 

separated from the cut vector using agarose gel electrophoresis and then purified from 

the gel (Figure 4.2,panel E). This sequence was ligated into the cut pCDNA3 vector and 

transformed into competent cells. Subsequently, plasmids were isolated from six 

bacterial clones and analysed by Xhol restriction endonuclease digestion. Xhol was 

chosen to determine which isoform was present, as it cuts within the SR-BI/II sequence 

and the 3’ MCS: the presence o f SR-BII would therefore result in a digestion product of 

-1 .2  kb, whereas SR-BI would give a product o f over 2 kb as it contains the 3’ UTR. 

Panel C o f Figure 4.3 revealed that the tail transfer had been successful, since digestion 

products o f - 1 . 2  kb were observed in all six clones.

pCDNA3 expression vectors containing full-length SR-BI or II sequences 

(pCDNA3-I and pCDNA3-II) were isolated from large-scale bacterial cultures using the 

‘EndoFree Plasmid Maxi’ kit (Section 2.2.9.6). This procedure extracted 500 pg o f 

endotoxin-free plasmid DNA, which was then used to transfect eukaryotic CHO-Kl 

cells.
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1 kb gradient
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uncut vector  
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.1 ,6 5 0  bp 
product

Figure 4.1 Cloning the full-length SR-BI sequence into the pGEM-T vector
Panel A, Amplification o f the full-length SR-BI sequence was performed by gradient 

PCR using a prim er annealing temperature range o f  56-66  °C (Table 2.1 and Section 2.2.3.2). 

Panel B, The PCR reaction was repeated using a range o f  ‘GC-m elt’ concentrations and a 

prim er annealing temperature o f 62 XI. Panel C, Following ligation o f  the amplified SR-BI 

sequence into pGEM -T and transformation o f competent bacteria, five  clones were picked fo r  

analysis. Plasmids were isolated from each o f the clones and subjected to restriction 

endonuclease digestion with SacII and Sail, fo r  1 h, using the conditions described in Section 

2.2.8. In each case, the PCR amplification products and the digestion products were separated 

using 1.0 % agarose gels.
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Figure 4.2 Successful transfer of the full-length SR-BI sequence into the 

pCDNA3 expression vector

The full-length SR-BI sequence was removed from pT7T3D in two fragments, generated 

from endonuclease digestion (Section 2.2.8) with the following pairs o f enzymes: Notl/Xliol and 

XhoI/EcoRI (Panel A), Following ligation o f these two fragments into pCDNAS and 

transformation o f competent bacteria, nine bacterial clones were analysed (Sections 2.2.9.4 and 

2.2.9.5). Plasmids were extracted from each clone and subjected to restriction endonuclease 

digestion with H indlll and X bal (Panel B), follow ed by digestion o f clones 3, 4, 7 and 8 with 

EcoRI (Panel C). In each case, the digestion products were separated using I.O % agarose gels.
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Figure 4.3 Cloning the full-length SR-BII sequence into the pCDNA3 expression 

vector

Panel A, The cytoplasmic tail sequence and 3 ’ UTR o f SR-BI was digested from  

pCDNA3-I using N otl and AccIII restriction endonucleases and the conditions described in 

Section 2.2.8. Digestion products were separated using a 1.0 % agarose gel. Panel B, 

Cytoplasmic SR-BII was removed from the pGEX-II vector using the same enzymes and 

conditions as described fo r  panel A. In this case a 1.5 % agarose gel was used. Panel C, 

Following ligation o f  the cytoplasmic SR-BII sequence into the cut pCDNA3-I vector (Section 

2.2.9.4), competent bacteria were transformed (Section 2.2.9.5), and six clones were analysed. 

Extracted plasmids were subjected to endonuclease digestion with X hol and digestion products 

were separated using a 1.0 % agarose gel.

4.2.2 SUCCESSFUL TRANSFECTIONS OF CHO-Kl CELLS W ITH SR-BI 

AND II

4.2.2.1 Selection o f transfected cells

The pCDNA3 plasmid carries the neomycin-selectable marker, which allows its 

host cell to survive in the presence o f geneticin G418 sulphate. Before commencing 

CHO-Kl transfections with pCDNAS expression plasmids, it was necessary to perform a
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dose-response experiment in order to establish the correct dose o f geneticin that would 

cause untransfected cells to die, yet would leave the transfected cells growing. CHO-Kl 

cells were seeded into 6 -well plates and incubated in media containing 0 - 1 0 0 0  pg/ml 

geneticin. After 4 days, the percentage of cells alive was estimated and the results are 

shown in Figure 4.4. Very few cells survived exposure to geneticin at a concentration of 

600 pg/ml, and at 800 pg/ml, all the cells had died. I therefore decided to use geneticin 

at a concentration of 600 pg/ml for the selection process, which was similar to the 

concentration described in relevant publications (500 pg/ml) [233].

«  60 
(A

8  40

0 200 400 600 800 1000

G enetic in  c o n c e n tra tio n  (m icrogram /m l)

Figure 4.4 Geneticin 0418 sulphate dose-response curve

CHO-Kl cells were transfected with pCDNA3-I and pCDNA3-II expression 

vectors according to the method described in Section 2.4.3.1. As a positive control 

reaction for the transfection protocol, CHO-Kl cells were also transfected with a 

pCDNA3 plasmid encoding the green fluorescent protein (pCDNA3-GFP). Twenty-four 

hours following transfection, the cells were observed, using phase-contrast microscopy 

and fluorescence microscopy with excitation light of wavelength 465-495 nm (Figure 

4.5, panels A and B, respectively). Roughly 5 % o f the cells fluoresced green, indicating 

that the transfection had been successful. Having confirmed this, the selection o f cells 

transfected with pCDNA3-I/II commenced with the addition of 600 pg/ml geneticin to 

the culture media. After 7 days, all the untransfected CHO-Kl control cells had died, yet 

~5 % o f the transfected cells were growing and dividing in the selection media, 

indicating that the selection process was complete. The surviving cells were expanded 

and maintained under selection pressure and are described as the ‘mixed population’ of 

cells.
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Figure 4.5 Successful transfection of CHO-Kl cells with pCDNA3-GFP

CHO-Kl cells were transfected with the pCDNA3-GFP expression plasmid using, 

‘Superfect Transfection Reagent' as described in Section 2.4.3.1. The cells were observed 24 h 

post-transfection using phase-contrast microscopy (Panel A), and fluorescence microscopy, with 

incident blue light o f  wavelength 465-495 nm (Panel B), both with 20X magnification.

4.2.2.2 Confirmation of receptor expression in the transfected cells

Having selected cells containing pCDNA3 plasmids, it was necessary to confirm 

that these recombinant cells were producing SR-Bl/11 protein. Initially, CHO-Kl cells 

expressing SR-Bll (CHO-SR-Bll) were analysed: CHO-SR-Bll and control CHO-Kl 

cells were lysed (Section 2.4.4) and equal quantities of cellular protein were separated by 

SDS-PAGE and immunoblotted with SR-BII antiserum (Sections 2.3.2 and 2.3.3). As 

shown in panel A of Figure 4.6, a strong band was observed at -80  kDa that was absent 

from the control cells, indicating that the recombinant cells were generating the full- 

length type II isoform. This experiment was then repeated using CHO-Kl cells 

expressing SR-BI (CHO-SR-BI) with the a-CLA-1 antibody against the extracellular 

domain of SR-BI/II, and exactly the same results were obtained (Figure 4.6, panel A). In 

order to verify that this was indeed the type 1 iso form, and that neither the cells nor 

plasmids had been mixed up during the transfection, the blot was stripped of its 

antibodies and re-probed with a-SR-BIl (Section 2.3.3.3). No band at 80 kDa was 

observed in this case, which allowed me to conclude that CHO-SR-BI cells were 

generating the full-length type 1 isoform (data not shown).
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Since the a-CLA-1 antibody binds to SR-BI/II in the extracellular region 

common to both isoforms, this antibody was subsequently used to compare protein levels 

o f both isoforms within the mixed population of recombinant cells. Equal quantities of 

cellular protein from recombinant lysates were subjected to Western blotting with a - 

CLA-1 (Sections 2.3.2 and 2.3.3). The autoradiograph revealed that SR-BII was being 

expressed to a much greater extent than SR-BI in the recombinant cells (Figure 4.6, 

panel B). This difference would certainly interfere with subsequent experiments 

comparing the role o f each isoform in cholesterol homeostasis. It was therefore 

necessary to clone the recombinant cells and attempt to match CHO-SR-BI and II clones 

for similar receptor expression levels (Sections 4.2.2.3 and 4.2.3).

This experiment also highlighted the fact that the SR-BI/II “band” at ~80 kDa 

was not a single band but comprised either a doublet or a triplet. Previous studies using 

CHO cells over-expressing mSR-BI had found the apparent mass o f this receptor to be 

~82 kDa, yet the predicted mass from its primary amino acid sequence is only -5 7  kDa 

[103,176]. Babitt et al. [176] subsequently studied the post-translational modification of 

mSR-BI, and confirmed that this isoform is indeed extensively A-glycosylated in its 

extracellular region. This finding accounts for the difference in predicted and apparent 

molecular weights o f mSR-BI. Since this region is common to both isoforms, we can 

assume that mSR-BII is also modified in this way. It therefore appeared likely that the 

lower molecular weight bands observed in the CHO-SR-BI/II whole cell lysates 

represented immature forms o f the receptor. In order to confirm that this was the case, 

cell surface proteins were biotinylated and isolated from recombinant cell lysates by 

precipitation with streptavidin beads (Section 2.4.5.1). These membrane proteins, as 

well as whole cell lysates, were subsequently separated by SDS-PAGE and 

immunoblotted with a-CLA-1 (Figure 4.6, panel C). The extra receptor bands were 

easily observed in both CHO-SR-BI and II whole cell lysates, yet the lower bands had 

disappeared in the membrane protein fraction. This indicated that the lower bands were 

indeed immature intracellular SR-BI/II proteins and that only the larger, fully modified 

receptors were present at the cell surface.
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Figure 4.6 Confirmation of SR-BI or II expression by recombinant CHO-Kl cells 

Panel A, Untransfected CHO-Kl and recombinant CHO-SR-BI/II cells were lysed 

(Section 2.4.4) and assayed fo r  protein concentration. Twenty jug o f  cellular protein from each 

cell lysate were separated by 8 % SDS-PAGE, follow ed by immunoblotting with a-SR-BII and a- 

CLA-1. Panel B, Thirty pg  o f cellular protein from CHO-SR-BI (I) and CHO-SR-BII (II) cell 

lysates were separated by 8 % SDS-PAGE in quadruplicate and probed with a-CLA-I. Panel C, 

Cell surface proteins were isolated from recombinant CHO-SR-BI/II cells, following cell surface 

biotinylation and streptavidin bead precipitation (Section 2.4.5.1). The beads were boiled under 

reducing conditions and the eluted membrane proteins were subjected to 8 % SDS-PAGE and 

immunoblotting with a-CLA-I. Whole cell lysates were also separated on the same gel, as 

described fo r  panel B.
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4.2.2.3 Isolation of CHO-SR-BI and II clones

The aim of this cloning procedure was to generate CHO-SR-BII clones with high, 

medium and low levels of SR-BII expression, to enable this receptor to be linked to a 

particular function in future cholesterol efflux and mobilisation studies. Furthermore, in 

order to compare the roles o f SR-BI and II in cholesterol homeostasis, I wanted to match 

one o f the CHO-SR-BII clones with a CHO-SR-BI clone expressing similar levels of cell 

surface receptor. Individual CHO-SR-BI/II cells were isolated for cloning by serial 

dilution, as described in Section 2.4.3.2. Following 4/5 cell divisions o f marked cells, 24 

clones o f each recombinant cell type were picked and expanded under selection pressure. 

