
PROTEOMICS IN VIRAL DISEASE 
 
 
 

 
A Thesis Submitted to the Board of the Faculty of Biological Sciences, 

University of Oxford. 
In partial fulfilment of the requirements for the degree of Doctor of Philosophy 

 
 
 

Bevin Gangadharan 
 

Exeter College 
 

Oxford 
 

Trinity Term 2006 
 
 

 
 
 
 
 
 
 
 
 
 

Glycobiology Institute 
Department of Biochemistry 

University of Oxford 



 
i

PROTEOMICS IN VIRAL DISEASE 
 

Bevin Gangadharan, Exeter College, D. Phil. Thesis, Trinity Term 2006 
 

Abstract 
 

The separation, identification, and characterisation of the proteins present in a 
tissue or biological sample is called ‘proteomics’. This technique can be used for 
example to identify biomarkers and investigate signalling pathways. Increasingly, 
proteomics is being applied to the analysis of virus related samples; here two such 
examples are described. 

Presently there is no reliable non-invasive way of assessing liver fibrosis. Here 
a novel 2D-PAGE based proteomics study was used to identify potential fibrosis 
biomarkers. Serum from patients with varying degrees of hepatic scarring induced 
by infection with the hepatitis C virus (HCV) was analysed. Several proteins 
associated with liver scarring and/or viral infection were identified. The most 
prominent changes were observed when comparing serum samples from cirrhotic 
patients with healthy controls: Expression of inter-α-trypsin inhibitor heavy chain 
H4 fragments, α1 antichymotrypsin, apolipoprotein L1 (Apo L1), prealbumin and 
albumin was decreased in cirrhotic serum, whereas CD5 antigen like protein 
(CD5L) and β2 glycoprotein I (β2GPI) increased. In general, α2 macroglobulin 
(a2M) and immunoglobulin components increased with hepatic fibrosis whereas 
haptoglobin and complement components (C3, C4 and factor H-related protein 1) 
decreased. Novel proteins associated with HCV-induced fibrosis include the inter-
α-trypsin inhibitor heavy chain H4 fragments, complement factor H-related 
protein 1, CD5L, Apo L1, β2GPI and the increase in thiolester cleaved products 
of a2M. The relationship between these changes is discussed. 

One of the accessory genes of the HIV viral genome encodes for the Nef 
protein. Nef is present in lipid rafts and increases viral replication within infected 
host cells by binding to a guanine nucleotide exchange factor, Vav. This leads to 
activation of a GTPase, Cdc42, however, the signalling pathway is poorly 
understood. 2D-PAGE based proteomics was used to identify differentially 
expressed raft-associated proteins by comparing T cells in the presence and 
absence of Nef. A ubiquitin conjugating enzyme UbcH7, which acts in 
conjugation with c-Cbl, was absent from the rafts of Nef-transfected cells. Vav 
ubiquitination was also absent from these rafts. In collaboration with Dr. Alison 
Simmons and Prof. Andrew McMichael the absence of UbcH7 in rafts was found 
to be caused by βPix forming a ternary complex with c-Cbl and activated Cdc42. 
Vav ubiquitination was restored and viral replication was diminished when βPix 
was knocked down providing a new candidate target for inhibiting HIV 
replication. 

This thesis demonstrates the use of proteomics in providing novel information 
for virus related samples. This influential technology benefits in both biomarker 
discovery to aid clinicians with early diagnosis of diseased individuals and in the 
elucidation of novel signalling pathways in infected cells to provide new 
candidate targets. 
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1.1 Proteomics 

The term ‘proteome’ was first used by Wasinger et al., 1995 and means the 

total protein complement expressed by a genome. The separation, identification, 

and characterisation of the proteins present in a tissue or biological sample is 

called ‘proteomics’. 

Proteins have many functions within the cell including regulation of genes, 

relaying signals within and between cells, and driving metabolic processes. 

Perturbing such activities may lead to pharmacological, toxicological or disease 

events. Proteins involved in these events can be identified by comparing protein 

expression in healthy and diseased individuals or in control and drug treated 

individuals. Identification of proteins with altered expression profiles may allow 

investigation of new targets for the development of drugs, help with disease 

diagnosis, and may further understanding of mechanisms of drug action or 

toxicity. 

The study and exploitation of genetic sequence information is referred to as 

genomics. Functional genomics, which investigates the relationship between the 

pattern of gene activity and disease, is a major new area of interest following the 

completion of the Human Genome Project (Greenhalgh, 2005). However, on the 

whole, disease processes manifest themselves not at the level of genes, but at the 

protein level. Whilst aberrant gene activity may lead to disease states, there is a 

poor correlation between the level of gene transcription and the relative levels of 

active proteins within the tissue (Petricoin and Liotta, 2003). Therefore, relating 

gene expression to pathology is difficult at the level of mRNA. In addition, post-
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translational modifications and gene splicing add complexity to protein expression 

patterns. This means that a gene sequence does not determine the complete 

structure and function of proteins. 

Proteomics allows identification of key proteins implicated in disease, cell 

signalling, metabolic processes, etc. In combination with genomics studies, 

proteomics provides an alternative approach to target characterisation, 

identification of biomarkers and development of therapeutics. 

 

1.2 Techniques used in proteomics 

Proteins can be separated exclusively by size using sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). Two dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) is a key method for resolving 

complex mixtures of proteins. Proteins are separated first according to their 

charge (or isoelectric point, pI), in a process known as isoelectric focusing (IEF), 

and then on the basis of size by SDS-PAGE. This results in a two dimensional 

array of spots. Thousands of proteins can be separated in this way yielding 

information such as apparent pI and molecular weight for each protein. 

2D-PAGE was first introduced 30 years ago (Klose, 1975; O'Farrell, 1975). In 

these early experiments separation in the first dimension was carried out in carrier 

ampholyte-containing polyacrylamide gels cast in narrow tubes. There were a 

number of inherent disadvantages to this technique. Sample separation was highly 

sensitive to the presence of salts and other impurities, there were quantitative 

inconsistencies with different carrier ampholyte lots leading to reduced 
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reproducibility of separation, and the pH gradient tended to drift towards the 

cathode over time affecting reproducibility, particularly in the basic area of the 

gel. A more robust method, immobilised pH gradient isoelectric focusing (IPG-

IEF), was developed whereby pH gradients are immobilised into the acrylamide 

first dimension gel (Bjellqvist et al., 1982). For additional robustness and ease of 

handling, gels are cast onto a plastic film backing. Many of the problems 

associated with carrier ampholytes and tube gels (e.g. gradient drift and 

difficulties in gel handling) are overcome with this technology. These IPG strips 

also facilitate increased protein loading. 

For the first dimension IEF step, the protein sample must be completely 

solubilised, disaggregated, denatured, and reduced. To achieve this, samples are 

prepared in a mixture of detergents, chaotropes and reducing agents. Typically 

this includes urea, which solubilises and unfolds most proteins to their fully 

random coil conformation, with all ionisable groups exposed to solution. This may 

be combined with thiourea which further improves solubilisation, particularly of 

membrane proteins (Rabilloud, 1998). Neutral or zwitterionic detergents such as 

Triton X-100 (non-ionic; O'Farrell, 1975), Amidosulphobetaine 14 [ASB 14] 

(zwitterionic; Chevallet et al., 1998), 3-([3-Cholamidopropyl]dimethylammonio)-

1-propanesulphonate [CHAPS] (zwitterionic; Perdew et al., 1983) are included to 

aid solubilisation and to prevent aggregation through hydrophobic interactions. 

More recently, zwitterionic non-detergent sulphobetaines (NDSB) have also been 

used to limit protein aggregation and aid solubilisation. The reducing agent 

dithiothreitol (DTT) is most commonly used to break any disulphide bonds and 
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allows proteins to unfold completely. Tributyl phosphine (TBP), which improves 

protein solubility during isoelectric focusing resulting in shorter run times and 

increased resolution (Herbert et al., 1998), has been used as a reducing agent more 

recently. TBP is non-ionic and thus does not migrate in the IPG, therefore 

maintaining reducing conditions during the course of IEF. The addition of carrier 

ampholytes helps to stabilise the gradient producing more uniform conductivity 

across the pH gradient without disturbing IEF or affecting the shape of the 

gradient. Carrier ampholytes improve separations, particularly with high sample 

loads, and enhance protein solubility by minimising protein aggregation due to 

charge-charge interactions. 

The second dimension is most commonly run using the vertical format with the 

Tris-Glycine running buffer system described by Laemmli, 1970. This buffer 

system separates proteins at high pH, which confers the advantage of minimal 

protein aggregation and clean separation even at relatively heavy protein loads. 

IPG strips must be equilibrated prior to application onto the second dimension gel. 

The strip is usually conditioned in a viscous buffer to reduce the effects of 

electroendoosmosis. This is usually achieved using urea and glycerol, where the 

latter has the added benefit of improving transfer of proteins from the first to the 

second dimension (Gorg et al., 1985). The equilibration solution is buffered with 

Tris-HCl to maintain the strip in a pH range suitable for electrophoresis and the 

presence of DTT preserves the fully reduced state of denatured, unalkylated 

proteins. Most importantly, SDS is also included to denature proteins and form 

negatively charged SDS-protein complexes where the negative charge is directly 
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proportional to the mass of the protein. Thus, electrophoresis of proteins through a 

sieving gel in the presence of SDS separates proteins on the basis of molecular 

mass. 

Once separated, proteins are visualised by staining. There are many detection 

methods used to visualise protein spots on gels, each with their advantages and 

disadvantages. Silver staining is a highly sensitive non-radioactive method (1 ng 

detection limit). The chemistry underpinning silver staining was first applied to 

protein staining in the 1970s (Kerenyi and Gallyas, 1972). Studies show that silver 

staining is up to 100 times more sensitive than Coomassie Blue stain and allows 

the detection of proteins that could previously only be detected by 

autoradiography. There are a number of key disadvantages associated with silver 

stain including limited linearity of staining (Peats, 1984); high background, 

usually formed during development; and significant batch to batch variability 

because the staining procedure is a complex, multi-step process using numerous 

reagents for which quality is critical. Furthermore, many methods use 

formaldehyde in the fixation step or glutaraldehyde in the sensitiser, that can 

interfere with mass spectrometric analysis. Whilst omission of these reagents 

overcomes this problem, sensitivity is compromised (Shevchenko et al., 1996). 

Coomassie staining, although 50- to 100-fold less sensitive than silver staining, 

is a relatively simple method and more quantitative than silver staining (Meyer 

and Lamberts, 1965). Colloidal staining methods are recommended, because they 

show the highest sensitivity, down to 100 ng/protein spot (Neuhoff et al., 1985). 
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Relatively recently several fluorescent stains have been developed for protein 

detection that, in general, are very reproducible and more compatible with mass 

spectrometry than Coomassie or silver stains. The linear dynamic range of these 

fluorescent stains extends over at least three orders of magnitude, far exceeding 

those of Coomassie and silver stains. With regard to sensitivity, these fluorescent 

stains are generally far superior to Coomassie and comparable to silver staining 

(White et al., 2004). The first and probably most successful commercially 

available fluorescent stain recommended for 2D-PAGE is SYPRO® Ruby 

(Berggren et al., 1999). This dye, comprising ruthenium as part of an organic 

complex that interacts non-covalently with proteins, has a sensitivity as low as 

250 pg. More recently other fluorescent stains have been introduced including the 

Flamingo™ (Bio-Rad; detection limit of 250 pg) and Lightening Fast/Deep Purple 

stains (FLUOROtechnics/GE Healthcare; detection limit 100 pg) (Mackintosh et 

al., 2003).  

Once stained, the gels are imaged digitally for comparative image analysis to 

pinpoint protein spots of interest, i.e. those which are up- or down-regulated in 

response to treatment or which are subjected to post-translational modification. 

Processing of images remains a major bottleneck in the process and currently 

substantial manual intervention is required with all available processing software. 

Many vendors are trying to circumvent this issue and researchers are 

concentrating on ways to improve spot detection that will primarily remove 

operator subjectivity (Cutler et al., 2003). 
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Figure 1 The proteomics workflow. (a) Protein samples are initially 
denatured, solubilised and reduced. (b) Samples can be analysed by SDS-PAGE 
where proteins are separated by size. Alternatively proteins can be separated by 
high resolution 2D-PAGE (c and d). In 2D-PAGE, proteins are firstly separated 
by (c) charge using isoelectric focusing followed by (d) SDS-PAGE to separate 
proteins by molecular weight. The proteins on the gel are then (e) stained, (f) 
scanned and (g) analysed using computer-aided software to identify differences in 
band/spot intensity. (h) Spots/bands of interest are excised from the gel and 
digested with the enzyme trypsin. (i) The resulting peptides are analysed by 
nanospray MS/MS and finally (j) the data generated by mass spectrometry are put 
into a search engine to identify the proteins of interest. 
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Protein gel spots of interest can be excised manually or by using an automated 

robot. The gel spots are then enzymically digested in situ, usually with trypsin, 

again either manually or using a robot. The masses of the peptides generated can 

be determined by matrix assisted laser desorption / ionisation-time of flight mass 

spectrometry (MALDI-Tof MS), which enables rapid analysis of peptides and 

proteins (Courchesne and Patterson, 1999). The ‘mass fingerprint’ obtained with 

this technique is compared with theoretical digests of proteins in primary 

sequence databases to identify the protein. For structural analysis and more 

stringent searching of databases, nanospray ionisation MS/MS can be used to 

generate mass and sequence information (Griffiths, 2000). This technique has the 

advantage of allowing structural elucidation of modified peptides in complex 

digests (Shevchenko et al., 1996). Liquid chromatography (LC) coupled to 

tandem mass spectrometry, LC-MS/MS, is a powerful technique for the analysis 

of peptides and proteins and can be applied to complex in-solution digests for 

proteome analysis (Aebersold and Mann, 2003). This technique coupled with 

stable isotope labelling provides a powerful approach to quantitative proteomics. 

Various labelling methods are available including isotope coded affinity tag, 

ICAT (Gygi et al., 1999); stable isotope labelling by amino acids in cell culture, 

SILAC (Ong et al., 2002); and isobaric tagging for relative and absolute 

quantitation, iTRAQ (Ross et al., 2004). Searching of protein sequence databases 

with mass spectrometry data and the use of bioinformatic tools are the final steps 

in the proteomics workflow (Figure 1). 
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1.3 Proteomics in viral disease 

Increasingly proteomics is being applied to the analysis of virus-related 

samples. Proteomics has aided virology in numerous ways from identifying 

unknown plant viruses (Potato virus X; Cooper et al., 2003) to understanding 

further viruses responsible for outbreaks within the human population (e.g. SARS; 

Jiang et al., 2005). 

Proteomics has proved to be beneficial in the elucidation of serological 

biomarkers for various diseased states including viral diseases (Jacobs et al., 

2005). For the study described herein, this influential technology has been used to 

identify novel serum markers of virally induced liver fibrosis (Chapter 2). There is 

currently no reliable non-invasive method for assessing liver fibrosis and 

alternatives to liver biopsy are required. To date, no other gel-based proteomics 

studies to identify biomarkers for hepatic fibrosis have been published. 

Proteomics is also highly advantageous in analysing changes in protein 

regulation and phosphorylation in signalling pathways within cells including the 

examination of aberrant signalling that may be observed in virally infected cells 

(Pelech, 2004). The Human Immunodeficiency Virus (HIV) viral genome 

contains an accessory protein, Nef, that increases viral replication through 

changes in signalling processes within infected host cells (Das and Jameel, 2005). 

Nef is present in lipid rafts and viral replication is increased when Nef binds to a 

guanine nucleotide exchange factor leading to the activation of a GTPase (Fackler 

et al., 1999). There is a need to understand further this signalling pathway since 

the initial events facilitating this GTPase activation are unknown. The study 
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described herein uses proteomics to help unravel this unknown signalling pathway 

(Chapter 3). Knowledge of this complete pathway may aid in the understanding of 

HIV replication thereby providing new candidate targets for inhibiting HIV 

replication. 
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Proteomics of serum from  
Hepatitis C Virus infected individuals 
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2.1 Introduction 
 

Chronic hepatic disease damages the liver; the resulting wound-healing process 

can lead to liver fibrosis and the subsequent development of cirrhosis. One of the 

leading causes of hepatic fibrosis and cirrhosis is infection with the Hepatitis C 

virus (HCV). HCV is a major human pathogen infecting more than 200 million 

individuals (Libra et al., 2005), approximately 3% of the world’s population. At 

least 85% of those infected become chronic carriers and are at severe risk of 

developing liver fibrosis and cirrhosis. Of the patients with cirrhosis, 30-50% 

develop hepatocellular carcinoma (HCC) (Giannini and Brechot, 2003). Needle 

liver biopsy is the primary tool for the diagnosis and assessment of fibrosis yet 

there are a number of well-documented limitations and disadvantages to this 

technique. Non-invasive diagnostic methods have been proposed as alternatives or 

adjuncts to biopsies. Here, using proteomics, serum from patients with varying 

levels of HCV-induced hepatic scarring are compared to identify potential 

biomarkers for liver fibrosis. 

 
 

LIVER FIBROSIS 

2.1.1 Normal liver physiology 

The liver is a solid organ situated in the right upper quadrant of the abdomen. It 

receives approximately 75% of its blood supply via the hepatic portal vein from 

the small intestine, stomach, pancreas and spleen and the remaining 25% from the 

hepatic artery (Berne and Levy, 1998). Most of the liver volume is occupied by 

liver cells (hepatocytes), which are arranged in plates one cell thick, bordering 



 
14

vascular structures called sinusoids through which blood from both the portal vein 

and hepatic artery mixes and flows. Branches of the portal vein pass in between 

lobules in the liver and terminate in the sinusoids (Figure 2). These sinusoids are 

distensible vascular channels lined with highly fenestrated endothelial cells and 

are encircled by hepatocytes with microvilli on their surface that are thought to be 

important for normal physiological processes. As blood flows through these 

sinusoids, plasma is filtered into the space between these endothelial cells and the 

surrounding hepatocytes (the space of Disse) and provides the major fraction of 

the body’s lymph (Figure 3a). The blood flowing through these sinusoids empties 

into central veins of lobules throughout the liver which coalesce into the hepatic 

vein (Underwood, 1996). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Simplified diagrammatic representation of a normal liver 
lobule. Blood from the hepatic portal vein and hepatic artery enters into branches 
within these lobules before passing through the sinusoids and finally emptying 
into the central veins that combine to form the hepatic vein. Adapted from 
Underwood, 1996. 
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Within the space of Disse are hepatic stellate (star shaped) cells (HSC). The 

ratio of HSCs to hepatocytes in the normal liver is approximately 1:20. In the 

normal liver HSCs are the main storage sites of vitamin A. HSCs produce and 

degrade extracellular matrix (ECM) proteins in both the normal and fibrotic liver; 

they may also be involved in hepatic regeneration both in the normal liver and in 

response to hepatic injury (MacSween et al., 2002). HSCs are the key source of 

ECM components including collagens, non-collagen glycoproteins, growth 

factors, glycosaminoglycans and proteoglycans (Schuppan et al., 2001). 

Activation of the HSCs (Section 2.1.2) causes an imbalance between the 

production and degradation of ECM proteins that results in fibrous tissue 

(fibrosis) being deposited in the liver. 

 

2.1.2 Liver fibrosis 

Hepatic fibrosis is a wound healing response characterised by the excessive 

accumulation of scar tissue (i.e. ECM) in the liver. The replacement of normal 

structural elements of tissues with excessive amounts of non-functional scar tissue 

is seen in various diseases including liver fibrosis, cirrhosis, atherosclerosis, 

Crohn’s disease and keloid scars in skin (Diegelmann and Evans, 2004). All forms 

of wound healing share similar biology. Briefly, wound healing is directed by 

growth factors / cytokines; collagen is deposited in the ECM; transforming growth 

factor-beta 1 (TGF-β1) mediates ECM production; TGF-β1 decreases the 

secretion of proteases responsible for the breakdown of the ECM and stimulates 

tissue inhibitor of metalloproteinases (TIMP) (Diegelmann and Evans, 2004). 
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In liver fibrosis several morphological changes are observed in the hepatic 

architecture (Figure 3b). Kupffer cells (liver macrophages) in the blood pass 

through the hepatic sinusoids and become activated by adverse stimuli such as 

viruses or toxins. Cytokines including TGF-β1, interleukin-6 (IL-6) and tumour 

necrosis factor alpha (TNFα), released from the Kupffer cells activate the HSCs, 

resulting in hepatic scarring. Hepatocyte microvilli and endothelial fenestrae 

disappear thereby decreasing transport of lipoproteins and chylomicron remnants 

across the sinusoidal wall (MacSween et al., 2002). 

Collagens, in particular the fibril forming collagens (types I and III) and the 

sheet-forming basement membrane collagen (type IV), are the primary 

components of the excessive ECM production in hepatic fibrosis. Expression of 

these collagens can increase by up to 10-fold in cirrhosis (Schuppan et al., 2001). 

Other ECM components, including laminin (a glycoprotein basement membrane 

linker); hyaluronan (a polymer of dimeric glucuronic acid and glucosamine that 

forms proteoglycan aggregates in the ECM); elastin (a coiled and cross linked 

glycoprotein forming elastic fibres); and fibronectin (a fibrous glycoprotein which 

interacts with collagen), also increase (MacSween et al., 2002). 
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Figure 3 Morphological changes in hepatic architecture in liver fibrosis 
(a) Normal liver: Kupffer cells are located in the sinusoids and HSCs are 
perisinusoidal. Hepatocyte microvilli are important for the normal physiological 
function of the cells. Fenestrae of the sinusoidal endothelial cells allow passage of 
lipoproteins and chylomicron remnants (b) Hepatic fibrosis: Changes in both 
cellular responses and ECM composition. Activation of HSCs leads to the scar 
accumulation. Loss of endothelial fenestrae decreases transport across the 
sinusoidal wall leading to deterioration of hepatic function. Activation of Kupffer 
cells accompanies liver injury and contributes to HSC activation. Adapted from 
Bataller and Brenner, 2005. 

 

 

In the early stages of liver fibrosis, the liver tries to balance fibrogenesis by 

initiating fibrolysis. Fibrolysis, the removal of excess ECM, is achieved by two 

families of proteolytic enzymes, the collagenases and, most importantly, matrix 

metalloproteinases (MMPs). MMPs are released from HSCs during early 

activation and are themselves activated by the serine protease, plasmin. However, 

the liver may be unsuccessful in balancing ECM levels and repeated injury to the 

liver (e.g. from toxins, hepatic viruses) results in fibrogenesis prevailing over 

fibrolysis. As a result, ECM production increases and the secretion and activity of 

MMPs decreases. In the later stages of fibrosis, the HSCs become fully activated 

(a) (b) 
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leading to the synthesis and release of TIMPs. TGF-β1, the most prominent 

profibrogenic cytokine, directly activates TIMPs and through a downstream 

process, decreases the levels of plasmin thereby decreasing MMP activation. 

Furthermore, TGF-β1 activates HSCs to synthesise more ECM. 

Activated Kupffer cells also produce platelet derived growth factor (PDGF), 

which maintains HSCs in their activated state. In addition to TGF-β1, the 

cytokines IL-8 and IL-10 are secreted from HSCs which activate neighbouring 

HSCs. Hepatocytes damaged from fibrosis release reactive oxygen species and 

fibrogenic mediators which further activate HSCs (MacSween et al., 2002). 

HSCs also secrete angiotensin II which activates adjacent HSCs. Angiotensin 

II is part of the renin-angiotensin system and is a vasoconstrictor that increases 

blood pressure. This system involves the kidney enzyme, renin, which acts on 

liver synthesised angiotensinogen to form angiotensin I and an enzyme in the 

lung, angiotensin converting enzyme (ACE) converts angiotensin I to angiotensin 

II. In a similar way to TIMPs, angiotensin II can stimulate ECM synthesis and 

inhibit ECM degradation (Bataller and Brenner, 2005).  

Chronic HCV infection is one cause of liver fibrosis (Section 2.1.4), other 

adverse stimuli include alcohol abuse, haemochromatosis, Wilson’s disease, 

alpha1-antitrypsin deficiency, glycogen storage diseases and hepatitis B virus 

(HBV) infection (Section 2.1.3). In most patients, progression from fibrosis to 

cirrhosis usually occurs after an interval of 15 – 20 years (Berenguer et al., 2003). 
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Figure 4 A summary of the mechanism of ECM production in hepatic 
fibrosis. Cytokines and growth factors are produced from Kupffer cells upon 
hepatic injury which activate hepatic stellate cells (HSCs) leading to extracellular 
matrix (ECM) accumulation. In the early stages of liver fibrosis, HSCs release 
matrix metalloproteinases (MMPs) which degrade excess ECM and are 
themselves activated by plasmin. Repeated hepatic injury results in fibrogenesis 
prevailing over fibrolysis and fully activated HSCs produce tissue inhibitors of 
MMPs (TIMPS). HSCs themselves secrete cytokines and other factors which 
activate neighbouring HSCs. The main profibrogenic cytokine, TGF-β1 is 
synthesised from both Kupffer cells and HSCs which activates neighbouring 
HSCs, TIMPs and decreases plasmin thereby decreasing MMP activation and 
ECM degradation. 

 

 

Hepatic cirrhosis is the most severe form of liver scarring and, unlike hepatic 

fibrosis, is generally considered to be irreversible and nodular (Wolf, 2005). 

Cirrhosis is the cause of over 6000 deaths every year in the UK and approximately 

27,000 in the USA, making it the ninth leading cause of death (MacSween et al., 

2002). Cirrhosis is a major risk factor for hepatocellular carcinoma (HCC), 
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particularly in HCV-infected patients (Naoumov et al., 1997). At this stage of 

liver cancer, the only curative approach is liver transplantation (Dalgic et al., 

2005). In the case of virally induced liver cancer, hepatic scarring and HCC can 

recur after transplantation. Clearly it is imperative to diagnose fibrosis in the early 

stages of reversible liver scarring so that irreversible cirrhosis can be prevented. 

 

2.1.3  Non-viral hepatic fibrosis 

HCV infection is a major cause of hepatic fibrosis (Section 2.1.4). Other, non-

viral causes of hepatic fibrosis include: 

a. alcoholic fibrosis. The oxidative metabolite of alcohol, acetaldehyde, is 

thought to activate HSCs and increases collagen synthesis. 