Subsequently, equal amounts o f cellular protein from ten o f the fastest growing CHO- 

SR-BI/II clones were analysed by Western blotting with a-CLA-1 and a-SR-BII to 

detect type I and II receptor expression, respectively (Figure 4.7, panels A and B). The 

results o f the initial screen revealed one high- and one low-expressing CHO-SR-BI 

clone, and a few CHO-SR-BII clones with varying levels o f receptor expression. 

However, at this stage it was not possible to directly compare SR-BI and II expression 

levels in the recombinant clones, since different antibodies had been used for receptor 

detection. When the experiment was repeated using the same antibody (a-CLA-1) for 

SR-BI/II detection, and equal amounts of cellular protein, the type II receptor was found 

to be expressed at much higher levels in the high CHO-SR-BII clone than the type I 

receptor in the high CHO-SR-BI clone (Figure 4.7, panel C). Indeed, it appeared that the 

high CHO-SR-BI clone most closely matched the lowest CHO-SR-BII clone for levels of 

receptor expression.

Following analysis, three clones were chosen to undergo a further round of sub

cloning to ensure that pure clones were isolated: CHO-SR-BI (clone 10), and high- and 

low-expressing CHO-SR-BII (clones 1 and 21, respectively). Ten sub-clones of each 

recombinant cell type were expanded and equal quantities o f cell lysate protein were 

analysed again by Western blotting with a-CLA-1 and a-SR-BII antibodies (Figure 4.8, 

panels A -Q . Within each cell type, not all the sub-clones were found to express 

identical levels o f SR-BI/II, indicating that pure clones had not been isolated in the first 

cloning step. From these Western blots, IS and 2 IF sub-clones were chosen as high- and 

low-expressing CHO-SR-BII clones, respectively. I also chose IJ sub-clone as a 

‘medium’ CHO-SR-BII clone. Finally, it was necessary to identify CHO-SR-BI and 

CHO-SR-BII clones with similar receptor expression levels. This was achieved by 

subjecting equal quantities of cellular protein from many different sub-clones to Western
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blot analysis with the a-CLA-1 common antibody (Figure 4.8, p a n e l D ). CHO-SR-BI 

clone lOB and CHO-SR-BII clone 21F were subsequently matched for similar levels of 

receptor protein expression.

A

a-CLA-1

Recom binant CHO-SR-BI c lo n e s  

2 9 10 12 15 16 17 19 23 28 32

B
Recom binant CHO-SR-BII c lo n es  

1 3 5 6 7 9 15 19 21 23

a-SR-BII

a-CLA-1

SR-BII SR-BI

1 3 6 19 21 23 2 10

#  n m m #

Figure 4.7 Identification of recombinant clones expressing SR-BI/II protein

Ten confluent CHO-SR-BI and CHO-SR-BII clones were lysed (Section 2.4.4) and 50 pg  

o f cellular protein from each clone were separated by 8 % SDS-PAGE and immunoblotted with 

a-CLA-1 (Panel A) and a-SR-BII (Panel B). Equal quantities o f  cellular protein (50 pg) from  

six CHO-SR-BII and two CHO-SR-BI clones were subsequently separated on the same 8 % gel 

using SDS-PAGE. The proteins were transferred to nitrocellulose and probed with a-CLA-1 to 

compare levels o f  receptor expression (Panel C).
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Figure 4.8 Identification of recombinant CHO sub-clones expressing SR-BI/II 

protein
Panels A-C, Ten sub-clones o f CHO-SR-BI clone 10 and CHO-SR-BII clones 1 and 21 

were expanded and lysed. 20 pg  o f  cellular protein from each cell lysate were separated by 8 % 

SDS-PAGE and immunoblotted with a-CLA-1 or a-SR-BII, fo r  SR-BI and SR-BII expression, 

respectively. Panel D, 20 pg  o f cellular protein from a mixture o f CHO-SR-BI and II sub-clones 

were subsequently separated on the same 8 % gel by SDS-PAGE and immunoblotted with a- 

CLA-1 to compare SR-BI/II expression levels. The circled clones were chosen and expanded for  

future cholesterol homeostasis experiments.
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4.2.3 COMPARING LEVELS OF CELL SURFACE SR-BI AND II IN RECOMBINANT
CLONES BY FLOW CYTOMETRY AND DENSITOMETRY

Western blotting analysis o f whole cell lysates was used to match two CHO-SR- 

BI and II clones expressing similar levels o f SR-BI/II protein, designated clones lOB and 

2 IF (Section 4.2.23). However, in order to be able to directly compare the abilities of 

these two clones to mediate cholesterol efflux and mobilisation in response to HDL, it 

was necessary to compare receptor levels at the plasma membrane. This was performed 

using two different methods: firstly, by flow cytometry, and secondly by immunoblotting 

membrane proteins followed by autoradiograph densitometry.

4.2.3.1 Flow cvtometrv

Confluent cultures o f CHO-SR-BI clone lOB, CHO-SR-BII clone 2 IF, and CHO- 

K1 control cells were incubated with the a-RED-1 antibody according to the method 

described in Section 2.4.5.2. This antibody binds to the extracellular domain, common to 

both isoforms, and is suitable for use in immunofluorescent techniques. Any primary 

antibody binding was detected using a secondary antibody conjugated to fluorescein 

isothiocyanate (FITC). The experiment was performed in triplicate for each of the cell 

types, and included the following two controls: pre-immune serum (used instead of 

primary antibody) and omission of the primary antibody (but still using secondary 

antibody). Fixed cells in a single suspension were then analysed by flow cytometry. 

Firstly, the CHO-Kl cell population was gated on forward- and side-scattered laser light, 

to avoid debris and any cell clumps. The log FITC fluorescence, resulting from antibody 

binding to cell surface SR-BI and II, was then measured for 5,000 gated cells from each 

sample. Triplicate analyses for each cell type were made and the average median values 

were subsequently calculated using WinMDI software. Panels A and B o f Figure 4.9 are 

examples of 2-parameter histograms showing CHO-SR-BI and II log FITC fluorescence 

profiles, respectively. The median values from the triplicate analyses are shown in Table 

4.1.
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Figure 4.9 CHO-SR-Bl and II clones have equivalent cell surface receptor 

expression as assessed by flow cytometry

CHO-SR-BI clone lOB, CHO-SR-BII clone 2IF  and CHO-KI control cells were 

incubated with the a-RED-1 prim ary antibody (or pre-immune serum as a negative control), 

follow ed by a FlTC-conjugated secondary antibody, as described in Section 2.4.5.2. FITC 

fluorescence o f  5,000 intact gated cells or ‘even ts’ was detected using flow cytometry and 

fluorescence data was displayed as a 2-parameter histogram (showing a one decade logio FITC 

scale against the number o f events with corresponding fluorescence values). The experiment was 

performed in triplicate but only representative histograms fo r  each cell type are shown. Panels 

A & B, The fluorescence profde fo r  the pre-immune negative control is shaded in red, the CHO- 

K l control cell profde is outlined in black, CHO-SR-BI clone I OB outlined in green, and CHO- 

SR-BI I clone 21F outlined in blue. Panel C, The fluorescence profiles for both recombinant 

clones were overlaid.
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Cell type Treatment
Average median log 

FITC fluorescence 
(arbitrary fluorescence units)

CHO-Kl control a-RED-1 4.28

CHO-SR-BI 

(clone lOB)

a-RED-1 5.17

No 1° 3.65

PI serum 3.52

CHO-SR-BII 

(clone 2IF)

a-RED-1 5.19

No 1° 3.72

PI serum 3.72

Table 4.1 Comparison of SR-BI/II cell surface expression by flow cytometry
CHO-SR-BI clone lOB, CHO-SR-BII clone 21F and CHO-Kl control cells were 

subjected to flow cytometry (as described in Figure 4.9). The experimental controls included 

pre-immune (PI) serum and no primary (1 °) antibody. The experiment was performed in 

triplicate and the average median FITC fluorescence was calculated for each treatment and cell 

type, using WinMDI software.

The experimental controls were performed to determine the level o f non-specific 

binding o f the primary and secondary antibodies. When the fluorescence profiles of the 

control samples and the recombinant CHO-SR-BI/II clones were compared, there was a 

clear right shift in each recombinant CHO-SR-BI/II profile away from the control 

profiles. Moreover, the average median FITC fluorescence values of the control cells 

and treatments were calculated to be significantly lower than the recombinant clones 

(p<0.01). These findings indicated that the log FITC fluorescence detected in the 

recombinant clones was due to receptor expression and not due to non-specific binding 

of the antibodies. The matched clones appeared to be expressing very similar levels of 

SR-BI and II, as the profiles, when overlaid, were almost identical (Figure 4.9, panel Q . 

Furthermore, there was no significant difference between the median FITC fluorescence 

values of CHO-SR-BI and II clones (p=0.59), thereby confirming that these clones were 

equally matched.
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This technique was also used to confirm that low-, medium-, and high-expressing 

CHO-SR-BII clones had been chosen using Western blotting analysis. The average 

values o f median log FITC fluorescence obtained for each clone are listed in Table 4,2. 

Flow cytometry revealed a slight increase in log FITC fluorescence between the low and 

medium CHO-SR-BII clones, and the medium and high CHO-SR-BII clones, confirming 

that low-, medium-, and high-expressing CHO-SR-BII clones had indeed been selected.

Cell type Treatment
Average median log 

FITC fluorescence
(arbitrary fluorescence units)

CHO-Kl control

PI serum 1.38

No 1° 1.50

a-RED-1 3.35

Low CHO-SR-BII 

clone 2IF
a-RED-1 4.46

Medium CHO-SR-BII 

clone I J
a-RED-1 6.43

High CHO-SR-BII 

clone IS
a-RED-1 8.63

Table 4.2 Flow cytometric analysis of SR-BII cell surface expression in low-, 

medium-, and high-expressing CHO-SR-BII clones
CHO-Kl control cells and CHO-SR-BII clones expressing different levels o f SR-BII were 

subjected to flow cytometry (as described in Figure 4.9). The experimental controls included 

pre-immune (PI) serum and no primary (1^ antibody. The experiment was performed in 

triplicate and the average median FITC fluorescence was calculated for each cell type and 

treatment, using WinMDI software.