Acetaldehyde can also damage cell membranes, initiate lipid 

peroxidation and activate Kupffer cells to produce TGF-β1, all factors 

that can further activate HSCs (Siegmund and Brenner, 2005; Purohit 

and Brenner, 2006). 

b. haemochromatosis, a rare genetic disorder that results in the over 

abundance of iron in body tissues including the liver. There is a strong 

correlation between the levels of iron in the liver and the degree of 

hepatic fibrosis. Unlike other liver diseases, haemochromatosis does not 

display necrosis or inflammation. The exact mechanism by which iron 

overload causes fibrosis is unclear but cytokine expression in 

haemochromatosis appears to resemble that of inflammatory HCV 

infection suggesting that this condition maybe associated to some 
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extent with a sub-morphological inflammatory process (Bridle et al., 

2003). 

c. Wilson’s disease, an inherited disorder primarily caused by an excess of 

copper in body tissues, particularly the central nervous system and 

liver, resulting in brain and hepatic damage, respectively. Again, the 

precise mechanism by which copper overload causes fibrosis is 

unknown but it is believed that some cytokines of liver inflammation 

are copper-dependent, some of which may stimulate TGF-β1 (Brewer, 

2003). 

d. α1-antitrypsin deficiency, which can cause chronic hepatic fibrosis in 

neonates or in late childhood. In this condition, α1-antitrypsin is 

misfolded and accumulates in the endoplasmic reticulum (ER) and 

Golgi. The misfolded protein is re-routed for lysosomal degradation and 

this change in intracellular traffic appears to culminate in liver cell 

necrosis and fibrosis (Moustafellos et al., 2000). 

Liver fibrosis has also been observed, although rarely, in patients with 

glycogen storage disease type III. This disease is characterised by an 

accumulation of abnormal glycogen in the liver and muscle, however it is unclear 

how this triggers hepatic fibrosis (Siciliano et al., 2000). 
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2.1.4 HCV-induced fibrosis 

Hepatitis C, a contagious disease of the liver caused by HCV, is the major 

cause of non-A, non-B hepatitis (NANBH) (Alter, 1999). The virus belongs to the 

Hepacivirus genus of the Flaviviridae family (Lauer and Walker, 2001). HCV, a 

spherical, enveloped, positive, single-stranded RNA virus approximately 50 nm in 

diameter consists of a 5’ non-coding region, a single open reading frame (ORF) 

and a 3’ non-coding region. The single ORF, approximately 9500 nucleotides in 

length, encodes a single polyprotein of about 3000 amino acids (Purcell, 1997). 

This polyprotein is processed by cellular and virally-encoded proteases to yield 

eleven mature proteins. There are three structural proteins (C, core; E1 & E2, 

envelope proteins), six non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A, 

NS5B) and a transmembrane, ion channel-forming protein, p7 (Voisset and 

Dubuisson, 2004; Pavlović et al., 2003). The NS proteins include enzymes 

required for protein processing (NS2 and NS3 are proteases) and viral replication 

(NS5B is an RNA-dependent RNA polymerase). In addition, the F protein (frame 

shift protein) is encoded by the open reading frame overlapping the core gene in 

the HCV genome (Lindenbach and Rice, 2005) but its function is unknown. The 

organisation of the HCV RNA genome is shown in Figure 5. 

Six major HCV genotypes (1-6), and more than 100 subtypes (a, b, etc), have 

been described (Geller, 2002). The major genotypes differ in their geographical 

distribution: genotypes 1, 2, 3 are observed worldwide; genotype 4 appears to be a 

Pan-African type; genotype 5 is the principal genotype in South Africa; genotype 

6 is principally found in Asia (Nguyen and Keeffe, 2005). 



 
23

 
 
 
 
 
 
Figure 5  The HCV RNA genome. Simplified genome structure which 
encodes a single polyprotein that is cleaved into 11 polypeptides including 
structural and non-structural proteins. C, core; E1/E2, envelope glycoproteins; p7, 
ion channel forming protein; NS3/NS4A/NS4B/NS5A/NS5B, non-structural 
proteins. Adapted from Lindenbach and Rice, 2005. 
 

 

 

Acute HCV infection is rarely symptomatic with persistent infection 

developing in 43–86% of the cases (Mondelli et al., 2005). Serological tests are 

available to non-invasively diagnose patients infected with HCV. Individuals 

infected with the virus produce Hepatitis C antibodies that can be detected using 

immunometric assays (Ren et al., 2005; Gretch, 1997) or the HCV RNA can be 

detected using polymerase chain reaction (PCR) (Beuselinck et al., 2005; Gretch, 

1997). At least 85% of those infected with HCV become chronic carriers, putting 

170 million patients at risk of developing liver cirrhosis and hepatocellular 

carcinoma. Presently, the only reasonably reliable treatment for HCV infection is 

pegylated interferon alpha (INFα) either alone or in combination with the 

guanosine analogue ribavirin (Di Bisceglie and Hoofnagle, 2002; McHutchison 

and Poynard, 1999). However, this treatment yields sustained response rates of 

just 54-56 % and research is ongoing to develop new HCV therapeutics. 

HCV and HBV can lead to liver fibrosis where scarring is thought to be 

induced by perturbations in lipid metabolism (Schuppan et al., 2003; Yi et al., 
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2003). These viruses are thought to stimulate TGF-β1 release in chronic viral 

hepatitis leading to excess synthesis and deposition of ECM. HBV can cause liver 

fibrosis by increasing lipid peroxidation and the virus has been shown to down-

regulate selenoprotein P, an extracellular glycoprotein which has antioxidant 

properties and protects cells against lipid peroxidation (Yi et al., 2003). HCV is 

also thought to increase lipid peroxidation but also induces other disorders in lipid 

metabolism, as described below, although the mechanism of action is largely 

unknown. 

Several cell surface molecules have been proposed as receptor candidates to 

mediate cell entry of HCV. These include the scavenger receptor class B type I 

(SR-BI), the low-density lipoprotein receptors (LDL receptors), CD81 and L-

SIGN, the liver homologue of DC-SIGN (Scarselli et al., 2002; Agnello et al., 

1999; Pileri et al., 1998; Gardner et al., 2003). Once hepatocytes are infected, 

HCV core is believed to lead to disorder in lipid metabolism in fibrosis (Schuppan 

et al., 2003) and is thought to play a role in the development of hepatic steatosis, 

lipid accumulation in the liver (Moriya et al., 1997). This steatosis alters the 

composition of the liver matrix upsetting the balance between ECM synthesis and 

degradation which appears to ultimately lead to hepatic fibrosis (Tilg and Diehl, 

2000). 

Triglyceride transfer proteins are major regulators of the assembly and 

secretion of very low-density lipoproteins (VLDL) and both are carriers of 

cholesterol and triglycerides. The HCV core protein inhibits triglyceride transfer 

proteins thereby decreasing synthesis and transport of VLDL resulting in possible 
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decreases in intracellular cholesterol and triglyceride clearance (Perlemuter et al., 

2002). The exact mechanism is unknown. Although HCV core protein does not 

associate with either of these carrier proteins, it is hypothesised that it may 

interact with lipids. In this way, lipid mobilisation by triglyceride transfer proteins 

would be prevented, ultimately resulting in deranged lipid metabolism. HCV core 

also increases lipid peroxidation, again by an unknown mechanism (Perlemuter et 

al., 2002). Increased lipid peroxidation can activate HSCs resulting in liver 

fibrosis (Poli, 2000). In addition to the derangement in lipid metabolism caused by 

HCV core, HCV core itself is thought to lead to the induction of the profibrotic 

cytokine TGF-β1 by an unknown mechanism. Both HCV core and TGF-β1 up-

regulate HSC synthesised connective tissue growth factor (CTGF) which is shown 

to play a role as a mediator of ECM production in hepatic fibrosis (Shin et al., 

2005; Rachfal and Brigstock, 2003).  

There is some evidence that the HCV non-structural proteins may contribute to 

liver fibrosis. Incubation of activated HSCs with HCV core and NS3 has been 

shown to increase reactive oxygen species, which in the same way as lipid 

peroxidation, can further activate HSCs for ECM production. Whilst infection of 

HSCs with core appears mainly to result in HSC activation, NS3-NS5 increase 

TGF-β1 secretion and the expression of procollagen α1 which is involved in ECM 

production (Bataller et al., 2004). The mechanism by which NS3 interacts with 

HSCs is unclear since the receptors for non-structural proteins are unknown. 
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DIAGNOSIS AND TREATMENT OF HEPATIC FIBROSIS 

2.1.5 Biopsy and histological analysis  

Currently a needle biopsy is the gold standard for assessing the severity of 

hepatic fibrosis (Mardini and Record, 2005). Histological analysis of these 

biopsies can reveal signs of architectural damage, give an indication of the extent 

of fibrosis and enable assessment of liver fibrosis before and/or during therapy. 

The degree of necrosis, inflammation and fibrosis can be determined using 

various stains. Haematoxylin & eosin (H&E) stains for the nucleus and cytoplasm, 

respectively, give an indication of cell morphology; α-smooth muscle actin 

highlights activated HSCs; Masson's trichrome and Sirius Red stains for collagen 

in the ECM to determine the extent of fibrosis (Jiang et al., 2004; Russo et al., 

2005; Borges et al., 2005). 

Figure 2 shows a simplified representation of a normal liver lobule. Histological 

analysis of these lobules is imperative for diagnosing the extent of fibrosis. In 

mild fibrosis, accumulation of ECM around the portal areas, portal fibrosis, is 

observed. In more moderate fibrosis, the fibrous ECM can join between a number 

of portal areas (portal to portal bridging) or in more severe cases join between the 

portal tracts and central vein (portal to central bridging) (Fischer et al., 1996). The 

histological examination of this bridging fibrosis is essential for fibrosis scoring. 

Although needle biopsies are commonly used to determine fibrosis scores (see 

Section 2.1.6), this method has several disadvantages. Firstly, the invasive 

procedure can cause severe discomfort, the procedure is expensive and not 

without risk (Cadranel and Mathurin, 2002). Puncturing of the lung or gallbladder 
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is a major risk and as many as 40% of patients experience severe pains and in rare 

cases death can occur (Thampanitchawong and Piratvisuth, 1999). Secondly, the 

rate of false-negatives from liver biopsy is 15-20% (Cadranel and Mathurin, 

2002). Sampling error mostly occurs when small biopsies (less than 10 mm) are 

analysed. Liver scarring may not be homogenous throughout the liver and since a 

biopsy specimen represents only 1/50,000th of the total liver mass, it may not 

reflect the true extent of fibrosis (Guido and Rugge, 2004). A biopsy in excess of 

10 mm in length increases the reliability of fibrosis assessment but even so 

fibrosis may be underestimated and cirrhosis missed in some patients. In addition 

to sampling errors there may be interobserver variability when histological biopsy 

specimens are examined. There is therefore an urgent need for a reliable, non-

invasive, serological assessment of hepatic fibrosis. 

 

2.1.6 Fibrosis scoring 

Several systems have been developed using semi-quantitative scoring 

classifications to delineate the degree of hepatic fibrosis based on histological 

analysis of biopsy specimens (Okafor and Ojo, 2004). The most commonly used 

are the Knodell, METAVIR and Ishak scoring systems. 

The Knodell scoring system was first developed in the early 1980s when little 

was known about liver fibrosis and uses a simple scale to allow for clear 

separation of mild from extensive fibrosis (Knodell et al., 1981). This uses three 

scoring systems for necroinflammation and one for fibrosis that together are used 

to determine the Histology Activity Index (HAI). The Knodell fibrosis scoring 

system uses a discontinuous scale from 0 to 4: 0 = No fibrosis; 1 = Portal fibrosis; 
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3 = Bridging fibrosis; 4 = Cirrhosis; forcing a rating to be low (0-1) or high (3-4). 

This is a very crude classification system since all types of bridging fibrosis, no 

matter how many bridges, is given a score of 3, and cirrhosis, whether early or 

late, is assigned a score of 4. The reproducibility of this scoring index is poor with 

occasional difficulties distinguishing between stages 1 and 3. In addition, its 

discontinuous scale complicates statistical analysis in clinical trials. The main 

disadvantage of this inflammation/fibrosis HAI index is that the sum of all four 

parameters does not distinguish the inflammation in hepatitis from remodelling 

with fibrosis (Brunt, 2000). 

In the mid 1990s, a simple yet more comprehensive histological evaluation of 

HCV fibrosis, now universally referred to as the METAVIR scoring system, was 

proposed (Bedossa and Poynard, 1996). The continuous METAVIR scoring 

system has been shown to be more reproducible than the Knodell system (Brunt, 

2000). In this case, a fibrosis score of 2 represents few bridges whereas a score of 

3 signifies extensive bridging but both early and late cirrhosis have the same score 

of 4. 