Surprisingly, the FITC fluorescence values generated from the high CHO-SR-BII 

clone were still within the first decade o f log FITC fluorescence, even though the 

fluorescence detection of the cytometer was at maximum sensitivity; one might usually 

expect positive cytometric data to be within the second and third decade o f log FITC 

fluorescence. The a-RED-1 antibody was titrated for optimal detection but consistent 

low fluorescence values revealed that either the receptors were poorly expressed
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(although this seemed unlikely from previous Western blotting analysis), or more 

probably that the antibody was poor at binding its antigen for this immunofluorescent 

technique. Therefore, the flow cytometric data for the matched CHO-SR-BI and II 

clones was verified using another method for detecting levels o f receptor expressed at the 

cell surface: immunoblotting cell surface proteins followed by densitometric analysis.

4.2.3 . 2  Densitometry

The aim o f this experiment was to isolate plasma membrane proteins from each 

of the ‘matched’ CHO-SR-BI and II clones in triplicate and then compare levels of SR- 

BI and II using Western blotting and densitometric analysis. Briefly, cell surface 

proteins were biotinylated and lysed, and the cell lysates were adjusted to contain equal 

amounts o f cellular protein. The biotinylated membrane proteins were subsequently 

isolated from each cell lysate using streptavidin beads (Section 2.4.5.1). The presence of 

SR-BI or II in the eluted proteins was determined by separating triplicate samples on the 

same 8  % SDS-PAGE gel, followed by immunoblotting with a-CLA-1. The 

nitrocellulose membrane was then exposed to X-ray film for varying lengths of time (5- 

45 s) so that film saturation could be ascertained. The autoradiograph generated from a 

10 s exposure is shown in panel A of Figure 4.10. The triplicate SR-BI and II bands on 

each o f the four autoradiographs were subsequently measured by densitometry. Having 

subtracted the local background from each o f the values, the mean ‘adjusted volume’ for 

each clone was calculated and plotted versus film exposure time (Figure 4.10, panel B).

The densitometry data from all four autoradiographs revealed significantly more 

cell surface expression of SR-BI than SR-BII in the ‘matched’ recombinant clones 

(p<0.01). The graph also showed that saturation o f the film was reached after only 10 s 

exposure with the nitrocellulose membrane. I chose, therefore, to determine the 

difference in receptor expression levels using the data obtained from the 5 s 

autoradiograph. SR-BI cell surface expression was calculated to be 5.8 times that of SR- 

BII in the ‘matched’ recombinant clones. This was a surprising result that differed 

markedly from the flow cytometry data. However, as similar densitometry results were 

obtained on separate occasions, this led me to believe that the 5.8 -fold difference in 

receptor expression between the CHO-SR-BI and II clones was real. I concluded that 

clones lOB and 2 IF were not matched and that I would therefore have to take the 

differences in SR-BI and II levels into account in future comparative experiments 

(Section 4.2.6).
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Figure 4.10 Western blotting reveals higher levels of cell surface SR-BI 

expression than SR-BII in the ‘matched’ recombinant clones

Biotinylated membrane proteins were isolated from CHO-SR-BI and II ‘matched’ clones 

in triplicate using streptavidin beads (Section 2.4.5.1). Eluted proteins were separated by 8 % 

SDS-PAGE, immunoblotted with a-CLA-I, and the nitrocellulose membrane was subsequently 

exposed to the X-ray fdm  fo r  5-45 s (Panel A; 10 s exposure). The SR-BI/II triplicate bands were 

analysed by densitometry. Having subtracted the local background from each o f  the values, the 

mean ‘adjusted volume’ ±  S. E.M. fo r  each clone was calculated and plotted versus fdm  exposure 

time (Panel B).

4.2.4 LIPOPROTEIN PREPARATION

High- and low-density lipoprotein (HDL and LDL) particles were isolated from 

fresh human plasma using sequential ultracentrifugation (Section 2.3.10). As the density 

of the plasma solution was increased by the addition o f NaCl-NaBr, the densities of the 

lipoprotein particles that could be floated to the top o f the tube during ultracentrifugation 

also increased. This method therefore allowed sequential isolation o f plasma
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lipoproteins in the following order: VLDL, followed by LDL, HDL] and HDL 3 . 

Isolation o f LDL using this method was relatively quick and easy, although isolation of 

HDL] was a much lengthier procedure. Therefore in order to isolate HDL 3 particles 

more quickly, this method was used in conjunction with a precipitation procedure: the 

first step involved precipitation o f apoB-containing lipoproteins from the plasma by 

magnesium and phosphotungstic acid, leaving a supernatant with H DL as the sole 

lipoprotein component ( ‘HDL plasma’). In some experiments, the ‘HDL plasma’ was 

dialysed and used as a rich source o f HDL, although it was also possible to separate 

HDL] and HDL 3 from the ‘HDL plasma’ using the ultracentrifugation method described 

above. Following the isolation o f lipoproteins from human plasma, their purities were 

ascertained using agarose gel electrophoresis with Sudan black staining (Section 

2.3.10.7). An example o f one such gel is given in panel A of Figure 4.11. This gel 

reveals the high level o f lipoprotein purity achieved using both the precipitation and 

ultracentrifugation methods. As expected, two distinct HDL populations were observed 

in the HDL] and HDL 3 lanes, whereas ‘HDL plasma’ contained both o f these particles. 

This method was also employed to confirm that HDL 3 particles had been successfully 

isolated from plasma donated by three volunteers (Figure 4.11, panel B). Indeed, the 

stained gel revealed that for each donor, purified HDL 3 particles had been separated from 

the plasma. These particles were subsequently used to compare donor HDL 3 variability 

in cholesterol efflux experiments (Section 4.2.7).

Finally, in order to generate a source of cholesterol that would be rapidly taken 

up by THP-1 macrophages during cholesterol loading, LDL particles were subjected to 

acétylation (Section 2.4.2.2). The LDL particles were chemically modified using 

saturated sodium acetate and acetic anhydride. The success o f the acétylation procedure 

was determined by separating equal amounts o f Ac-LDL and native (n) LDL using 

agarose gel electrophoresis, followed by gel staining with Sudan black: addition o f acetyl 

groups to the positive lysine and arginine residues of apolipoprotein B causes the LDL 

particles to become more negatively charged, which increases the mobility of the 

lipoprotein particles. As shown in panel C o f Figure 4.11, the LDL acétylation 

procedure had been completed successfully as the Ac-LDL exhibited increased mobility 

on the agarose gel.
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Figure 4.11 Purit>' of isolated lipoproteins by agarose gel electrophoresis

In each o f these figures, 1-6 jJ  o f  plasma/lipoproteins were applied to agarose gels. 

Following electrophoresis, the gels were stained with Sudan black (Section 2.3.10). Panel A, 

Lipoproteins were isolated from human plasma by .sequential ultracentrifugation in the following  

order: VLDL, LDL, HDL2 and HDL2. 'HDL plasma ' was generated by precipitation o f the apo- 

B containing lipoproteins from plasma, leaving HDL as the .sole lipoprotein component. Pane! 

B, HDL 2 particles were purified from  plasma from  3 donors and 9 pg  protein was subjected to 

agarose gel electrophoresis. Panel C, native (n) LDL particles were chemically modified to 

produce acetylated (Ac) LDL (Section 2.4.2.2). Equal quantities o f  nLDL and Ac-LDL protein (7 

pgj were subsequently run on an agarose gel.

4.2.5 SR-BII PROMOTES HDL-DEPENDENT EC EFFLUX FROM 

RECOMBINANT CELLS

Experiments were performed to characterise the recombinant CHO-SR-BII cells 

and to determine whether SR-Bll functions to promote HDL-mediated FC efflux. 

Initially, the abilities o f CHO-Kl control cells and the mixed population o f CHO-SR-Bll 

cells to efflux cholesterol in response to HDL stimulation were compared (Section 2.4.6). 

Cellular FC plasma membrane pools were labelled overnight with [■^H]-cholesterol. For 

each cell type, 40-50 % of the f'^H]-cholesterol was taken up from the labelling media, 

indicating that radiolabelling had been successful. Following the stimulation of cells
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with ‘HDL plasma’, the level o f [^H]-cholesterol in the media and the cells was 

determined using LSC. The amount o f [^H]-cholesterol efflux was expressed as a 

percentage of total [^H]-cholesterol in both the media and the cells. Background 

percentage efflux values were also measured by exposing radiolabelled cells of each cell 

type to serum-ffee media.

The first FC efflux experiment was performed over a 4 h time-course to 

determine the most suitable duration for the experiment. For each cell type, the average 

percentage cholesterol efflux values from duplicate wells were calculated, background 

efflux values were then subtracted, and the corrected efflux values were plotted versus 

time (Figure 4.12). This experiment revealed a clear difference between the abilities of 

CHO-Kl control and CHO-SR-BII cells to efflux FC: the percentage o f FC efflux from 

the recombinant cells was higher than the control cells at every time point measured. 

Since this difference was the greatest at 4 h, I decided to terminate future cellular FC 

efflux experiments following 4 h o f HDL stimulation.
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Figure 4.12 FC efflux time course for optimising experimental conditions
The FC plasma membrane pools o f CHO-Kl control and CHO-SR-BII cells were 

labelled overnight with [^H]-cholesterol, followed by efflux stimulation with 5 % (v/v) HDL 

plasma' over a 4 h time course, as described in Section 2.4.6. Radiolabelled FC efflux was 

measured and expressed as a percentage o f total radiolabelled FC in both the media and cells. 

Average percentage cholesterol efflux values from duplicate wells were calculated, background 

efflux values from cells exposed to serum-free media were then subtracted, and the corrected 

efflux values were plotted versus time.

Subsequently, three further experiments were performed in triplicate to determine 

whether recombinant CHO-SR-BII cells were significantly better than control CHO-Kl 

cells at effluxing FC upon plasma and ‘HDL plasma’ stimulation. Panel A of Figure
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4.13 shows the mean percentage cholesterol efflux values ± S.E.M. obtained from one 

experiment. The trends observed on this occasion were also seen in each of the other 

experiments: there were no significant differences between CHO-Kl and CHO-SR-BII 

background cholesterol efflux values, however CHO-SR-BII cells were found to be 

significantly better than CHO-Kl control cells at effluxing FC upon both plasma and 

‘HDL plasma’ stimulation (p<0.05 and /?<0.01, respectively). Data were combined from 

all three experiments by expressing the mean CHO-Kl control efflux values as a 

percentage of maximal CHO-SR-BII FC efflux (Figure A.\?>,panel B).
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Figure 4.13 CHO-SR-BII cells are significantly better at HDL-stimuIated FC 

efflux than control CHO-Kl cells

CHO-Kl control and CHO-SR-BII cells were labelled overnight with [^H]-cholesterol, 

follow ed by efflux stimulation with plasma, ‘HDL plasma ’, or serum-free media (background) for  

4 h (Section 2.4.6). Radiolabelled FC efflux was measured and expressed as a percentage o f  

total radiolabelled FC in both the media and cells. Panel A, The experiment was performed in 

triplicate and the mean FC efflux values ±  S.E.M. were calculated. The difference between the 

means o f  the control and recombinant cells was assessed by Student’s t-test (*p < 0.05 ;**p < 

0.01). Panel B, Data from three experiments were combined by expressing the mean FC efflux 

values o f CHO-Kl control cells as a percentage o f  maximal CHO-SR-Bll FC efflux (100 %).
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The combined data revealed that recombinant CHO-SR-BII cells efflux almost 

twice as much FC as control CHO-Kl cells in response to ‘HDL plasma’ stimulation. 