The Ishak classification was devised around the same time as the METAVIR 

scale and is a modification of the HAI scoring system (Ishak et al., 1995). The 

fibrosis scores between the Ishak, METAVIR and Knodell scoring systems can, to 

some extent, be interconverted (Table 1). With the Ishak scale, the degree of 

fibrosis is scored continuously using a more favourable wider scale from 0 to 6 

(Table 2). This broader range enables clinicians to diagnose the exact extent of 

liver scarring and also permits a better assessment of the effect of therapy on
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Table 1 Conversion between the three main fibrosis scoring systems. 
The Ishak, Knodell and METAVIR fibrosis scoring systems are most commonly 
used to assess hepatic scarring. Although the numerical values for the fibrosis 
stages varies among these systems, they can be interconverted to some extent. 
Adapted from Poynard et al., 2004a. 

 

fibrosis. In a similar way to the original HAI scoring system, the Ishak score also 

takes into account a necroinflammatory score based on 4 parameters: (A) interface 

hepatitis; (B) confluent necrosis; (C) focal lobular necrosis; (D) portal 

inflammation. Parameters A, C and D are assigned scores from 0-4 and parameter 

B has a score range from 0-6 so the maximum possible score for this modified 

HAI grading is 18. 

 

Changes in liver architecture Score 
No fibrosis 0 

Fibrous expansion of some portal areas 1 
Fibrous expansion of most portal areas 2 

As in score 2 but with occasional portal to portal bridging 3 
As in score 2 but with marked bridging as well as portal-central 4 
As in score 4 but with occasional nodules (incomplete cirrhosis) 5 

Cirrhosis 6 
 
 
Table 2 The seven point Ishak scoring system. This continuous scoring 
system uses a more favourable wider scale allowing clinicians to more accurately 
establish the degree of hepatic scarring. Adapted from Ishak et al., 1995. 
 

Ishak Knodell METAVIR 
0 0 0 
1 0-1 0-1 
2 1 1 

2-3 1-3 1-2 
3 1-3 2 
4 3 3 
5 3-4 3-4 
6 4 4 
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2.1.7 Serological tests for liver disease 

Routine liver function tests (LFTs) of blood samples may show an elevation of 

liver enzymes and changes in other analytes in hepatitis and fibrosis / cirrhosis. 

Table 3 details the commonly used analytes. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Biochemical, serological and virological profiles of HCV 
infection 
(a) Self-limiting HCV infection where the virus is cleared by the immune system. 
When HCV RNA is cleared, ALT levels drop to normal levels. 
(b) Chronically evolving acute HCV where the virus persists. When anti-HCV 
antibodies begin to peak, ALT levels can change erratically and also enter the 
normal reference range. 
Adapted from Mondelli et al., 2005 
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Analyte 
[normal 

concentration 
range] 

Relationship to liver disease 

Alanine 
aminotransferase 

(ALT) 
[0-45 IU/l] 

- cytosolic enzyme elevated in all types of hepatitis 
- viral-mediated hepatocyte damage results in leakage of ALT 
- normal levels may be observed in fibrosis, cirrhosis or HCC due to hepatocyte 
apoptosis leading to less ALT synthesis (Bacon, 2002; Puoti, 2003) 
- no correlation with HCV RNA & changes erratically in chronic HCV (Figure 6) 

Alkaline 
phosphatase (ALP) 

[30-120 IU/l] 

- originates from liver & bone 
- increased in many liver diseases including cirrhosis and HCC but also in non-
liver diseases, e.g bone disorders (Burlina and Bugiardini, 1978) 

Bilirubin 
[2-17 µmol/l] 

- results from haem breakdown 
- secretion of conjugated bilirubin into bile is impaired in liver diseases (e.g. viral 
hepatitis) resulting in its presence in urine 
- unconjugated bilirubin elevated in blood due to increased production, defect in 
hepatic uptake or conjugation but poor indicator of cirrhosis since only slightly 
increased or normal (Owens et al., 1977) 
- decreased bilirubin clearance in cirrhosis where biliary excretion & conjugation 
are impaired 
- serum bilirubin is a reasonable marker for cirrhosis 

Albumin 
[40-60 g/l] 

- major serum protein synthesised by the liver 
- rough indicator of liver disease where decreased levels indicate compromised 
hepatic synthetic function 
- normal in chronic liver disease & decreases only for severe hepatic damage / 
inflammation (e.g. advanced hepatitis, cirrhosis or hepatocellular necrosis) 
(Ljubimova et al., 1997) 
- albumin and platelet count can be used to predict prognosis of death in patients 
with HCV-induced cirrhosis 

Aspartate 
aminotransferase 

(AST) 
[0-35 IU/l] 

- mitochondrial & cytosolic enzyme 
- not very specific since found in other organs 
- elevated in liver inflammation and necrosis 
- viral-mediated hepatocyte damage results in leakage of AST 
- normal or only slightly elevated levels in fibrosis/cirrhosis 

Gamma glutamyl 
transpeptidase 

(GGT) 
[0-30 IU/l] 

- located in hepatocytes & biliary epithelial cells 
- elevated in users of liver toxic substances like alcohol with or without cirrhosis 
(Pol et al., 1990) 
- elevated in HCV infection where it follows hepatic fibrosis or cirrhosis (Hwang 
et al., 2000) 
- mechanism unknown but synthesis may be elevated as an adaptive response 
(Silva et al., 2004) 
- not specific & elevated in other diseases (pancreatic/renal failure & diabetes) 

 
Table 3 Commonly used LFTs and their relationship to hepatic disease. 
LFTs are routinely measured in hospitals to assess hepatic function. In general, 
these tests give a reasonable indication of liver inflammation but inadequately 
correlate with hepatic scarring. The square parentheses show the normal reference 
range of the analytes. All information displayed is based on the report by Limdi 
and Hyde, 2003 unless stated otherwise. 
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2.1.8  Non-invasive tests for assessing liver fibrosis 

Some researchers claim that there are a small number of serum proteins already 

fairly well established as surrogate markers for liver fibrosis which correlate to 

some degree with the hepatic fibrogenic process. Some of these markers are 

shown in Table 4. 

Presently the most reliable serological assessment of liver fibrosis uses a panel 

of five markers called the FibroTest which was established in 2001 by the 

MULTIVIRC group in France (Imbert-Bismut et al., 2001). This test includes the 

following biomarkers: a2M, haptoglobin, apolipoprotein A1 (Apo A1), GGT and 

bilirubin. This cocktail of markers has already been shown to correlate with liver 

fibrosis – both acute phase proteins, a2M and haptoglobin, have been established 

as fibrosis markers for approximately 30 years (Hiramatsu et al., 1976), the LFTs 

(GGT and bilirubin) have been used to assess hepatic function in hospitals for 

decades (Stanosek et al., 1965) and liver synthesised Apo A1 has already been 

shown by the same group to correlate with liver scarring due to its binding with 

the fibronectin in the ECM (Paradis et al., 1996b). In the same way as HAI 

scoring systems, this group also has created a test for assessing necroinflammation 

called the ActiTest which uses the same five markers but with ALT for hepatic 

function as an additional test (Halfon et al., 2002). Although all six of these 

markers have already been described for hepatic fibrosis and liver disease, the 

combination of these several markers greatly improves scarring assessment and is 

superior to other serological fibrosis tests with the best correlation with biopsy
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Fibrosis marker General comments and reliability of marker 
Collagen type IV - increases with increased hepatic scarring 

- only useful for HCC or cirrhosis and unreliable for early stages of fibrosis 
(Hong et al., 1995, Castera et al., 2000) 

Procollagen III 
peptide (PIIIP) 

- aminoterminal peptide of procollagen III 
- secreted into circulation during conversion of type III procollagen to type III 
collagen giving a rough indication of collagen synthesis 
- collagen III increases mostly in early fibrosis but overall collagen I is 
predominantly produced by HSCs (MacSween et al., 2002) 
- reliable for methotrexate-induced liver fibrosis [methotrexate is a drug for 
psoriasis but liver fibrosis is a side effect (Chalmers et al., 2005)] 
- unreliable for other origins of hepatic fibrosis, e.g normal PIIIP levels in 
haemochromatosis where severe liver fibrosis and cirrhosis are present 
(Colombo et al., 1983; Colombo et al., 1985) 
- in viral hepatitis, PIIIP is more related to necroinflammation than ECM 
deposition (Surrenti et al., 1987) 
- poor diagnostic value in HCV-induced fibrosis (Gabrielli et al., 1997)  
- increases in other forms of scarring (e.g. skin fibrosis from burns patients) 
(Ulrich et al., 2002) 

Hyaluronan - non-collagenous glycoprotein in ECM secreted into circulation 
- glycosaminoglycan composed of repeating glucoronic acid dimeric units 
and N-acetyl glucosamine 
- synthesised and secreted from HSCs during fibrogenesis 
- fibrosis or cirrhosis patients can have same or lower levels than healthy 
controls (Pares et al., 1996; Patel et al., 2003; Leroy et al., 2004)  
- can increase with food ingestion (Wong and Gibson, 1998) and change 
significantly depending on age (Wong et al., 1998) 
- in HBV-induced fibrosis, levels in patients with an Ishak score of 3 were 
inaccurately higher than in patients with a score of 4 (Montazeri et al., 2005) 
- unreliable marker with limited value in predicting histological changes over 
a treatment regime in HCV patients (Patel et al., 2003) 

Laminin - ECM glycoprotein synthesised and secreted into the circulation from HSCs 
- unreliable marker even for cirrhosis (Gonzalez Reimers et al., 1996) 
- fibrosis patients can have similar or lower levels than healthy controls 
(Castera et al., 2000; Santos et al., 2005) 

YKL-40 
(Chondrex) 

- human cartilage glycoprotein expressed in liver & thought to be involved in 
tissue remodelling 
- member of chitinase family and is a lectin which binds to heparin and chitin 
- increases with hepatic scarring & more reliable than hyaluronan (Zheng et 
al., 2005) 
- unreliable since fibrosis patients can have similar or decreased levels 
compared to healthy controls (Johansen et al., 2000) 

MMP-2 

TIMP-1 

- increase with fibrosis but with low correlation (Kasahara et al., 1997) 
- also increase in other forms of scarring e.g. skin (Ulrich et al., 2003) 
- TIMPs are less informative than PIIIP, laminin and collagen type IV for 
fibrosis (Tsutsumi et al., 1996). 

Prothrombin time - prothrombin is a clotting factor in plasma 
- plasma clotting time (prothrombin time) is measured for clotting disorders  
- decreases with increased hepatic scarring and is favourable due to its low 
cost (Cadranel and Mathurin, 2002) 
- significant overlap in prothrombin time for intermediate grades of liver 
fibrosis but more reliable than three LFTs: AST, ALT and GGT (Qiu et al., 
2004) 

Platelet count - platelets are enucleated cells which control bleeding (haemostasis) by 
coagulating blood and play a role in wound healing (García et al., 2004a) 
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- as with activated Kuppfer cells, they release PDGF which contributes to 
repair processing by activating fibroblasts leading to scarring 
- platelet count and age of the patient can help in diagnosing cirrhosis but is 
unreliable for the lower stages of fibrosis (Poynard and Bedossa, 1997; Myers 
et al., 2003) 
- combination with AST and ALT levels helps but sensitivity is too low to 
replace liver biopsy (Park et al., 2004) 

α2 macroglobulin 
(a2M) 

Haptoglobin 

- acute phase glycoproteins (i.e. circulatory proteins that change by > 25% in 
response to inflammation (Gabay and Kushner, 1999)) 
- synthesis stimulated by inflammatory cytokines (e.g. IL-6, TGF-β1 and 
TNFα) from Kupffer cells in fibrosis which activates HSCs (Gabay and 
Kushner, 1999) 
- usually both a2M and haptoglobin increase in inflammation, e.g. pancreatitis 
(Quilliot et al., 2001; Griesbacher et al., 2003) but in hepatic disease (e.g. 
steatosis, cirrhosis, hepatitis, HCC) only a2M increases and haptoglobin 
decreases (Meliconi et al., 1988) 
- a2M and haptoglobin correlate reasonably well with fibrosis and have been 
used to for > 30 years (Hiramatsu et al., 1976) 

FibroTest - a panel of five markers: a2M, haptoglobin, apolipoprotein A1 (Apo A1), 
GGT and bilirubin (Imbert-Bismut et al., 2001) 
- only moderate correlation with fibrosis and considerable overlap between 
the intermediate stages of fibrosis being effective at eliminating biopsy in 
about a quarter of patients (Rossi et al., 2003) 
- does not predict presence / absence of fibrosis or reduce need for biopsy 
- varies between analysers leading to significant fibrosis being missed 
(Rosenthal-Allieri et al., 2005; Thuluvath and Krok, 2005) 

Glycan analysis - analysis of serum ‘N-glycome’ revealed GlycoCirrhoTest biomarker which 
differentiates fibrosis patients from both controls and cirrhotic patients 
- galactosylation decreases and modification of serum N-glycans with a 
bisecting N-acetylglucosamine (GlcNAc) residue increases in cirrhosis 
(Callewaert et al., 2004) 
- GlcNAc modification caused by N-acetylglucosaminyltransferase III (GnT-
III) which is elevated in serum for HBV-induced cirrhosis and HCC (Shim et 
al., 2004) 
- GlycoCirrhoTest only reliable as a cirrhosis marker since there is overlap 
between the intermediate fibrosis stages (Callewaert et al., 2004) 
- MALDI-Tof MS analysis of serum N-glycans from patients with hepatic 
cirrhosis revealed increase in bisecting GlcNAc residue, increase in core 
fucosylation and presence of agalactosylated neutral glycans but the value of 
these glycan markers over various degrees of fibrosis has yet to be assessed 
(Morelle et al., 2006) 

 

 
Table 4 Common serological biomarkers for assessing hepatic fibrosis 
and cirrhosis. In general, these biomarkers show overlap for the intermediate 
fibrosis stages and only appear to show some reliablity for diagnosing cirrhosis. 
Therefore, there is still an urgent need to develop and validate a reliable non-
invasive assay to accurately reflect the full spectrum of fibrosis stages 
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scoring (Poynard et al., 2004b). Since their initial study, this group has published 

several papers claiming that their method of assessing the degree of hepatic 

fibrosis can decrease the need for liver biopsies but do not completely eliminate 

the requirements of the invasive procedure. Another group has evaluated the 

FibroTest showing only moderate correlation with fibrosis and considerable 

overlap between the intermediate stages of fibrosis being effective at eliminating 

biopsy in only 26% of patients (Rossi et al., 2003). This group found that 

FibroTest could not accurately predict either the presence or absence of fibrosis 

and could not reliably be used to reduce the need for liver biopsy. Others have also 

found that this test has variability between different analytical analysers with 

discrepancies for a2M and to a lesser extent Apo A1 leading to significant fibrosis 

being missed (Rosenthal-Allieri et al., 2005; Thuluvath and Krok, 2005). Despite 

these disadvantages, the FibroTest presently remains the best group of fibrosis 

biomarkers. Soon serum biomarkers may become standard clinical practice for 

patients with hepatic fibrosis, but current studies show that FibroTest, along with 

the presently discovered markers, do not eliminate the need for biopsy (Thuluvath 

and Krok, 2005). 