This ratio was not as high when cells were stimulated with whole plasma as the control 

CHO-Kl cells effluxed more FC in the presence o f whole plasma than ‘HDL plasma’. 

This indicated that apoB-containing lipoproteins in whole plasma also contribute to 

cellular FC efflux to a small extent.

In the last set of FC efflux experiments, CHO-Kl control cells and CHO-SR-BII 

clones expressing SR-BII at low, medium and high levels were incubated with purified 

HDL3 for 4 h in order to definitively link SR-BII protein with HDL-stimulated FC efflux. 

Following overnight labelling, the control cells and recombinant clones had been 

successfully labelled with similar levels o f [^H]-cholesterol (36-47 % uptake). For each 

cell type, the average percentage FC efflux values were calculated from quadruplicate 

wells, background efflux values were then subtracted, and the corrected percentage 

efflux values ± S.E.M. were plotted (Figure 4.14, panel A). Analysis o f the data using 

Student’s ^-test revealed that recombinant clones expressing even low levels of SR-BII 

were significantly better at effluxing FC than control CHO-Kl cells {low CHO-SR-BII 

clone: 12.30 ± 0.45 % efflux and CHO-Kl control: 10.95 ± 0.34 % efflux; /?<0.05). As 

the level o f cellular SR-BII expression increased, the percentage o f FC leaving the cell 

and its significance also increased {high CHO-SR-BII: 42.17 ± 0.64 % efflux; /?<0.001). 

It therefore appears that human SR-BII functions to promote HDL-mediated FC efflux.

Finally, it was necessary to confirm that this data could be reproduced using 

HDL] particles from a variety of donors. HDL3 particles were isolated from fresh human 

plasma from three volunteers and the purity o f the lipoprotein separation was determined 

(Section 4.2.4). The HDL3 particles were used to stimulate cellular FC efflux from the 

low CHO-SR-BII clone over a 4 h time course. For each type o f donor HDL3 and time 

point, the mean percentage efflux values were calculated from triplicate wells, and the 

background efflux value was then subtracted. The corrected percentage efflux values ± 

S.E.M. were plotted versus time (Figure 4.14, panel B). At each time point, there were 

no significant differences between the mean FC efflux values generated by stimulation 

with different HDL3 particles (p>0.05), indicating that donor variability was not 

contributing to the percentage FC efflux values. It was therefore possible to conclude 

that human SR-BII functions in the same way as SR-BI and mSR-BII to promote HDL- 

dependent cellular cholesterol efflux.
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Figure 4.14 Human SR-BII promotes HDL-stimulated FC efflux from 

recombinant cells

In both experiments, the amount o f free H]-cholesterol efflux was expressed as a 

percentage o f  total H]-cholesterol in the media and cells. Average percentage cholesterol 

efflux values from quadruplicate wells were calculated, background efflux values from cells 

exposed to serum-free media were then subtracted, and the corrected efflux values ±  S.E.M. were 

plotted. The differences between the means were assessed by Student’s t-test (*p<0.05; 

***p<0.001). Panel A, Control CHO-Kl cells and recombinant clones expressing low, medium 

and high levels o f  SR-BII were radiolabelled with H]-cholesterol and subjected to stimulation 

with 200 pg/ml HDLj protein fo r  4 h. Panel B, Cells frojn the low CHO-SR-BII clone (2IF) 

were radiolabelled with H]-cholesterol and subjected to stimulation with 200 pg/rnl HDL3 

protein from three donors over a 4 h time course.
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4.2.6 HUMAN SR-BII IS MORE EFFICIENT THAN SR-BI AT HDL-

DEPENDENT CELLULAR FC EFFLUX

Comparisons of cell surface SR-BI/II protein expression in CHO-SR-BI and II 

clones by densitometry revealed that the two clones ‘matched’ by flow cytometry (clones 

lOB and 2 IF) had significantly different levels o f receptor in the plasma membrane: cell 

surface SR-BI expression was 5.8 times greater than SR-BII expression (Section 4.23.2). 

Therefore, in order to compare the abilities of SR-BI and II in these recombinant clones 

to promote HDL-stimulated FC efflux, it would be necessary to correct the final 

percentage efflux values for receptor expression.

Firstly, cells from CHO-SR-BI clone lOB and CHO-SR-BII clone 21F were 

successfully labelled with similar levels o f [^H]-cholesterol (38-47 % uptake), before 

stimulation with HDLg from 3 donors over a 4 h time course (Sections 2.4.6 and 4.2.4). 

For each clone and type o f HDL], the mean percentage FC efflux value was calculated 

from triplicate wells, and the background efflux was subtracted. Student’s /-test was 

then employed to ascertain whether stimulation with HDL] particles from different 

donors had generated any significant differences between the mean percentage efflux 

values. Within each cell type, this statistical test always resulted in a /?-value greater 

than 0.05, indicating that there were no significant differences between FC efflux values 

due to donor HDL] variability (data not shown). Once this was established, the 

percentage FC efflux values ± S.E.M. for each clone were combined. Subsequently, the 

values were corrected for the basal efflux by control CHO-Kl cells to generate specific 

SR-BI/II-mediated FC efflux values, which were plotted versus time (Figure A.\5 ,panel 

A). At each time point, the CHO-SR-BI clone was found to be significantly better at FC 

efflux than the CHO-SR-BII clone (p<0.001).

The percentage efflux values, however, had not been corrected for levels o f cell 

surface SR-BI and II expression (Section 4.2.3.2). Indeed, when the percentage efflux 

values from the CHO-SR-BI clone were divided by 5.8, the situation had reversed: SR- 

BII was found to be significantly better at effluxing cellular FC than SR-BI (CHO-SR- 

BII: 1.83 ± 0.04 % efflux; CHO-SR-BI: 0.94 ± 0.02 % at 4 h; j9 <0 .0 0 1 ; Figure 4.15, 

panel B). At each time point, the recombinant cells expressing SR-BII had effluxed 

almost two times more radiolabelled cholesterol than cells expressing SR-BI. When this
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experiment was repeated on a separate occasion using HDL3 from just one donor, the 

same statistical conclusions were made.
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Figure 4.15 SR-BII promotes FC efflux to a greater extent than SR-BI
Cells from CHO-SR-BI clone lOB and CHO-SR-BII clone 21F were radiolabelled with 

H]-cholesterol and subjected to stimulation with 200 /jg/ml HDL3 protein from three donors 

over a 4 h time course. The amount o f free [^H]-cholesterol efflux was expressed as a 

percentage o f total H]-cholesterol and the average background efflux was subtracted. Since 

there were no significant differences (p>0.05) between FC efflux values within each cell type due 

to donor HDL3 variability, the data were combined. Basal efflux values, generated by control 

CHO-Kl cells, were subtracted from the mean FC efflux values to give specific SR-BI/II- 

mediated cholesterol efflux values ±  S.E.M., which were plotted versus time (Panel A). The 

values generated from the CHO-SR-BI clone were subsequently corrected for the larger amount 

o f receptor expression (i.e. divided by 5.8) (Panel B).
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4.2.7 HDL STIMULATES MORE FC EFFLUX FROM CHO-SR-BII CELLS

THAN LIPID-FREE APOLIPOPROTEIN A-I

Since the extracellular binding regions o f SR-BI and SR-BII are identical, we can 

assume that their ligand-binding interactions are also identical. Therefore, despite little 

characterisation o f the human SR-BII protein, we have a great deal of information about 

this receptor, since its alternative isoform has been studied in much more detail. We 

know that SR-BI binds HDL via its major apolipoprotein, apoA-I [201]. Previously, I 

demonstrated that SR-BII mediates cellular FC efflux in response to HDL stimulation 

(Section 4.2.5). In the following experiment, I wanted to determine whether lipid-ffee 

apoA-I was able to promote SR-BII-mediated FC efflux to the same extent as HDL.

CHO-Kl control cells and the mixed population o f CHO-SR-BII cells were 

labelled overnight with [^H]-cholesterol, before FC efflux was stimulated for 4 h with the 

addition of apoA-I or ‘HDL plasma’ to the media (Section 2.4.6). The mean percentage 

efflux values ± S.E.M. from triplicate wells were calculated for each experimental 

condition. The experiment was performed on two separate occasions and the data were 

combined and analysed together (Figure 4.16). As expected, ‘HDL plasma’ stimulated 

CHO-SR-BII cells to efflux ~10 % of their radiolabelled FC, which was significantly 

higher than CHO-Kl control cells (CHO-Kl control: 6 . 8 6  ± 0.29 % efflux; CHO-SR- 

BII: 10.01 ± 0.36 % efflux; /?<0.001). More importantly, CHO-SR-BII cells stimulated 

with ‘HDL plasma’ exhibited significantly higher levels of FC efflux than CHO-SR-BII 

cells stimulated with lipid-free apoA-I (HDL: 10.01 ± 0.36 % efflux; apoA-I: 1.85 ± 0.10 

% efflux; p<0.001). This result reveals that apoA-I within HDL is able to promote 

significantly more FC efflux from CHO-SR-BII cells than lipid-free apoA-I.

However, lipid-free apoA-I stimulated significantly more FC efflux from the 

CHO-SR-BII and control cells than serum-free media (‘background’; / 7<0 .0 0 1 ), 

indicating that apoA-I does indeed promote FC efflux, albeit to a lesser extent than HDL. 

As there was no statistical difference in FC efflux between the two cell types in response 

to apoA-I stimulation, I can therefore conclude that apoA-I promotes cellular FC efflux 

using an alternative mechanism that does not involve binding SR-BII.

189



12

10

3

1 1  
I  O
O

6

□  CHO-Kl 
control cells

m CHO-SR-BII 
cells

Background HDL ApoA-l

Figure 4.16 SR-BII mediates FC efflux upon stimulation with HDL but not lipid- 

free apoA-I

CHO-Kl control and CHO-SR-BII cells were radiolabelled with H]-cholesterol and 

subjected to stimulation with 5 % (v/v) HDL plasm a’, 10 pg/ml apoA-Iprotein, or serum-free 

media (background) fo r  4 h. The experiment was performed on two occasions in triplicate. The 

percentage FC efflux values fo r  each experiment were combined and analysed together. The 

mean FC efflux values ±  S.E.M. were calculated and the differences between the means were 

assessed by Student’s t-test (***p<0.001).

4.2.8 HUMAN SR-BII IS DETECTED IN BOTH MONOCYTIC (THP-1) AND

HEPATOMA (HEPG2) HUMAN CELL LINES

Prior to investigating the role o f SR-BII in CE mobilisation, it was neeessary to 

confirm that the human receptor was indeed present in macrophages. THP-1 monocytes 

were differentiated into macrophages over 7 days with the addition o f phorbol ester to 

the culture medium (Section 2.4.2.1). Firstly, confluent cultures o f THP-1 monocytes 

and macrophages, as well as HepG2 cells, were cell surface biotinylated. The biotin- 

labelled membrane proteins were subsequently isolated from cell lysates, containing 

equal quantities o f protein, using streptavidin-coated magnetic beads (Section 2.4.5.1). 