Non-invasive assessment of liver fibrosis does not necessarily need to be 

performed from serological analysis and studies have been carried out by other 

means. Since fibrosis alters the architecture of the liver near the portal, central and 

sinusoidal areas (Figures 2 and 3), the hepatic haemodynamics are affected. 

Researchers have therefore claimed that the velocity of blood flowing throughout 

the liver may aid in assessing the extent of hepatic scarring. The blood velocity 
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can be determined by means of high-frequency sound waves to bounce off 

flowing blood in vessels using a technique called ultrasonography. Increased 

portal bridging is observed with increasing fibrosis leading to increased portal 

resistance and pressure (portal hypertension) with slower blood flow. The ratio of 

hepatic artery to portal vein velocity therefore increases with fibrosis and studies 

claim that a ratio greater than or equal to 3.5 can help in diagnosing cirrhosis 

(Hirata et al., 2001). However, results show that up to 31% of patients with a ratio 

above this threshold had only moderate fibrosis and that therefore this test is an 

unreliable method for diagnosing cirrhosis. The unreliability of this technique has 

also been emphasised by others who have shown that 63% of biopsy-proven 

cirrhotic cases were unnoticed by ultrasonography (Ong and Tan, 2003). 

A recent study has employed a non-invasive technique called transient 

elastography which also uses ultrasonography but also applies low frequency 

elastic waves whose propagation velocity through the liver is dependent on 

hepatic elasticity (Sandrin et al., 2003). Liver stiffness is related to the degree of 

scarring and hepatic elasticity has been shown to increase with fibrosis stage due 

to the increased presence of elastin and other ECM components (Yeh et al., 2002). 

A more recent prospective study of this transient elastography test, more 

commonly referred to as FibroScan, shows some overlap between the intermediate 

stages of fibrosis and therefore this test faces the same issues as all other 

suggested fibrosis markers (Foucher et al., 2006). Another disadvantage of the 

FibroScan test is that it is highly operator dependent and does not reliably 

differentiate hepatic steatosis from fibrosis (Bataller and Brenner, 2005). 
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However, FibroScan holds much promise with similar or possibly better 

performance than FibroTest in HCV patients (Castera et al., 2005; Colletta et al., 

2005; Castera et al., 2006). 

In addition to protein markers, studies are now being carried out on serum 

glycans to evaluate liver fibrosis. FibroTest has been combined with 

GlycoCirrhoTest described in Table 4. The combination of these tests showed 

75% sensitivity and 100% specificity for cirrhosis and therefore liver biopsy may 

become unnecessary only for patients who are positive for this combination test. 

However, they state that a further and larger study is required to fully validate 

their results (Callewaert et al., 2004). Others state that these glycan markers do 

not additionally contribute as a fibrosis biomarker compared to the previously 

identified protein markers and incorrectly display positive results for non-liver 

autoimmune diseases (Paradis, 2005).  

Many of the serum markers already described for liver fibrosis, only appear to 

be useful in diagnosing cirrhosis where the scarring is so severe that the liver 

architecture is essentially irreversibly damaged. Therefore, there is still an urgent 

need to develop and validate a reliable non-invasive assay to accurately reflect the 

full spectrum of fibrosis stages (and preferably also inflammation) in hepatic 

fibrosis. Ideally a serum marker is required to reliably diagnose the early stages of 

fibrosis where the liver architecture can be reversibly corrected using anti-fibrotic 

drugs (Section 2.1.10). 
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2.1.9 Proteomics in hepatitis 

Proteomics has been applied to the analysis of viral hepatitis in several ways. 

Most studies have been carried out on virally-induced HCC following the 

pioneering 2D-PAGE proteome characterisation of the HCC cell line (Seow et al., 

2000). Proteome analysis of liver tissue has helped to reveal differential changes 

in liver enzymes between normal, cirrhotic and HCC patients. However, since this 

aberrant change in liver enzymes is not reflected in serum, these markers are only 

useful for biopsy specimens (Lim et al., 2002). These initial studies were followed 

by the 2D-PAGE comparison of HBV- and HCV-associated HCC, again with 

most differences observed in liver enzymes (Kim et al., 2003). More recently, 

non-gel-based quantitative proteomic ICAT labelling has been applied to identify 

261 differentially regulated proteins in HCC which has helped in understanding 

the mechanism of this liver cancer as well as potential drug targets for treatment 

(Li et al., 2004). Similarly, the carcinogenesis of HCV-related HCC is now better 

understood from gel-based proteomics (Yokoyama et al., 2004). 

The first suggestion that proteomics could be beneficial for serum biomarker 

discovery in viral hepatic disease was made by researchers in a joint collaboration 

between the Thomas Jefferson University, Oxford Glycobiology Institute and Fox 

Chase Cancer Centre (Steel et al., 2001). Since this review, the same groups 

released the first extensive 2D-PAGE analysis of serum from patients with HBV-

induced HCC and successfully elucidated two potential serological markers for 

this cancer: an isoform of Apo A1 and a fragment of Complement C3, both of 

which were decreased in HCC (Steel et al., 2003a). These groups also observed 
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that woodchucks with HCC have higher levels of core α-1,6-linked fucose and the 

analysis of fucosylated proteins led to the discovery that Golgi protein 73 (GP73) 

is hyperfucosylated and increased in expression in HCC (Block et al., 2005). The 

use of GP73 was later combined with other established HCC markers, α-

fetoprotein and des-γ carboxyprothrombin, along with surface-enhanced laser 

desorption / ionisation (SELDI) to diagnose HCV-related cirrhosis (Schwegler et 

al., 2005). 

Glycoprotein analysis has been shown to be of particular interest in the analysis 

of serum from HBV-related chronic hepatitis and HCC. De-N-glycosylation of 

serum glycoproteins prior to 2D-PAGE analysis simplified the serum proteome 

and enhanced the resolution of many polypeptides allowing the determination of 

two potential serum markers: pre-serum amyloid P, which was present in the 

serum of patients with HBV-related chronic hepatitis and healthy controls but 

absent in HBV-induced HCC; and also a ceruloplasmin fragment which was 

absent in the serum of healthy controls but present in HBV-related chronic 

hepatitis and HCC (Comunale et al., 2004). More recently, glycan analysis of total 

serum has revealed that core fucosylation increases with the development of HCC. 

This hyperfucosylation was observed on 19 different glycoproteins including 

a2M, GP73 and IgG (Comunale et al., 2006). 

Inflammatory biomarkers have also been identified by both proteomics and 

glycan analysis. In HBV-induced hepatitis, 2D-PAGE has revealed many changes 

including a decrease in haptoglobin and alterations in spot profile to both Apo A1 

and α1-antitrypsin (He et al., 2003). Also it has long been known that in liver 
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cirrhosis and many inflammatory diseases, including hepatitis, the level of the 

carbohydrate antigen, sialyl Lewix X, in plasma increases (Sunayama et al., 

1993). The markers determined from both of these approaches appear to correlate 

well with necroinflammatory scores. 

Early proteomics based approaches to identify a cirrhosis biomarker were 

carried out on the serum of rats with chemically induced cirrhosis. A marker was 

identified using SELDI to determine the molecular weight of the differentially 

expressed protein followed by MALDI-Tof MS analysis. The identified cirrhosis 

biomarker was histidine-rich glycoprotein, but a glycoprotein of this family has 

not been discovered in serum from human patients with cirrhosis (Xu et al., 

2004). 2D-PAGE analysis of rat livers with chemically induced cirrhosis has 

helped to identify liver enzymes related with hepatic scarring: decrease of 

enzymes involved in β-oxidation and an increase in proteins for lipid peroxidation 

(Low et al., 2004). 

To date, the only proteomics assessment for the different stages of liver fibrosis 

with human serum samples was performed using SELDI. Considerable overlap 

was observed for the intermediate stages of HBV-related fibrosis indicating that 

this was an unreliable proteomics approach to investigate the extent of hepatic 

scarring (Poon et al., 2005). More recently changes in the serum proteome of 

HCV-induced cirrhosis developing into HCC has been evaluated using SELDI 

leading to the discovery of an elevation of κ and λ immunoglobulin light chains in 

HCC (Ward et al., 2006). The disadvantage of SELDI is ion suppression and 

quantification of individual proteins for complex samples like serum (Seibert et 
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al., 2004). Others have analysed 2D-PAGE changes in serum glycoproteins for 

alcohol induced cirrhosis where the glycosylation patterns were changed in 

haptoglobin, α1-antitrypsin and transferrin compared to healthy controls. 

However the same changes were observed in alcoholics without any liver disease. 

Also the protein expression of haptoglobin and spots of albumin were found to be 

decreased in the serum samples from patients with alcoholic-induced cirrhosis 

(Gravel et al., 1996). 

 

2.1.10  Anti-fibrotic therapies 

Many drugs have been shown to prevent fibrosis progression in rodents but 

their effectiveness in humans has not been proven. This is largely because, in the 

absence of reliable non-invasive tests, liver biopsies would be required to 

accurately assess the efficacy of these drugs over the course of the treatment 

(Bataller and Brenner, 2005). This indicates the urgent need for reliable non-

invasive markers for hepatic fibrosis in drug discovery.  

The onset of liver scarring usually involves inflammation which promotes liver 

fibrosis progression. As a result, anti-inflammatory drugs, e.g. corticosteroids, 

have been used for fibrosis patients (Czaja and Carpenter, 2004). Another 

approach is to inhibit HSC activation which has been carried out with antioxidants 

such as vitamin E, phosphatidylcholine and silymarin (Di Sario et al., 2005). 

Researchers have also targeted collagen in rodents to decrease fibrosis: the 

inhibition of collagen synthesis has effectively been performed using prolyl-4-

hydroxylase inhibitors and halofuginone and collagen degradation has been 
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accomplished using MMPs (Shimizu, 2001; Gnainsky et al., 2004; Siller-Lopez et 

al., 2004). The efficacy of these collagen-related drugs in humans is unknown. 

Other suggested targets for anti-fibrotic strategies include the disruption of TGF-

β1 synthesis and inhibition of endothein-1 receptors which appear to be successful 

in rodents but again their effect in humans is unknown (Gressner et al., 2002; Cho 

et al., 2000).  

Inhibitors of the renin-angiotensin system appear to be the most promising 

drugs for liver fibrosis although they have yet to be tested in humans. Inhibitors of 

this system are widely used as anti-fibrotic agents and appear to be safe for renal 

and cardiac fibrosis (Bataller and Brenner, 2005). Preliminary studies on HCV-

induced scarring show a decrease in fibrosis progression but these trials are still 

ongoing and these inhibitors have not been accepted yet in clinical practice 

(Rimola, 2003).  

All of these anti-fibrotic approaches possess little benefit for the essentially 

irreversible scarring in cirrhosis and ideally should be administered in the early 

stages of fibrosis. Therefore it is imperative that a reliable procedure, preferably 

non-invasive, is available to accurately diagnose mild fibrosis in time so that these 

anti-fibrotic methods can successfully be applied to prevent further progression 

with scarring. 

 

2.1.11  Aims of the chapter 

The serum markers already described for hepatic scarring (Section 2.1.8) are 

helpful in aiding the diagnosis of liver fibrosis. However, all appear to have 
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significant overlap for the intermediate stages of fibrosis and therefore biopsy 

remains as the most reliable option. The serological biomarkers already described 

were determined by predicting which proteins could be secreted into serum based 

on the architectural damage caused to the liver during scarring. However, given 

the limitations of these markers, efforts are required to identify serum components 

that may be differentially expressed in disease. A recent review on liver fibrosis 

specifically highlighted proteomics as one of the most appropriate techniques for 

assisting fibrosis biomarker discovery (Bataller and Brenner, 2005). For the study 

described herein, the first of its kind, 2D-PAGE based proteomics has been used 

to identify serum biomarkers of fibrosis by analysing varying stages of HCV-

induced hepatic fibrosis and cirrhosis alongside healthy controls. 
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2.2 Materials and Methods 

2.2.1 Materials 

Bicinchoninic acid (BCA) reagent, copper (II) sulphate pentahydrate, tributyl 

phosphine, 3-[(3- cholamidopropyl)dimethylammonio]-1-propanesulphonate 

(CHAPS), iodoacetamide, bovine serum albumin (BSA) and Glu-fibrinogen were 

purchased from Sigma (Dorset, UK). Bromophenol blue, sodium dodecyl sulphate 

(SDS), ammonium bicarbonate and sodium thiosulphate were provided by Fluka 

(Buchs SG, Switzerland). HPLC grade water, absolute ethanol, hydrochloric acid 

(HCl), glycine, butan-2-ol and 2% dimethyldichlorosilane in 

octamethylcyclotetrasiloxane (Repelcote) were purchased from BDH (Dorset, 

UK). Acrylamide and carrier ampholytes (SERVALYT®) were purchased from 

SERVA (Heidelberg, Germany). 2-Amino-2-(hydroxymethyl)-1,3-propanediol 

(Tris), agarose, and sequencing grade bovine trypsin were supplied by Roche 

(East Sussex, UK). Dimethylbenzylammonium propane sulphonate (non-detergent 

sulphobetaine-256 – NDSB-256) was purchased from Calbiochem, Merck 

Biosciences (Nottingham, UK). Thiourea, glycerol and chloroform were provided 

by Fisher Scientific (Leicestershire, UK). Acetic acid and acetonitrile were 

purchased from Riedel-de Haën (Seelze, Germany). Formic acid was provided by 

ROMIL (Cambridge, UK). Unstained ProSieve® molecular weight protein 

standards were from Cambrex (Berkshire, UK). Steritop 0.22 µm filters and Milli 

Q / Elix systems for producing Milli Q water were purchased from Millipore 

(Watford, UK). 10 well Bis-Tris-HCl gels, LDS sample buffer, NuPAGE® 

reducing agent, 3-(N-morpholino) propane sulphonic acid (MOPS) Running 
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Buffer, NuPAGE® Antioxidant, PowerEase® power supply, NOVEX Xcell 

SureLock™ Mini-Cell system and the equipment and reagents for the ZOOM IEF 

fractionator (ZOOM urea, ZOOM CHAPS, ZOOM thiourea, ZOOM pH 3-10 

Carrier ampholytes, 50X Novex IEF Anode buffer, 10X Novex IEF Cathode 

buffer) were all supplied by Invitrogen (Paisley, UK). Urea, dithiothreitol (DTT), 

γ-methacryloxy-propyl-trimethoxysilane (Bind-Silane), dry strip cover mineral 

oil, Immobiline® IPG DryStrips, electrode wicks and the electrophoresis 

equipment for running the first dimension (reswelling tray, Multiphor II, EPS 

3500XL power supply) were all from GE Healthcare (Buckinghamshire, UK). 

N,N,N’,N’– tetramethylethylenediamine (TEMED), piperazine diacrylamide 

(PDA), ammonium persulphate (APS) and the PowerPac 1000 power pack were 

purchased from Bio-Rad (Hertfordshire, UK). The casting tank, gel casting 

machine, second dimension running tanks, staining tanks, OGT 1238 fluorescent 

dye, Apollo linear fluorescence scanner, robotic gel excisor, Rosetta software and 

the LIMS system were provided by Oxford GlycoSciences (Abingdon, UK). 

Melanie II image analysis software (release 2.3) was from Bio-Rad / The Melanie 

Group (Geneva, Switzerland) but was customised by Oxford GlycoSciences. 

Advanced Image Data Analyser (AIDA) software was supplied by Raytest 

(Straubenhardt, Germany). Techclean hydroentangled cellulose/polyester c-fold 

wipes were provided by Techspray (Bedford, UK). Decon90 was supplied by 

Decon (East Sussex, UK). The Coomassie Plus protein assay kit was purchased 

from Pierce (Northumberland, UK). The E-833 power supplies for running the 

second dimension tanks were from Consort (Turnhout, Belgium). LAS1000Pro 
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Intelligent Dark Box II CCD camera was purchased from Fuji (Düsseldorf, 

Germany). The RTE-101 recycling thermostatic water bath was purchased from 

Thermo NESLAB (Newington, NH, USA). The Savant SpeedVac® and vacuum 

vaporiser were purchased from Thermo Electron (Hampshire, UK). The 

POLARstar Galaxy plate reader (firmware version 4.30-0) and associated 

FLUOstar software (software version 4.30-0) were from BMG Labtechnologies 

GmbH (Offenburg, Germany). Non-skirted 96 well 200 µl PCR plates were 

purchased from ABgene® (Surrey, UK). The automated DigestPro workstation 

was provided by ABiMED (Langenfeld, Germany). Inkjet acetate sheets were 

supplied by Lyreco (Shropshire, UK). The glass plates for the gel cassette were 

supplied by Soham Scientific (Cambridgeshire, UK). The Class II cabinets were 

from Walker (Derbyshire, UK). The CapLC™ HPLC, MassLynx software version 

4.0 and the Q-Tof mass spectrometer were purchased from Waters (Hertfordshire, 

UK). The C18 PepMap analytical column was purchased from LC packings (CA, 

USA). The Mascot Daemon search engine (version 1.8) was provided by Matrix 

Science (London UK). 

 

2.2.2  Samples for analysis: Liver fibrosis and cirrhosis study 

Normal healthy control and HCV infected human serum samples were taken 

from patients within the Oxford Radcliffe Hospitals NHS Trust (in collaboration 

with Dr. Paul Klenerman, Peter Medawar Building for Pathogen Research, 

University of Oxford; Ethical Approval number corec 98-137) and the University 
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College London Hospitals NHS Trust (via Dr. Nikolai Naoumov, Institute of 

Hepatology, University College London).  

All samples were screened to be negative for Hepatitis B. Details of the age, 

gender, alanine aminotransferase (ALT) levels, HCV genotype, Ishak fibrosis 

score, inflammatory score and biopsy date for all patients are shown in Table A1 

in the Appendix. All patients were not on treatment. Patients in each of the 

following categories were analysed (the numbers in parentheses indicate the Ishak 

fibrosis score):  

4 x Normal healthy controls  (0) 

4 x Mild fibrosis   (1) 

3 x Moderate fibrosis   (3) 

4 x Cirrhosis    (6) 

 

2.2.3  Estimation of protein concentration  

2.2.3.1  Bicinchoninic acid (BCA) protein assay 

Protein concentration of samples was determined using the BCA assay method 

of Smith et al., 1985. The assay was carried out using 96 well flat bottomed 

plates. The protein determination reagent was prepared using one part copper (II) 

sulphate pentahydrate to 50 parts BCA solution. 200 µl of this working reagent 

was mixed with 10 µl of sample in each well. A 6 point linear standard curve was 

established (in duplicate) with 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml BSA. 

The plate was incubated for 30 min at 37 °C and the absorbances were read at 

560 nm on a POLARstar Galaxy plate reader using the FLUOstar Galaxy 
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software. The concentrations of the samples were determined from the linear 

standard curve using in-house developed software. 

 

2.2.3.2  Coomassie Plus protein assay 

The Coomassie Plus protein assay was carried out using 96 well flat bottomed 

plates. 300 µl of the ready-made working reagent was added to 10 µl of standards 

and samples. A broad range 11 point non-linear standard curve was established (in 

duplicate) with 0, 12.5, 25, 50, 100, 200, 400, 600, 800, 1000 and 1500 µg/ml 

BSA. The absorbances were read immediately at 600 nm on a POLARstar Galaxy 

plate reader using the FLUOstar Galaxy software. The concentrations of the 

samples were determined from the standard curve using in-house developed 

software. 

 

2.2.4 Two dimensional polyacrylamide gel electrophoresis (2D-

PAGE) 

2D-PAGE was performed essentially as described by Gorg and Weiss, 1999. 

Sample preparation, electrophoresis, staining, scanning and spot excision were 

carried out in category I; class 100,000 Clean Room conditions. 

 

2.2.4.1 Immobilised pH Gradient-Isoelectric focusing (IPG-IEF) 

Serum samples were prepared in 9.8 M urea, 4% (w/v) CHAPS to ensure total 

denaturation of HCV infected samples and to allow accurate protein quantification 

using the BCA assay (Section 2.2.3.1) since major interfering substances where 
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absent in this buffer composition. Samples were diluted further to give a final 

concentration of 5 M urea, 2 M thiourea, 4% (w/v) CHAPS, 65 mM DTT, 2 mM 

TBP, 150 mM NDSB-256, and 0.0012% (w/v) bromophenol blue to act as a 

tracking dye during IEF. For pH 3-10 NL (non-linear) IPG strips, the protein 

solution was vortex mixed with 0.45% (v/v) pH 2-4 carrier ampholytes, 0.45% 

(v/v) pH 9-11 carrier ampholytes and 0.9% (v/v) pH 3-10 carrier ampholytes and 

incubated at room temperature for 1 h to ensure complete denaturation and 

solubilisation. Samples were spun at 16,000 g for 15 min. 375 µl of supernatant 

(containing 500 µg serum) was carefully pipetted into separate lanes of a 

reswelling tray. Immobiline® IPG DryStrips (18 cm, 3 mm wide, pH 3-10 NL) 

were placed face down onto the protein-containing samples in each lane of the 

reswelling tray and overlaid with 2 ml of dry strip cover mineral oil. Rehydration 

was performed for 20 h at room temperature.  

After rehydration, the strips were briefly drained of excess mineral oil and 

transferred to the Multiphor II with the gel facing upwards. Electrode wicks 2 cm 

in length were soaked with 100 µl HPLC grade water and blotted to ensure that 

they were damp but not excessively wet. These damp wicks were placed on either 

end of the IPG strips. Electrode bars were fixed onto the wicks at either end of the 

IPG strips and mineral oil was poured into the sample tray until the strips were 

immersed. The wicks were prodded gently using tweezers to remove air bubbles 

and ensure good contact with the IPG gel. IEF was carried out at 300 V for 2 h 

and then 3500 V up to 75 kVh according to Sanchez et al., 1997 using an EPS 

3500XL power supply. For all stages of the process, the current limit was set to 10 
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mA for 12 gels, and the power limit to 5 W. The temperature was maintained at 

17 °C using an RTE-101 recycling thermostatic water bath. 

 

2.2.4.2 Gel casting 

Large format, ~1 mm thick, 20 cm(w) x 18 cm(h), SDS-PAGE gradient gels (9–

16%T, 2.67%C) were prepared in-house. Glass plates for the gel cassettes were 

cleaned on both sides with 1% (v/v) Decon90 solution using a sponge and rinsed 

with Milli Q water before being allowed to dry. The plates were treated so that the 

gel was covalently bound to one of the glass plates in the gel cassette. The gel 

plates that were to be bound to the gel were wiped on one side with ethanol before 

attaching a barcode label (for tracking) and then wiped with ethanol on the other 

side. The plates that were not to be bound to the gel were only wiped with ethanol 

on the side to be coated. All polishing and wiping steps were carried out using a 

cellulose wipe. These treatments were performed inside a Class II cabinet to be 

free from contamination and to protect the user. The plates which were used for 

attaching to the gel were treated with one 2 ml application and a separate 1 ml 

application of 0.4% (v/v) Bind-Silane in ethanol and then left for at least 1 h to 

cure before rinsing with Milli Q water. These Bind-Silane treated plates were 

allowed to dry for at least 1 h and then polished with ethanol using a cellulose 

wipe. The glass plates to be used on the other side of the cassette were treated 

with 1 ml of undiluted Repelcote to reduce adhesion of the gel to this plate and 

allowed to dry for 15 min followed by three slow passes over the plate with a heat 

gun to seal the Repelcote to the plate. The plates were then allowed to stand for 10 
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min to cool before being polished firstly with Milli Q water and then ethanol, 

using separate cellulose wipes for each polishing. Alternating Repelcote and Bind-

Silane treated plates separated by 1 mm spacers on either side were then loaded 

into a casting tank. A total of 13 cassettes were placed in the casting tank and each 

one was separated using an inkjet acetate sheet with the rough side facing the bind 

plate. 