Proteins eluted from the beads were subjected to SDS-PAGE and immunoblotting with 

SR-BII anti serum (Sections 2.3.2 and 2.3.3). This technique detected the protein in 

resting HepG2 cells, as well as at lower levels in THP-I monocytes and macrophages 

(Figure 4.17). The molecular weight o f SR-BII was found to be slightly higher in the 

recombinant CHO-SR-BII cells compared to the human cell lines, which may have
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resulted from a small difference in the extent o f receptor glycosylation. In addition, an 

extra band with a lower molecular weight was also detected in the HepG2 and THP-1 

cell lines, but it remains uncertain what this band represents. However, one possibility is 

that this band might represent SR-BII that has undergone fewer post-translational 

modifications, such as glycosylation.

SR-BII
(82 kDa

Figure 4.17 Confirmation of human SR-BII cell surface expression in THP-1 

monocytes/macrophages and HepG2 cells

Confluent cultures o f  HepG2 hepatoma cells, THP-1 monocytes and macrophages (M 0) 

were surface-labelled with biotin and lysed (Sections 2.4.5.1 and 2.4.4). Biotinylated membrane 

proteins were subsequently isolated from cell lysates, containing equal quantities o f  protein, 

using streptavidin superparamagnetic iron oxide particles. The adsorbed proteins were eluted 

from the beads and were separated by 8 % SDS-PAGE; receptor expression was detected by 

immunoblotting with SR-BII antiserum. The CHO-SR-BII lysate served as a positive control for  

the ifnmunoblotting.

Finally, confirmation of the presence o f SR-BII within the plasma membrane of 

THP-1 macrophage promoted the hypothesis that SR-BII might function to mobilise 

stored CE, thereby causing the regression o f macrophage foam cells within 

atherosclerotic lesions.

4.2.9 MACROPHAGE SR-BI AND II EXPRESSION IN RESPONSE TO 

CHOLESTEROL LOADING

In human macrophages, both ABCAl mRNA and protein expression are 

upregulated upon cholesterol loading with Ac-LDL [292]. This result is not surprising, 

as the ABC AI transporter is known to indirectly promote cholesterol efflux from cells 

[91,92]. Having demonstrated the ability of human SR-BII to promote FC efflux 

(Section 4.2.5) and confirmed its presence in human THP-1 macrophages (Section 4.2.8),
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I then investigated whether cell surface SR-BII expression is also upregulated when 

macrophages are lipid-loaded. Indeed, if human SR-BII does function to promote the 

mobilisation of stored CE, one might expect to see upregulation o f its expression in 

macrophages upon cholesterol loading. Membrane receptor expression was determined 

using two different methods: firstly, by flow cytometry and secondly, by Western 

blotting.

4.2.9.1 Flow cytometry

THP-1 monocytes were differentiated into macrophages and half o f these cells 

were exposed to Ac-LDL for cholesterol loading in parallel wells (Section 2.4.2). Flow 

cytometry was performed on both normal and lipid-laden macrophages after incubation 

with the a-RED-1 antibody and the FITC-conjugated secondary antibody (Section

2.4.5.2). The primary antibody binds to the extracellular domain o f SR-BII, and 

therefore also recognises SR-BI. Unfortunately, it was not possible to specifically 

measure the levels o f SR-BII protein expression since the isoform-specific SR-BII 

antiserum was not found to be suitable for immunofluorescence detection. The 

experiment was performed in triplicate, and included the following two controls: pre- 

immune serum (used instead of primary antibody) and omission o f the primary antibody 

(but still using secondary antibody). For each sample the log FITC fluorescence o f 5,000 

intact and gated cells was measured. Figure 4.18 is an example o f a 2-parameter 

histogram showing log FITC fluorescence of normal and lipid-laden macrophages. The 

histogram shows a right shift in fluorescence profile indicating an increase in cell surface 

SR-BI and/or II expression in response to cholesterol loading.

The average median log FITC fluorescence values ± S.E.M. were ascertained for 

both normal and lipid-laden macrophages. The cholesterol-loaded macrophages were 

found to express significantly more SR-BI/II than normal resting macrophages (normal 

macrophages: 2.44 ± 0.14; cholesterol-loaded macrophages: 3.84 ± 0.03; /?<0.01). The 

median log FITC fluorescence values for each o f the experimental controls were less 

than 1.05, confirming that non-specific antibody binding was only contributing to the 

overall FITC fluorescence to a small extent. Finally, it was necessary to exclude the 

possibility that the increase in FITC fluorescence had resulted purely from an increase in 

macrophage size, and accompanying rise in cell surface constituents per cell, upon 

cholesterol loading. Thus, the fluorescence:cell size ratio for both types o f macrophages 

was determined (Table 4.3).
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Figure 4.18 Cholesterol loading THP-1 macrophages increases cell surface SR-B 

(1 and/or II) expression as assessed by flow cytometry

Cholesterol-loaded and resting THP-1 macrophages were incubated with a-RED-1 

followed by a FITC-conjugated secondary antibody, as described in Section 2.4.5.2 and Figure 

4.9. The log FITC fluorescence o f 5, ()()() intact and gated cells was then measured by flow 

cytometry and displayed as a 2-parameter histogram. The fluorescence profile o f normal 

macrophages is shaded grey, and the lipid-laden macrophage profile is outlined in blue.

Cell type 

(THP-1)

Average median log 

FITC fluorescence
(arbitrary f luorescence  units 

± S .E .M .)

Average size
( forw ard scattered incident  

l ight in arbitrary  

f luorescence  units ± S .E .M .)

Fluorescenceicell 

size ratio

Md) 2.44 ±0 .14 431.5±  11.5 5.66 X 10'^

Lipid-laden MO 3.84 ± 0.03 458.0 ± 7.2 H.39x I

Table 4.3 Cholesterol loading of THP-1 macrophages (Mcb) causes cell surface 

expression of SR-BI/II to increase independently of increasing cell size

The fluorescenceicell size ratio was larger for cholesterol-loaded macrophages 

than for normal macrophages, indicating that the increase in FITC fluorescence in 

cholesterol-loaded cells was not due to an overall increase in cell size, but to an increase 

in cell surface receptor expression. Therefore, there was indeed a significant increase in 

cell surface macrophage SR-BI/II expression upon cholesterol loading. However, it 

remained unclear which of the isoforms was contributing to this observation, as the 

antibody used for the immunofluorescence binds to SR-BI and II. Western blotting was
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subsequently used in order to ascertain whether SR-BII expression was specifically 

upregulated in response to an increase in cellular cholesterol (Section 4.2.9.2).

4.2.9.2 Immunoblotting

THP-1 monocytes were differentiated into macrophages and half o f the cells were 

cholesterol-loaded with Ac-LDL in parallel wells (Section 2.4.2). Normal and lipid- 

loaded macrophages, as well as THP-1 monocytes and HepG2 cells, were then cell 

surface biotinylated, before the cells were lysed and cell lysates adjusted for equal 

cellular protein content. Biotinylated membrane proteins were subsequently isolated 

from the cell lysates using streptavidin beads (Section 2.4.5.1). Proteins eluted from the 

beads were separated by 8 % SDS-PAGE and immunoblotted with SR-BII anti serum 

(Figure 4.19). From this autoradiograph, it did not appear as though SR-BII expression 

in macrophages was upregulated in response to cholesterol loading. Unfortunately, it 

was not possible to perform densitometry using any o f the autoradiographs generated 

from this experiment, as the bands were too faint compared to the high level of 

background. Therefore, although immunofluorescence detected a significant increase in 

cell surface SR-BLII expression in macrophages upon cholesterol loading, it remains 

unclear whether SR-BII is contributing to this effect.

SR-BII

Figure 4.19 Cell surface SR-BII expression in normal and lipid-laden 

macrophages

Confluent cultures o f HepG2 cells, THP-1 monocytes, and THP-1 macrophages (M 0; 

both resting and cholesterol-loaded), were surface-labelled with biotin and lysed. Biotinylated 

plasma membrane proteins were subsequently isolated from cell lysates, containing equal 

quantities o f  cellular protein, using streptavidin superparamagnetic iron oxide particles. Eluted 

plasma membrane proteins were separated by 8 % SDS-PAGE and receptor expression was 

detected by immunoblotting with a-SR-BII.
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4.2.10 SR-BII FAILS TO PROMOTE HDL-STIMULATED MOBILISATION OF

STORED CHOLESTEROL

The final set of experiments investigated the role o f SR-BII in the mobilisation of 

cholesterol from CEs. FC efflux experiments had previously established that the 

recombinant CHO-SR-BI/II cells were expressing functional receptors (Section 4.2,5). I 

was therefore able to use these recombinant cells in order to monitor the reduction of 

stored CE in response to HDL stimulation. Each CE mobilisation experiment involved 

labelling cultured cells for 36 h with [^H]-oleate, followed by an overnight equilibration 

step to allow intracellular radiolabelled CE stores to accumulate (Section 2.4.7). The 

labelled cells were subsequently stimulated with HDL, before cellular lipids were 

extracted, and cellular protein was quantified. A [^"^C]-cholesterol internal control was 

used to determine any losses during the lipid extraction and separation procedures. 

Having corrected for these losses, the number of [^H]-CE dpm were measured.

The first experiment involved stimulation o f the uncloned ‘mixed population’ of 

CHO-SR-BII cells (Section 2.4.3.2) with ‘HDL plasma’ or serum-free media over a 24 h 

time course, in order to determine the time point at which HDL-stimulated CE 

mobilisation was significantly higher than background mobilisation. The experiment 

was performed in 1 2 -well plates and for each time point quadruplicate wells were 

measured. At time zero, the CHO-SR-BII cells had deposited around 6,000 dpm of [^H]- 

oleate into CE stores, which confirmed that the radiolabelling had been successful. 