The formulation of polyacrylamide used was essentially equivalent to that used 

by Hochstrasser et al., 1988. Acrylamide solutions were vacuum filtered using a 

0.22 µm Steritop filter and all gel casting solutions were degassed in a sonicating 

water bath before use. The acrylamide solution for the high percentage gel matrix 

was made with 1.067% (w/w) PDA in 40% (w/v) acrylamide. This solution was 

diluted 4-fold in Milli Q water to give the acrylamide solution for the low 

percentage gel matrix. 1.2 and 3.2% (w/v) APS solutions in 0.5% (w/v) sodium 

thiosulphate and 0.6 and 1.4% (v/v) TEMED solutions in Milli Q water were 

prepared. These six solutions along with approximately 1.9 M Tris HCl (pH 8.8) 

were placed onto a peristaltic pump driven gradient gel casting machine connected 

to the casting tank stacked with gel cassettes. The concentration of this Tris buffer 

was dependent on the calibration parameters of the casting machine on the day of 

casting. The more concentrated acrylamide, APS and TEMED solutions were 

used to establish the high percentage acrylamide end of the gel and the less 

concentrated for the low percentage end. The caster established a 9–16%T, 

2.67%C gradient for all the gels in the casting tank. Each gel was overlaid with 

water saturated isobutanol and allowed to set for 5 h after which the isobutanol 



 
52

was poured off and replaced with Milli Q water in order to help displace the 

isobutanol and was repeated after 10 min. Having finished rinsing the gels, they 

were then covered in 1.9 M Tris HCl (pH 8.8) and allowed to stand overnight 

before the gel cassettes were separated and cleaned. A quality control (QC) was 

performed on one of the gels by splitting the gel cassette apart and examining 

firstly by eye, the condition of the top edge of the gel to determine how level the 

gel was, and secondly, by examining the binding quality of the acrylamide gel 

onto the Bind-Silane treated glass plate. This was achieved by scraping the gel off 

the plate to check the binding. If the QC was acceptable, the remaining batch of 

12 gels were covered with 375 mM Tris (pH 8.8) and finally stored at 4 °C and 

used within three weeks. 

 

2.2.4.3 SDS-PAGE 

Immediately post IEF, the IPG strips were incubated in 2 ml of reducing 

equilibration solution (4 M urea, 2 M thiourea, 50 mM Tris HCl (pH 6.8), 30% 

(v/v) glycerol, 2% (w/v) SDS, 130 mM DTT, 0.002% (w/v) bromophenol blue) 

for 15 min at 20 °C. The strips were drained of equilibration solution and overlaid 

onto the second dimension gels and sealed in place with 90 °C, 0.5% (w/v) 

agarose in 25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS (reservoir buffer). The 

flat end of a spatula was used to aid placement of the IPG strip. Once the agarose 

had set, second dimension electrophoresis was carried out. 

The reservoir buffer of Laemmli (Laemmli, 1970) was used for all large format 

gels. Electrophoresis was carried out in an electrophoresis tank similar to that 
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described by Amess and Tolkovsky, 1995. The current was set at 20 mA per gel 

for 1 h, followed by 40 mA per gel for approximately 4 h. The power limit was set 

to 150 W for a tank containing 6 gels and the voltage limit was set to 600 V 

throughout the run. The temperature was maintained at 10 °C using a recycling 

thermostatic water bath. Electrophoresis was terminated once the bromophenol 

blue tracking dye had reached the bottom of the gel. 

 

2.2.5 SDS-PAGE of mini gels 

For small format SDS-PAGE gels, 10 well 4-12% (w/v) NuPAGE® Bis-Tris-

HCl (buffered at pH 6.4) gels were used. Samples were vortex mixed with 

NuPAGE® LDS sample buffer and NuPAGE® reducing agent according to the 

manufacturer’s guidelines and heated for 10 min at 70 °C. The samples were 

vortex mixed briefly and spun at 16,000 g for 5 min before loading. Typically 10 

µg in 10-20 µl was loaded per lane. Lanes without samples were filled with 

equivalent volumes of sample buffer to ensure even protein migration between 

lanes. 

Gels were fixed into a NOVEX Xcell SureLock™ Mini-Cell system. The inner 

chamber was filled with 200 ml 0.25% (v/v) NuPAGE® Antioxidant in NuPAGE® 

MOPS SDS Running Buffer. The outer chamber was filled with NuPAGE® 

MOPS SDS Running Buffer. Electrophoresis was performed using a PowerEase® 

power supply at 200 V, 120 mA until the dye front had reached the bottom of the 

gel (~ 50 min). Unstained ProSieve® molecular weight protein standards were run 

alongside the samples for molecular weight estimation. 
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2.2.6  Total protein staining 

Gels were removed from the running tanks and the plastic spacers on either 

side of the gel cassette were displaced to allow opening of the glass plates. The 

IPG strip and the overlay agarose were discarded. Prior to fixing, the gels were 

briefly washed in Milli Q water to remove running buffer. Staining of small 

format gels was performed in small sandwich boxes with 50 ml of each solution. 

Large format gels were stained in specially built staining tanks with 6 litres of 

each solution for a set of 12 gels. 

Firstly, the proteins on the gels were fixed in 40% (v/v) ethanol, 10% (v/v) 

acetic acid overnight. The gels were then incubated in Priming Solution (7.5% 

(v/v) acetic acid, 0.05% (w/v) SDS) for 30 min. OGT 1238, a proprietary 

fluorescent dye based on the structure of (aminostyry1)pyridinium dyes (Hassner 

et al., 1984), was used to stain the gels. The stock solution of this dye (2 mg/ml in 

dimethyl sulphoxide, DMSO) was prepared in 7.5% (v/v) acetic acid to give a 

final concentration of 1.2 mg/l. The gels were incubated in this staining solution 

for approximately 4.5 h in the dark. To decrease background fluorescence the gels 

were washed in deionised water for 5 min post-staining followed by a further 

wash in 50% (v/v) ethanol for 5 min.  

 

2.2.7  Image analysis 

2.2.7.1  Scanning 

Large format 2D-PAGE gels stained with OGT 1238 dye were imaged (16-bit 

monochrome fluorescent images, 200 µm resolution) with a 488 nm Apollo linear 



 
55

fluorescence scanner. Gels were scanned in Tagged Image File format (*.tif) onto 

a shared server and were automatically cropped and converted into graphics filter 

files (*.flt) for image analysis. 

Scanned gels were sealed in plastic bags and stored at 4 °C with approximately 

10 ml 40% (v/v) ethanol, 10% (v/v) acetic acid until required for excising protein 

spots. 

Mini gels stained with OGT 1238 dye were imaged as 8-bit monochrome 

images on a LAS1000Pro CCD camera. Prior to capturing images the parameters 

were set to chemiluminescence/fluorescence and the CCD camera was cooled to   

-25 °C. The gel was placed onto an ethanol-cleaned glass plate and inserted onto 

level 3 of the imaging tray. Images were acquired over different exposure times 

(typically between 0.5 to 2 min) until the optimum image was produced.  

Densitometric analyses of small format gels was carried out using AIDA 

software and images were exported in *.tif format. Densitometric data were saved 

as a text document on the AIDA software and then automatically converted to 

Microsoft Excel format for further analysis. 

 

2.2.7.2  Differential image analysis 

Differential image analysis was carried out essentially as described by García 

et al., 2004b. Scanned images of all 2D-PAGE gels were analysed with a custom 

version of the Medical ELectrophoresis ANalysis Interactive Expert II (Melanie 

II) software. All gels were internally calibrated for pI and molecular weight using 

the E. coli proteome as a standard (Tonella et al., 1998), typically using 10-15 
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calibrated landmarks on each gel. This allowed the software to warp the gels so 

that they superimposed each other to aid with image analysis.  

A set algorithm for this software programme was used to detect protein spots 

on all 2D-PAGE gels. A synthetic image was created for all gels within the same 

group and the spots were detected using the same parameters. The spot features of 

these synthetic images were manually edited to remove artefacts that were 

incorrectly detected and not suitable for image analysis. Spot boundaries that were 

not correctly split were also edited. Once these synthetic gels had been 

successfully curated, each of the original gel images were curated in a similar 

manner using the edited synthetic gel as a template. Feature shapes were not 

edited on the original gels unless spot splitting was required. 

The most representative original gel among all the gels included in the image 

analysis was chosen as the primary master. Features in all other gels were paired 

to this primary master gel and any features present in other gels but not the 

primary master were also added/reclustered so that all valid features were 

included in the analysis. Finally a synthetic composite master image was created 

which represented all the features from all the original gel images in the study. 

These were grouped together into linked sets or ‘clusters’ and given a unique 

identifying index called the molecular cluster index (MCI). 

Differentially expressed features were determined using the Rosetta™ 

software. Typically four gels from one set were compared with four gels from 

another set (e.g. four control gels vs. four cirrhotic gels). The optical density of 

each feature was determined by summing pixels within the feature boundary and 
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the volume was determined by integrating this optical density over the area of the 

feature. All statistical calculations performed by Rosetta™ were based on the 

percentage volume of the features, i.e. (feature volume / total volume of all 

features over the image) x 100. Changes in protein expression were determined as 

a ratio of averaged percentage feature volumes. The parameters on Rosetta™ were 

set with a 75% feature presence threshold i.e. three of the four gels in the set must 

have a feature present to be considered a valid change. For the three moderate 

fibrosis serum gels, the feature presence threshold was set at 66% i.e. two of the 

three gels must have a feature present. Only differentially expressed changes that 

were 2-fold or more different were considered to be significant and were visually 

analysed on a Proteograph. The MCIs which recorded a Rank Sum p-value ≤ 0.05 

were selected as statistically significant changes with 95% confidence. As an 

additional check, all features displayed as differentially expressed by Rosetta™ 

were validated further by visualising the features across all gels in a montage 

format on the Melanie II software. 

 

2.2.8  Spot excision 

For all small format SDS-PAGE gels, bands were manually excised with a 

clean scalpel. Gels stained with OGT 1238 stain were visualised on a Dark Reader 

light box in a dark room to aid manual excision of bands. 

For large format 2D-PAGE gels, the co-ordinates of each differentially 

expressed protein feature were determined on the Melanie II software. Based on 

these co-ordinates a list of commands (called a cutfile) were generated that were 
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sent to a software-driven robot gel excisor. The software programmed x,y 

movements of the robot arms and directed a cutting head to cut and remove 

features. To avoid contamination between spots, a new cutter tip was used on the 

cutting head for each gel feature. The robot excised gel features by shearing and 

aspirating actions and the cutter tips with the isolated gel pieces were ejected into 

separate wells of a 96 well reaction plate with laser made holes on the bottom. 

The cutter tips were removed and the gel pieces were dried in a SpeedVac® for 1-

2 h prior to automated in-gel digestion (Section 2.2.10.2). 

 

2.2.9  Laboratory information management systems (LIMS) software  

All samples, gels, gel batches, cast batches and cutfiles were given codes that 

were logged into a LIMS system with full details about the samples including 

sample type, concentration and sample load. The barcode numbers, pI range and 

lot numbers of IPG strips were also added to the LIMS database. Each 2D-PAGE 

gel was provided with a unique number given on an attached barcode. Barcode 

scanners were available on the Apollo scanner and spot excisor for identifying the 

gels. These barcode numbers were entered into the LIMS database so that the 

progression of the 2D-PAGE process could be monitored. 

 

2.2.10  Protein identification 

2.2.10.1  Manual in-gel digestion 

For mini gels, the protein bands of interest were carefully excised from the gel 

using a scalpel and finely sliced into small pieces for manual digestion. All steps 
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were carried out at room temperature unless otherwise stated. For all steps where 

buffer was added to the gel pieces the samples were agitated on a shaker. The gel 

pieces were dried for 1-2 h in a Savant SpeedVac® linked to a vacuum vaporiser 

and then washed three times with 50 µl 20 mM ammonium bicarbonate 

(NH4HCO3) for 20 min. The supernatant was removed and the proteins in the gel 

were reduced with a minimal volume of 10 mM DTT in 20 mM NH4HCO3 for 45 

min. The DTT solution was removed and free thiols were alkylated with a similar 

volume of 50 mM iodoacetamide in 20 mM NH4HCO3 with samples incubated in 

the dark for 20 min. Prior to trypsinisation the gels were dehydrated with 50 µl 20 

mM NH4HCO3 in 50% (v/v) acetonitrile for 20 min. The supernatant was 

removed and dehydrated further with 100% acetonitrile for 20 min until the gel 

pieces turned white. The gel pieces were then dried completely in a SpeedVac® 

for 1 h. The dried pieces were covered with a minimal volume of 20 mM 

NH4HCO3 containing 10 ng/µl bovine trypsin. After 5 min, the excess trypsin 

solution was removed and 10 µl 20 mM NH4HCO3 was added. The gel pieces 

were incubated overnight in a 37 °C oven (12-15 h). 

Post digestion, any residual solution was removed and placed in a new tube. 

The peptides in the gel were extracted three times with 50 µl 5% (v/v) formic 

acid, 50% (v/v) acetonitrile for 20 min and the extracts were pooled together with 

the residual digestion solution. The pooled extracts were dried down completely 

in a SpeedVac® and the peptides were reconstituted with 6-7 µl 0.1% (v/v) formic 

acid. Samples were vortex mixed briefly, shaken for 20 min and then sonicated for 

2 min to aid the peptides to dissolve. 
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2.2.10.2  Automated in-gel digestion 

All steps were carried out in an automated DigestPro workstation at room 

temperature unless stated otherwise. Solutions were added to the gel pieces using 

needles and removed through the laser made holes on the bottom of the plate by 

applying nitrogen pressure as described by Houthaeve et al., 1997. Gels were 

washed with 50 µl acetonitrile and 50 µl 50 mM NH4HCO3 for 15 min. The 

supernatant was removed and the gels were dehydrated with 100 µl acetonitrile 

for 10 min. The acetonitrile was removed and the proteins in the gel were reduced 

with 30 µl 10 mM DTT in 25 mM NH4HCO3 for 10 min at 60 °C. Once the 

samples had cooled (20 min) the supernatant was removed and the gel proteins 

were alkylated with 30 µl 50 mM iodoacetamide in 25 mM NH4HCO3 for 15 min. 