Measurements were subsequently made at 2, 4, 6 , 10 and 24 h time points to monitor the 

reduction o f labelled CE pools. The average dpm values ± S.E.M. were calculated and 

plotted versus time (Figure 4.20, panel A). After 4 h, there was a significant reduction of 

labelled [^H]-CE stores in HDL-stimulated CHO-SR-BII cells compared to unstimulated 

cells (HDL plasma: 4237 ± 122 dpm; background: 5959 ± 274 dpm; /?<0.01). After 6  h, 

the decrease in [^H]-CE stores had become even more significant (p<0.001). One 

criticism o f this initial experiment was that the CE dpm values were not corrected for the 

amount of cellular protein. The reduction in CE stores might have resulted from reduced 

numbers o f adherent cells during the time course. Therefore, future CE mobilisation 

experiments measured CE dpm/pg cellular protein, and cells were stimulated with HDL 

for at least 4 h.
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The second experiment compared the abilities o f CHO-Kl control cells and the 

uncloned populations of recombinant CHO-SR-BI and CHO-SR-BII cells to mobilise CE 

over 4 h and 24 h of ‘HDL plasma’ stimulation. The uptake o f [^H]-oleate from the 

labelling medium by each cell type was found to be very similar (59-62 %). In addition, 

the average values of radiolabelled CE (dpm) per microgram of cellular protein ± S.E.M. 

generated by each cell type at the start o f the experiment were calculated. The 

recombinant CHO-SR-BI/II cells were found to have generated significantly larger pools 

of radiolabelled CE than the control CHO-Kl cells {CHO-Kl: 163.7 ± 4.6 CE dpm/pg 

protein; CHO-SR-BL 198.3 ±7 . 1  CE dpm/pg protein; CHO-SR-BII: 188.5 ± 7.4 CE 

dpm/pg protein; /?<0.05). Therefore, in order to directly compare these cell types, it was 

necessary, at each time point, to express the amount o f mobilised CE (dpm) per 

microgram of cellular protein as a percentage o f the mean amount present at the start of 

the experiment. This experiment was performed in triplicate and for each cell type and 

treatment the average percentage o f CE mobilised ± S.E.M. was calculated and plotted 

(Figure A20, panel B). When ‘background’ reductions in CE stores were analysed using 

Student’s /-test, no significant differences were detected between CHO-Kl control cells 

and recombinant CHO-SR-BI/II cells (p>0.05). This allowed me to directly compare 

HDL-stimulated CE mobilisation in each cell type. Unfortunately, the mean percentages 

of mobilised CE at 4 and 24 h time points were found to be very similar for each cell 

type, with no statistically significant differences between the values (p>0.05). From this 

experiment, it appeared unlikely that either SR-BI or II functions to promote HDL- 

mediated CE mobilisation.

Until this point, all the CE mobilisation experiments had been performed using 

the ‘mixed population’ of CHO-SR-BII cells, which overall have lower levels o f receptor 

expression compared to the high CHO-SR-BII clone. For the last CE mobilisation 

experiment, I therefore compared low- and high-expressing CHO-SR-BII clones (Section

4.2.2.3) in order to verify the above findings. This experiment was performed in 

triplicate using purified HDL3 to stimulate the cells for 4, 8  and 24 h. For each clone and 

time point, the average percentage o f CE mobilised ± S.E.M. was calculated and plotted 

(Figure 4.21). Over the time course, data generated from the low CHO-SR-BII clone 

were not found to be significantly different from data generated by the control CHO-Kl 

cells (p>0.05). Surprisingly, after 8  and 24 h, the high CHO-SR-BII clone was 

calculated to be significantly worse (p<0.05) than both the low CHO-SR-BII clone and 

CHO-Kl control cells at mobilising stored cholesterol. This finding was also observed
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in a repeat experiment with 24 and 48 h time points (data not shown), which provides yet 

more evidence against a positive role for SR-BII in CE mobilisation. In summary, SR- 

BII does not accelerate CE mobilisation, indeed high levels appear inhibitory, which 

therefore contradicts my initial hypothesis.
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Figure 4.20 HDL-stimulated reduction of CE stores in recom binant cells

Panel A, The mixed population o f CHO-SR-BII cells were radiolabelled with [^H]-oleate 

and stimulated with either 5 % (v/v) ‘HDL plasma ’ or serum-free media ( ‘background’)  over 24 

h. Triplicate HJ-CE dpm values were measured at different time points and the mean HJ-CE 

dpm values ±  S.E.M. were plotted versus time. Panel B, The same experiment as described for  

panel A was performed, except CHO-SR-BII cells were compared to CHO-KI control and CHO- 

SR-BI cells over 4 and 24 h o f ‘HDL plasm a’ stimulation. For each time point, triplicate 

measurements o f  CE (dpm) were corrected fo r  cellular protein (pg), and expressed as a 

percentage o f the mean amount present at the start o f  the experiment. Subsequently, the average 

percentages o f  mobilised CE ±  S.E.M. were calculated and plotted versus time.
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Figure 4.21 High levels of cellular SR-BII inhibit CE mobilisation
CHO-Kl control cells and recombinant CHO-SR-BII clones expressing high and low 

levels o f SR-BII were radiolabelled with [^H]-oleate and stimulated with 200 pg/ml HDL3 over 

24 h. For each time point, triplicate measurements o f CE (dpm) were corrected for cellular 

protein (pg), and expressed as a percentage o f the mean amount present at the start o f the 

experiment. Subsequently, the average percentages o f mobilised CE ±  S.E.M. were calculated 

and plotted versus time.

4.3 Discussion

4.3.1 COMPARISON OF CELL SURFACE RECEPTOR EXPRESSION IN

CHO-SR-BI AND II CLONES

The aim o f this study was to produce recombinant cells over-expressing human 

SR-BI or II to investigate whether the role o f SR-BII in cellular cholesterol homeostasis 

is distinct from that o f SR-BI. Firstly, I generated mammalian expression vectors 

encoding full-length SR-BI or II sequences and used them to successfully transfect 

CHO-Kl cells. Western blotting techniques were subsequently employed to verify 

cellular expression o f both isoforms o f the receptor. The type II receptor was found to be 

expressed in the recombinant cells to a much greater extent than the type I receptor. This 

finding contrasts what is observed in vivo, where the levels o f SR-BI far outweigh SR- 

BII [233]. However, it is consistent with data produced by Webb et al. [233], who 

repeatedly detected 4-6 times higher levels of mSR-BII expression than mSR-BI in 

recombinant CHO cells. The reason for such a difference in expression levels of each 

isoform remains unclear. Therefore, in order to directly compare the roles of SR-BI and
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II in HDL-stimulated cholesterol mobilisation and efflux, it was necessary to produce 

recombinant clones expressing very similar amounts of plasma membrane receptor. 

Initially, immunoblotting was used to pick two clones with roughly equal levels of 

receptor expression for sub-cloning. However, a direct quantitative comparison of 

membrane receptor expression in each o f the sub-clones was necessary to confirm that 

the sub-clones were indeed matched.

Flow cytometry was the preferred method for accurate comparison of membrane 

receptor expression levels. This is a rapid and sensitive technique for measuring 

individual characteristics of a large number o f cells. Since there was no significant 

difference between the median FITC fluorescence values of the CHO-SR-BI and II sub

clones, this technique appeared to confirm that equally matched sub-clones had been 

chosen. However, although the a-RED-1 primary antibody was titrated for optimal SR- 

BI/II detection and the fluorescence detection o f the cytometer was at maximum 

sensitivity, the FITC fluorescence values generated from both clones were all within the 

first decade of log FITC fluorescence. It appeared likely that this antibody was poor at 

binding its antigen for this immunofluorescent technique and therefore exhibited low 

sensitivity. This theory was endorsed by cytometric data generated from the high- 

expressing CHO-SR-BII clones, in which the FITC fluorescence values were again 

within the first decade o f log FITC fluorescence. In addition, the high- and the low- 

expressing CHO-SR-BII clones only differed by ~4 arbitrary fluorescence units. I 

therefore used an alternative, but less accurate, method for detecting levels o f SR-BI/II 

expressed at the cell surface to verify that these two sub-clones were indeed matched: 

immunoblotting cell surface proteins followed by densitometric analysis.

To overcome many factors that contribute to the inaccuracy o f densitometry, I 

isolated cell surface proteins from CHO-SR-BI/II cells in triplicate, probed the eluted 

membrane proteins on the same blot with the same antibody, and exposed the blot to the 

X-ray film for varying amounts o f time to determine film saturation. Unfortunately, this 

technique revealed that the sub-clones were far from ‘matched’, as SR-BI expression was 

found to be 5.8 times higher than SR-BII expression in the recombinant sub-clones. 

Since similar data was generated using this technique on separate occasions, it therefore 

appeared that this finding was a real result. This meant that either the lengthy sub

cloning procedure would have to be repeated (in order to isolate more equally matched 

CHO-SR-BI/II sub-clones), or I would have to correct for this large difference in SR-
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BI/II levels in future cholesterol homeostasis comparative experiments. Time pressures 

forced me to choose the latter option.

4.3.2 HUMAN SR-BII PROMOTES HDL-DEPENDENT CELLULAR EC

EFFLUX

It was likely that human SR-BII would function in the same way as SR-BI and 

mSR-BII to mediate HDL-stimulated PC efflux from cells [116,233]. Indeed, 

recombinant cells expressing SR-BII were found to be significantly better than CHO-Kl 

control cells at effluxing radiolabelled PC in response to HDL stimulation. The type II 

receptor was subsequently linked to this particular function using CHO-SR-BII clones 

with low, medium and high levels o f receptor expression: as SR-BII expression 

increased, so did the ability of the cells to efflux PC upon HDL stimulation. The 

previous discovery in Chapter 3 that human SR-BII is localised to caveolar 

microdomains in recombinant cell plasma membranes is therefore consistent with its role 

in cholesterol efflux.

As expected, human SR-BII was found to promote PC efflux in response to 

stimulation with HDL, but not lipid-ffee apoA-I. Experimental data revealed that PC 

efflux by CHO-SR-BII cells in response to stimulation with apoA-I was significantly 

lower than HDL. However, apoA-I-induced PC efflux was found to be significantly 

higher than background efflux levels in both CHO-SR-BII and CHO-Kl control cells, 

indicating that apoA-I is able to stimulate cellular PC efflux from these cells, but to a 

lesser extent than HDL. Purthermore, since there was no statistical difference in PC 

efflux between CHO-SR-BII and CHO-Kl control cells in response to apoA-I 

stimulation, I was able to conclude that apoA-I promotes cellular PC efflux using an 

alternative mechanism that does not involve binding SR-BII. It is likely that apoA-I 

promoted PC efflux from CHO-Kl control and recombinant cells using the following 

mechanism: firstly, lipid-poor apoA-I particles bind to cellular phospholipids, that have 

been actively flipped across the plasma membrane by the ABCAl transporter, to form 

discoidal phospholipid-apoA-I complexes [91]; secondly, these complexes rapidly 

sequester excess plasma membrane cholesterol that traverses the membrane by diffusion.

Pinally, I compared the abilities o f CHO-SR-BI and CHO-SR-BII sub-clones to 

promote HDL-stimulated PC efflux over a 4 h time course. Initial experimental data 

revealed that at each time point, CHO-SR-BI cells were significantly better than CHO-
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SR-BII cells at FC efflux in response to HDL. However, when the specific SR-BI- 

mediated efflux values were corrected for the difference in membrane receptor 

expression (as measured by Western blotting and densitometry), the CHO-SR-BI cells 

were estimated to efflux about 50 % less cholesterol than CHO-SR-BII cells. Human 

SR-BII therefore appears to contribute more significantly to cholesterol efflux than mSR- 

BII, which was found to be four times less effective than mSR-BI [233].

4.3.3 HUMAN SR-BII FAILS TO PROMOTE HDL-STIMULATED CE

MOBILISATION

Despite finding SR-BII mRNA in both THP-1 and HepG2 human cell lines [232], 

the receptor has only been detected in hormone-induced HepG2 cells [234]. I therefore 

wanted to use the human type Il-specific antiserum to confirm the presence of SR-BII in 

macrophages before investigating whether SR-BII has a role in CE mobilisation. SR-BII 

was clearly detected in cell surface proteins isolated from HepG2 cells, and the receptor 

was also expressed in the plasma membrane o f THP-1 monocytes and macrophages, 

albeit at lower levels. This finding supported the hypothesis that SR-BII might function 

in macrophages to promote the reduction o f CE stores in response to HDL binding; in 

which case, one might expect an increase in expression levels as a result o f THP-1 

macrophage cholesterol loading. Indeed, expression o f ABCAl mRNA and protein is 

upregulated in human macrophages upon cholesterol loading [292]. Flow cytometry was 

therefore employed to assess whether plasma membrane levels o f SR-BII increase upon 

lipid loading. Unfortunately, the human SR-BII antiserum was not found suitable for use 

in this technique, and an antibody that binds the extracellular region o f both isoforms 

was used instead. Flow cytometric data revealed a significant increase in SR-BI and/or 

II expression in cholesterol-loaded THP-1 macrophages compared to resting 

macrophages. Subsequent Western blotting data suggested that SR-BII was not 

contributing to this finding, although densitometric analysis was not sensitive enough to 

confirm this conclusion. Ideally, an a-SR-BI isoform-specific antibody would have been 

used to detect specific SR-BI upregulation by Western blotting, however this antibody 

was not available.

The final set o f experiments used the recombinant CHO-SR-BII cell culture 

model to test the second part o f the hypothesis, and thereby establish whether SR-BII 

functions to promote the mobilisation o f stored intracellular cholesterol in response to 

HDL stimulation. I was confident that the CHO-SR-BII recombinant cells were
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expressing functional type II receptors, since I had previously characterised their ability 

to promote HDL-stimulated FC efflux. Subsequently, I used these recombinant cells to 

study the mobilisation of radiolabelled cholesteryl oleate in response to HDL 

stimulation. Unfortunately, I failed to demonstrate a role for SR-BII in the mobilisation 

o f stored cholesterol using this cell culture model. In fact, over 8  and 24 h, the CHO-SR- 

BII clone expressing the largest amount o f SR-BII was found to be significantly worse 

than control CHO cells at mobilising radiolabelled CE. Although further studies are 

required to verify this finding, it appears as though high levels o f SR-BII might prevent 

CE mobilisation, which therefore contradicts my initial hypothesis.

In summary, the results presented in this chapter reveal for the first time the 

presence o f human SR-BII in THP-1 monocytes and macrophages, and its ability to 

promote HDL-dependent FC efflux from recombinant CHO-Kl cells. Using this cell 

culture model I have also demonstrated that SR-BII does not function to promote the 

mobilisation o f cholesterol from CE stores, in response to HDL stimulation. This finding 

enables me to conclude that the ability of SR-BII to promote HDL-dependent FC efflux 

is not simply due to increased mobilisation o f stored cholesterol. Therefore, although I 

failed to demonstrate the potential o f this receptor to mobilise CE within macrophage 

foam cells, my findings suggest an important role o f human SR-BII in HDL-dependent 

FC efflux and cellular cholesterol homeostasis.
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Chapter 5
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5. GENERAL DISCUSSION

5.1 Hypothesis

A key feature o f atherosclerotic lesions is the presence o f CE-engorged 

macrophages within the arterial intima [5]. One important aspect o f this pathological 

imbalance in cellular cholesterol homeostasis is the uncontrolled uptake of modified 

LDL by macrophages [7]. Over the 2-3 last decades, much scientific interest has 

focussed on gaining a deeper understanding of foam cell development, with the goal of 

slowing atherogenesis and controlling risk factors. In contrast, fewer studies have 

investigated the other equally important aspect o f cholesterol imbalance: ineffective 

clearance o f excess stored cholesterol by HDL-mediated reverse cholesterol transport. 

Therapeutic upregulation of this mechanism would not only slow disease progression but 

would also promote the regression of pre-existing atherosclerotic lesions. 

Atheroprotective HDL, in addition to its role in collecting excess plasma membrane 

cholesterol from peripheral cells, binds to an unidentified cell surface receptor and 

activates signalling molecules, as well as CE mobilisation and FC translocation to the 

plasma membrane [40,44-47]. Having identified potential signalling motifs in the newly 

described HDL-binding protein, SR-BII, I tested the novel hypothesis that: *upon HDL 

stimulation o f  SR-BII, its C-terminal cytoplasmic tail interacts with a signalling 

molecule to activate the CE mobilisation pathway. '

5.2 Role of human SR-BII in signal transduction

As outlined in Chapter 1 (Section 1.6.5.3), lipoprotein receptors are not only 

involved in lipid exchange at the cell surface and lipoprotein internalisation, but also 

mediate transmembrane signal transduction, via cytoplasmic tail interactions with 

signalling molecules. Interestingly, SR-BI has also been found to interact with a 

signalling domain via its C-terminal cytoplasmic tail. In 2000, Ikemoto et al. [219] 

reported an interaction between the C-terminus o f SR-BI and a PDZ domain-containing 

protein, PDZKl. Although PDZ domains are known to be involved in protein complex 

formation at the plasma membrane and signalling pathways, it is likely that the 

interaction of PDZKl with the C-terminus of SR-BI promotes the stability of this 

receptor in the plasma membrane, rather than signal transduction [219]. However, last 

year Yuhanna et al. [192] published data confirming that this multifimctional HDL 

receptor does indeed have a role in signal transduction; upon binding o f HDL to SR-BI,
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the caveolar protein eNOS was activated. More recently, this signalling pathway was 

found to involve an increase in intracellular levels o f ceramide [246]. One theory is that 

HDL binding to SR-BI activates a caveolar sphingomyelinase to generate ceramide; 

alternatively, HDL ceramide may be internalised by SR-BI along with HDL CE [246]. 

The discovery that SR-BI activates signalling molecules in response to ligand binding 

further promotes the role of its alternative isoform, SR-BII, as a signal transducer.

Following the identification o f a number o f potential SH3 domain recognition 

sites in the C-terminal cytoplasmic tail o f SR-BII, I generated cytoplasmic SR-BII fusion 

proteins and screened several SH3 domains from a variety o f modular signalling proteins 

for binding interactions. The initial binding screen, involving ‘pull-down’ assays, 

revealed an interaction between cytoplasmic SR-BII and the plc-yl SH3 domain within 

this artificial environment. I subsequently used the yeast two-hybrid system to determine 

whether or not my initial binding screen result was significant; this system is widely used 

for screening protein-protein interactions within a cellular environment [293]. 

Unfortunately, I failed to confirm or dispute my earlier finding using this technique, as 

the recombinant fusion proteins were not expressed in the yeast at high enough levels for 

detection. An alternative cellular system for studying binding interactions would have 

been to transfect the plc-yl SH3 domain sequence into recombinant cells already 

expressing SR-BII. Since further binding experiments using more physiological 

conditions failed to detect an interaction between the plc-yl SH3 domain and 

cytoplasmic SR-BII, it appears unlikely that this signalling molecule is the physiological 

ligand for cytoplasmic SR-BII. Despite widening the search for cellular cytoplasmic SR- 

BII binding proteins using cell lysate ‘pull-down’ assays (with a-phospho-tyrosine, - 

serine, and -threonine antibodies, or silver staining, for detection), I failed to elucidate 

the identity o f a physiological ligand. Further studies, possibly using the yeast two- 

hybrid system to screen a cDNA library, will hopefully shed light on C-terminal 

cytoplasmic SR-BII binding interactions.

It appears likely that certain residues on the C-terminus o f cytoplasmic SR-BII 

might become phosphorylated upon receptor activation. For example, I identified a 

potential SH2 domain recognition site within cytoplasmic SR-BII, and then investigated 

whether the tyrosine residue becomes phosphorylated upon HDL stimulation. However, 

due to the lack of an experimental positive control, I failed to conclusively demonstrate 

the state o f tyrosine phosphorylation following HDL stimulation. Interestingly, as well
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as being recognised by SH3 domains, polyproline-rich sequences also bind proteins 

containing WW domains [294]. WW domains are composed o f 38 amino acids, with 

two conserved tryptophan (W) residues [295]. The WW domain is found in a diverse 

group o f proteins, and like the SH2 and SH3 domains, it functions as a modular protein 

interaction site in each o f its host proteins. WW domains were originally divided into 

three groups, based on their binding specificity, but recently, a fourth group of WW 

domains has been characterised, which bind proline-rich sequences containing 

phosphorylated serine and threonine residues [296]. The polyproline-rich C-terminal tail 

o f SR-BII contains eight of these residues, which have the potential to become 

phosphorylated upon receptor activation, and bind to group IV WW domains. The 

identification o f additional potential signalling motifs within the C-terminal tail o f SR- 

BII further promotes the involvement o f this HDL receptor in signal transduction. 

Future experiments, using a-phosphoserine/threonine antibodies with better 

immunoreactivities and perhaps alternative cell types, such as macrophages, will provide 

further insight into the state o f cytoplasmic SR-BII phosphorylation following HDL 

stimulation.

In this thesis, I have investigated the role o f SR-BII in signal transduction in 

response to HDL stimulation. However SR-BII, like SR-BI, is described as a multi

ligand receptor as its extracellular domain binds a variety o f ligands, including LDL, 

modified lipoproteins and discoidal apolipoprotein-containing phospholipid particles 

[155,200,202]. It is therefore possible that SR-BII might be activated to function as a 

signal transducer in response to binding an alternative ligand to HDL. Future studies 

involving SR-BII stimulation with a variety of ligands will hopefully elucidate both the 

identity o f the true second messenger(s) for this receptor, as well as its extracellular 

ligand.

5.3 Role of human SR-BII in cellular cholesterol homeostasis

5.3.1 RECOM BINANT CELL CULTURE M ODEL

To study the role o f human SR-BII in cellular cholesterol homeostasis, CHO cells 

were transfected with expression vectors encoding SR-BI or II sequences, and stable 

clones over-expressing these receptors were selected. This particular cell culture model 

was chosen for the following reasons: firstly, recombinant CHO cells over-expressing 

murine SR-BI/II sequences have been used previously to investigate the role o f each
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isoform in HDL cholesterol uptake and HDL-dependent cellular cholesterol efflux [233]; 

secondly, this hamster cell line is widely used to generate recombinant cells expressing 

human receptors to determine signalling pathways [297-300]; and thirdly, CHO cells are 

adherent cells that are easily maintained and transfected.

In order to directly compare the abilities of SR-BI and II to promote cholesterol 

mobilisation and efflux in response to HDL stimulation, I aimed to select recombinant 

clones with equal levels o f receptor expression. I chose to compare the level o f SR-BI 

and II expression on the cell surface o f intact cells rather than total receptor expression in 

whole cell lysates, as this is a better indicator of the number of type I and II receptors 

that have the potential to bind HDL and influence cholesterol efflux. The preferred 

method for measuring cell surface SR-BI and II expression was flow cytometry, but 

unfortunately the sensitivity of detection using the antibody common to both isoforms 

(a-RED -I) was very low. Indeed, flow cytometry data revealed that two of the clones 

were expressing equal amounts o f SR-BI or II, yet when cell surface proteins from each 

o f the ‘matched’ clones were analysed by immunoblotting, I consistently detected larger 

amounts of SR-BI than SR-BII.

An alternative method for comparing SR-BI and SR-BII expression on each of 

the recombinant clones would have been to use a ligand-binding assay (conducted at 

4°C) [232,233]. For example, by measuring the specific binding o f ^^^I-labelled HDL or 

fluorescently labelled HDL to recombinant cells (using scintillation counting and flow 

cytometry, respectively), the relative number o f HDL binding sites on each of the clones 

could be determined. However, this method is far less accurate compared to 

immunofluorescence, as every cell surface HDL binding site is included in the 

measurements, not just the type I and II receptors. Despite the fact that I used the same 

batch o f CHO-Kl cells to generate the CHO-SR-BI and CHO-SR-BII recombinant cells, 

the isolated sub-clones may not have expressed the same number o f native HDL 

receptors, which would have decreased the accuracy o f the measurements. Since I 

required accurate comparisons o f SR-BI and II expression levels, I chose not to perform 

ligand-binding assays. Instead, I chose to employ densitometric analysis of Western 

blots. This involved isolating cell surface proteins from each clone in triplicate using 

biotinylation and streptavidin purification, followed by immunoblotting with an antibody 

common to both isoforms. Densitometric data revealed 5.8 times higher levels of cell 

surface SR-BI than SR-BII in the recombinant clones. Due to the significant difference
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in cell surface SR-BI and II levels, data from cholesterol efflux experiments were 

therefore corrected for receptor expression, before comparisons were made.

5.3.2 HUMAN SR-BII IS PRESENT IN MACROPHAGES BUT FAILS TO

MOBILISE STORED CHOLESTEROL

In addition to investigating whether SR-BII functions to promote CE 

mobilisation, it was also necessary to confirm the presence o f the human receptor in 

relevant cells, such as macrophages. Despite reports o f SR-BII mRNA transcripts in the 

HepG2 and THP-1 human cell lines [232], SR-BII protein has yet to be identified in 

untreated cells. Indeed, Matveev et al. [191] failed to detect SR-BII protein in THP-1 

monocytes or macrophages. Therefore, following the production o f an anti-peptide SR- 

BII antiserum, I used this isoform-specific antibody to reveal for the first time that SR- 

BII is expressed in the cell surface o f resting HepG2 cells, as well as THP-1 monocytes 

and macrophages. If indeed its function in macrophages is to promote CE mobilisation, 

one might expect an increased level o f receptor expression upon cholesterol loading. I 

subsequently used flow cytometry to determine whether membrane SR-BII protein, like 

ABCAl protein [292], is significantly increased in response to macrophage cholesterol 

loading. Unfortunately, the SR-BII isoform-specific antibody had previously not been 

found suitable for immunofluorescence, as its use with CHO-Kl control cells generated 

high levels o f background FITC fluorescence (indicating that the antibody was binding 

in a non-specific manner). Instead, I used an antibody that binds both SR-BI and II, 

which revealed that membrane levels o f SR-BI and/or II are significantly increased upon 

cholesterol loading. However, this method was unable to determine the extent to which 

SR-BII was contributing to this increase. Western blotting also failed to elucidate the 

contribution o f the type II receptor since the bands were too faint compared to the high 

level o f background, and it was not possible to perform densitometry on the 

autoradiographs.

Having verified that SR-BII was present in the cell surface o f macrophages, I 

used recombinant CHO-SR-BII clones (expressing low and high levels o f the receptor) 

to investigate whether SR-BII functions to mobilise stored CE. Recombinant cells were 

labelled with [^H]-oleic acid and their abilities to mobilise cellular cholesteryl oleate 

were monitored during HDL incubation. Unfortunately, using this cell culture model, I 

failed to demonstrate a role for human SR-BII in CE mobilisation: following HDL 

stimulation of control CHO-Kl cells and recombinant cells expressing low levels of SR-
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BII over 24 h, there was no significant reduction in the levels of radiolabelled cholesteryl 

oleate. Unexpectedly, when cells expressing high levels o f SR-BII were subjected to 

HDL stimulation for more than 8  h, this clone was found to be significantly worse at 

mobilising stored cholesterol compared to the low CHO-SR-BII clone and control cells. 

In contrast to my original hypothesis, the data generated from this cell culture model 

suggest that SR-BII inhibits the mobilisation of cholesterol from stored CE. However, as 

this effect was only observed with the high-expressing CHO-SR-BII clone, one could 

speculate that the high levels o f SR-BII present in the surface o f these cells promoted 

HDL cholesterol uptake during the experiment [232]. The resulting increase in cellular 

FC might then serve to switch off CE mobilisation and instead, switch on cholesterol 

storage. Finally, it would be interesting to elucidate whether SR-BII functions in this 

manner when over-expressed in cholesterol-loaded human macrophages. Indeed, this 

would have served as a better cell culture model for testing my hypothesis, but owing to 

the difficulties o f transfecting monocyte/macrophages, I was unable to perform this 

experiment.

5.3.3 CAVEOLAR LOCALISATION OF HUMAN SR-BII

Prior to investigating the role of human SR-BII in cellular cholesterol efflux, I 

used the recombinant CHO-SR-BII cells to study membrane localisation o f this receptor. 

It appeared likely that human SR-BII would localise to caveolae, as both murine SR-BI 

and II are found in these plasma membrane microdomains [176,233]. In this thesis, I 

present the first data confirming true caveolar localisation o f human SR-BII. Since 

caveolae act as sites o f cellular cholesterol flux [50], this finding promoted the 

involvement o f human SR-BII in cholesterol efflux. Another important function of 

caveolae is to concentrate signalling proteins and facilitate signal transduction [54]. 

Indeed, within caveolae, SR-BI activates eNOS in response to HDL binding [192]. The 

fact that HDL activation of eNOS still occurred in isolated caveolae reveals the 

important role that these microdomains play in signal transduction [192]. My 

confirmation that human SR-BII also localises to these microdomains further promotes 

the potential involvement of this lipoprotein receptor in signal transduction.

5.3.4 HUMAN SR-BII PROMOTES MORE CHOLESTEROL EFFLUX THAN 

SR-BI

Previous studies by Webb et al. [233], using recombinant CHO cells over

expressing murine SR-BII, have shown this receptor to mediate both selective cellular
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uptake o f HDL cholesterol and HDL-dependent cholesterol efflux, although with 

approximately 4 times lower efficiency than SR-BI. In this thesis, I used recombinant 

CHO cells over-expressing human SR-BII to demonstrate for the first time that the 

human form of this receptor also mediates cholesterol efflux in response to HDL 

stimulation. As levels of SR-BII protein within the clones increased, the efficiency of 

the cells to mediate HDL-dependent cholesterol efflux also increased, thereby strongly 

linking SR-BII to this particular function.

Subsequently, I compared the abilities o f human SR-BI and II to promote HDL- 

dependent cholesterol efflux. I was unable to accurately determine the relative 

efficiencies of the two isoforms, as the recombinant clones expressed different amounts 

o f plasma membrane SR-BI/II. However, having corrected the efflux values for the 

different levels o f cell surface receptor in each o f the recombinant clones, my results 

demonstrate human SR-BII to have approximately two times greater efficiency than 

human SR-BI at HDL-mediated cholesterol efflux. From the data presented in this 

thesis, it therefore appears as though the type II receptor in humans has a more 

significant role to play in HDL-mediated cholesterol efflux than the type I receptor. 

Indeed, HDL lipid uptake is thought to be the most important physiological function of 

SR-BI, rather than HDL-mediated cholesterol efflux [301]. To date, an accurate 

determination o f the relative efficiencies o f human SR-BI and II to mediate HDL lipid 

uptake has not been reported. It would be interesting to use recombinant cells over

expressing equal levels of human SR-BI and II to directly compare the abilities of each 

isoform to mediate HDL-dependent cholesterol efflux, as well as HDL lipid uptake.

My findings lead me to speculate that these two HDL receptors have distinct 

roles in cholesterol homeostasis; perhaps SR-BII functions more effectively as a 

cholesterol efflux receptor, whereas the major function o f SR-BI is as a cholesterol 

uptake receptor. Recent findings by Graf et al. [234] are consistent with this proposal. 

This group show that SR-BI protein in HepG2 cells is down regulated in response to 

physiological levels of l?P-estradiol, whereas SR-BII protein is upregulated from 

undetectable amounts in resting cells to levels three times that o f SR-BI at the start o f the 

experiment. Perhaps by an exchange o f membrane SR-BI for SR-BII, HDL cholesterol 

uptake by the liver is replaced by HDL-mediated cholesterol efflux, thereby promoting 

delivery o f cholesterol to steroidogenic tissues for hormone production. Certainly it 

would be interesting to perform cholesterol efflux studies on l?P-estradiol-treated and
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resting HepG2 cells to determine whether upregulation o f SR-BII protein is linked to 

increased HDL-dependent cholesterol efflux. Finally, it is feasible that an increase in 

SR-BII protein and cellular cholesterol efflux represents another mechanism by which 

estrogen reduces the development o f atherosclerosis [302].

The cholesterol efflux data presented in this thesis differ from the results reported 

for murine SR-BII by Webb et a l  [233], who found that the type II receptor was 

approximately 4 times less efficient at HDL-mediated cholesterol efflux that murine SR- 

BI. One explanation for this difference is the presence o f additional potential signalling 

motifs in the C-terminal cytoplasmic tail o f human SR-BII that are not found in murine 

SR-BII. As stated in my hypothesis, these putative signalling motifs in human SR-BII 

might be involved in intracellular signalling to promote cholesterol efflux. Since I failed 

to demonstrate a role for SR-BII in the mobilisation o f stored CE, the target o f SR-BII 

signalling does not appear to be CEH. However, other potential targets o f human SR-BII 

signalling that would enhance cholesterol efflux include inhibition o f ACAT and 

increased synthesis of cholesterol. In addition, SR-BII might increase trafficking of 

cholesterol to the plasma membrane, perhaps by promoting the movement o f ABCAl 

from endocytic vesicles to the cell surface [303]. As yet, these speculative mechanisms 

have not been tested.

5.3.5 SR-BII AND THE BRAIN

In 2001, an abstract was presented by Ueda et a l  at the International 

Symposium on Drugs Affecting Lipid Metabolism’, reporting that more than 95 % of 

SR-BI/II transcripts in the brain o f human SR-BI transgenic mice were SR-BII 

transcripts. This result is surprising, as SR-BII represents only 21 % of total SR-BI/II 

mRNA in HepG2 cells, and 12 % of the total immunodetectable SR-BI/II in mouse livers 

[232,233]. The high prevalence of SR-BII transcripts in the transgenic mouse brain 

points towards an important role for SR-BII in this organ. One might speculate that 

human SR-BII promotes rapid cholesterol efflux from specialised cells in the brain. 

Interestingly, cholesterol secreted by glial cells was recently discovered to promote 

synapse development in adjacent nerve cells [304]. Future cell culture studies involving 

neuronal and glial cells should help to decipher the role o f human SR-BII in the brain, 

and provide an explanation for such a prevalence of type II receptor transcripts.
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