The iodoacetamide solution was removed and the gel pieces were washed with 50 

µl 50 mM NH4HCO3 for 15 min before dehydrating the gels twice with 50 µl 

acetonitrile for 15 min. The acetonitrile was removed and the workstation was 

paused for 10 min to allow drying.  

18 ng/µl bovine trypsin was kept inside the automated robot in its inactive form 

by storing in acidic conditions (10% (v/v) acetonitrile, 1 mM HCl). The trypsin 

was activated by diluting it 2-fold with 25 mM NH4HCO3. 15 µl of this 9 ng/µl 

trypsin solution was added to each gel piece and left for 10 min to allow gel 

swelling. Gel pieces were incubated at 37 °C for 2 h after which 10 µl water was 

added to compensate for any water loss. The gel pieces were then incubated at 37 

°C for a further 2 h.  
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10 µl 25 mM NH4HCO3 was added to each gel piece and incubated for 10 min. 

To dehydrate the gel, 20 µl acetonitrile was added and left for 10 min. The 

supernatant was transferred to a 96 well collection plate and 20 µl 10% (v/v) 

formic acid was added to the gels and left for 10 min to extract the peptides. The 

supernatant was added to the collection plate and the gels were dehydrated with 

30 µl acetonitrile for 15 min. This supernatant was also added to the collection 

plate. The pooled extracts were dried completely in a SpeedVac® and the peptides 

were reconstituted by dissolving in 6.5 µl 0.1% (v/v) formic acid. 

 

2.2.10.3  Mass spectrometric analysis  

Mass spectrometric analysis was carried out using a Q-Tof 1 mass 

spectrometer coupled to a CapLC configured with a 300 µm id/ 5 mm C18 

precolumn and a 75 µm id/25 cm C18 PepMap analytical column. Tryptic 

peptides were eluted to the mass spectrometer using a 45 min 5-95% (v/v) 

acetonitrile gradient containing 0.1% (v/v) formic acid at a flow rate of 200 

nl/min. Spectra were acquired using the MassLynx software version 4.0 in an 

automatic data dependent fashion with a 1 s survey scan followed by three 1 s 

MS/MS scans of the most intense ions. The selected precursor ions were excluded 

from further analysis for 2 min. Processed spectra were searched against the 

Swiss-Prot database (release 47.5 of 19-Jul-2005: 188477 entries) using the 

Mascot Daemon search engine (Perkins et al., 1999). Searches were restricted to 

the human taxonomy allowing carbamidomethyl cysteine as a fixed modification 

and oxidised methionine as a potential variable modification.  
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2.2.11 In-solution isoelectric focusing 

Serum samples were diluted 5-fold in 9.8 M urea, 4% (w/v) CHAPS to ensure 

total denaturation of HCV infected samples. Samples were diluted further to give 

a total protein concentration of 298.5 µg/ml and a final sample buffer 

concentration of 5 M ZOOM urea, 2 M ZOOM thiourea, 4% (w/v) ZOOM 

CHAPS, 65 mM DTT, 2 mM TBP, 150 mM NDSB-256, 1.8% (v/v) pH 3-10 

ZOOM carrier ampholytes and 0.002% (w/v) bromophenol blue to act as a 

tracking dye during IEF.  

In-solution IEF was carried out according to the method by Tang and Speicher, 

2005 using an IEF fractionator. The IEF fractionator was assembled according to 

the manufacturer’s recommendations using pre-washed fraction chambers with 

the following pH ranges: pH 3-4.6; pH 4.6-5.4; pH 5.4-6.2; pH 6.2-7; pH 7-10. 

The anode buffer was prepared with 7 M ZOOM urea, 2 M ZOOM thiourea and 

8.25X Novex IEF Anode buffer (pH 3.0). The cathode buffer was prepared with 7 

M ZOOM urea, 2 M ZOOM thiourea and 1X Novex IEF Cathode buffer (pH 

10.4). Anode and cathode buffers (17.5 ml each) were loaded into the respective 

electrode reservoirs of the IEF fractionator. The caps for the five fraction 

chambers were removed and 670 µl of the serum sample prepared in sample 

buffer was pipetted into each chamber. The chamber caps were replaced and 

fractionation was performed with a PowerPac 1000 power pack using 100 V for 

20 min, 200 V for 80 min and 600 V for 80 min with a current limit set at 2 mA 

and a power limit set at 2 W. 
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The caps for the five fraction chambers were removed and the solutions in each 

chamber were collected into fresh tubes. The concentrations of each fraction were 

determined by Coomassie Plus protein assay as described in Section 2.2.3.2. 

Detergents and salts were removed from the samples by chloroform–methanol 

precipitation (Wessel and Flugge, 1984) using the same approach as Schulenberg 

and Patton, 2004 for precipitating proteins from IEF fractionator sample buffer 

prior to SDS-PAGE. To each of the five 670 µl recovered pH fractions, 2.68 ml 

methanol was added, vortex mixed and spun at 14,000g for 10 s. 670 µl 

chloroform was added to each tube, vortex mixed and spun at 14,000g for 10 s. 

2.01 ml Milli Q water was added, vortex mixed and spun at 14,000g for 1 min. 

The top aqueous layer was carefully aspirated off and discarded. 2.01 ml methanol 

was added, vortex mixed and spun at 14,000g for 2 min. The top methanol layer 

was carefully aspirated off and discarded. The protein pellet was dried completely 

in a SpeedVac and then redissolved in 50 µl IEF sample buffer (as shown in 

Section 2.2.4.1). After vortex mixing and sonicating the samples, a Coomassie 

Plus protein assay was performed again as described in Section 2.2.3.2. Samples 

were then analysed by SDS-PAGE using the method outlined in Section 2.2.5. 
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2.3 Results and Discussion 

2.3.1  Liver fibrosis study: an overview 

Although liver biopsy is currently the most reliable way of assessing hepatic 

fibrosis, this invasive approach has several associated complications including 

pain, haemorrhage and occasionally death. Furthermore, as fibrosis may not be 

homogenous throughout the liver, a biopsy specimen may not represent the true 

extent of liver scarring. Consequently, many researchers have assessed non-

invasive serological methods using ECM-related proteins, inflammatory proteins 

and/or LFTs already used routinely in hospitals. Although these markers, which 

are expected to change in liver fibrosis, are useful tools, some unreliability exists 

particularly for the intermediate stages of fibrosis. Rather than predicting which 

proteins could be differentially expressed in fibrosis, a more favourable approach 

for identifying serological biomarkers in disease is to use proteomics. Here a 2D-

PAGE proteomics approach to identify biomarkers by analysing multiple samples 

over a range of HCV-induced fibrosis stages including normal healthy controls is 

described. 

 

2.3.2 Clinical data for fibrosis study 

The clinical data provided is shown in Table A1. The presence of HCV RNA 

was determined by PCR for all infected patients (viral titres were not provided). 

This method, considered to be the gold standard for diagnosing HCV infection, is 

more reliable than immunoassay based methods (Gretch, 1997). 
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2.3.2.1 Correlation between fibrosis and necroinflammatory scores 

In addition to controls (0), three varying stages of fibrosis were investigated; 

mild fibrosis (1), moderate fibrosis (3) and cirrhosis (6); the numbers in 

parentheses indicate the Ishak fibrosis score (Table A1). Four individuals were 

analysed for each fibrosis stage with the exception of moderate fibrosis where the 

clinician was able to only acquire serum samples from three patients. No patients 

within this fibrosis study were on interferon or ribavirin therapy. 

The Ishak modified HAI scoring system, which is significantly more reliable 

than other available scoring methods, was used to determine both the fibrosis and 

necroinflammatory scores. From the necroinflammatory data provided (for 6 of 

the 11 diseased patients), all the Ishak HAI scores were ≤4, indicating minor 

necroinflammation. There appears to be no correlation between the extent of 

fibrosis and necroinflammation based on the data provided for mild and moderate 

fibrosis which is consistent with previous studies (Brunt, 2000). 

 

2.3.2.2  LFTs in fibrosis and hepatic inflammation 

ALT levels, ranging from 21-142 IU/l, were provided for 8 of the 15 

individuals. The normal reference range for ALT is 0-45 IU/l (Limdi and Hyde, 

2003). There appears to be no correlation between the extent of fibrosis and blood 

ALT concentration; some patients within the mild and moderate fibrosis category 

showed ALT levels within the normal reference range indicating that ALT is an 

unreliable marker for liver fibrosis. It is known that ALT can fluctuate erratically 

during the late stages of chronically evolving HCV infection and cirrhotic ALT 
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levels may overlap with those of normal controls (Figure 6). It has been shown 

that patients with the higher levels of ALT could have a higher chance of 

progressing from fibrosis to cirrhosis, or cirrhosis to HCC (Tarao et al., 1999). In 

a similar way, patients with persistently normal or low ALT levels often do not 

progress to HCC (Tarao et al., 2004). Although ALT is usually associated with 

liver inflammation, no correlation with necroinflammatory scores was observed 

here. Again, this was as expected as at least a third of all HCV infected patients 

have levels of ALT within the normal reference range despite biopsy analysis 

indicating the presence of liver inflammation (Haber et al., 1995). 

It would have been interesting to look at other LFTs, in particular GGT and 

bilirubin, as these both have been shown to correlate reasonably well with fibrosis 

stage in the serological FibroTest analysis (Imbert-Bismut et al., 2001; Table 3). 

AST levels, along with the already provided ALT concentrations, may have also 

been useful since a AST:ALT ratio greater than 1 has previously been shown to be 

a reasonable predictor of cirrhosis (Williams and Hoofnagle, 1988; Park et al., 

2000). 

 

2.3.2.3  Variables between patients 

One issue with the statistical analysis of the samples in this study is that only 

three serum samples were analysed for moderate fibrosis whereas four samples 

were considered for all other stages. Since drugs may affect the expression of 

serum proteins, all fibrosis and cirrhosis patients in this study were not on any 

form of therapy. It was challenging for the clinician to acquire samples from 
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patients who were not on any form of treatment as antiviral therapy is normally 

given immediately to HCV positive patients. For this reason, we were only able to 

analyse three serum samples from patients with moderate fibrosis. 

Due to the difficulties in obtaining multiple HCV-induced fibrosis samples 

from patients who were not on any form of HCV therapy, it was not possible to 

keep other factors constant while only the fibrosis stage varied. From the details 

provided by the clinician, patients varied in sex, age (from 33-77 years) and HCV 

genotype (although most had genotype 1). It was also not possible for the clinician 

to accurately record whether these patients were in the postprandial or fasting 

state, which would certainly change the expression of various serum proteins. 

Fasting has been shown to increase cholesterol, triglycerides, LDL, VLDL, 

apolipoprotein B, and decrease HDL and apolipoprotein E (Markel et al., 1985; 

Savendahl and Underwood, 1999). We believe that these variables do not 

compromise the results since, should the potential biomarkers in this study be 

used to monitor fibrosis score in patients, these variables would not be controlled. 

In addition to this, a fibrosis biomarker should ideally be able to be applied to a 

wide range of patients with differences in all these factors. The analysis of several 

serum samples for each fibrosis stage helps to reduce the issues with these 

variables. 
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2.3.3 Total protein as an indicator for chronic inflammation 

Prior to electrophoresis analysis, the total protein concentration of each serum 

sample was determined by the BCA assay. The normal reference range for total 

serum protein is 60-83 mg/ml (Sidhaye, 2005). Occasionally total protein analysis 

is carried out along with LFTs and values outside the normal reference range may 

help to reflect nutritional state, kidney disease and liver disease (Hayden and van 

Heyningen, 2001). Elevated levels of total serum protein may give a crude 

indication of the extent of chronic inflammation and therefore are expected to 

correlate with the degree of hepatitis (Sidhaye, 2005). However, this test is not 

considered to contribute to clinical management and is therefore not usually 

included in the panel of LFTs (Watts et al., 2000). Here, the total protein assay 

results revealed no correlation with either the Ishak fibrosis or necroinflammatory 

scores (Table A1). Responders to interferon and ribavirin treatment show a 

decrease in both fibrosis and hepatic inflammation (Anatol et al., 2005). In one 

particular patient who responded to antiviral treatment with an iminosugar where 

viral titre decreased, total serum protein levels declined (data not shown) 

suggesting that total protein is a reasonably reliable indicator for monitoring 

inflammation in individuals. In this case, termination of antiviral therapy led to a 

subsequent increase in total protein suggesting that liver inflammation became 

worse and this correlated with an increased viral titre as well as development of 

HCC. Analysis of further serum samples can help to establish if total protein is 

useful in assessing liver inflammation progression within individuals. 
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2.3.4 2D-PAGE analysis of serum from patients with liver scarring 

To identify biomarkers for different stages of HCV-induced fibrosis, serum 

samples from the 15 individuals detailed in Table A1 were analysed in a 2D-

PAGE-based proteomics study. 500 µg of each of the serum samples were 

separated by 2D-PAGE (3-10 NL; 9-16% PAGE gradient). Differential image 

analysis was carried out to compare gels for controls with each of the three stages 

of liver scarring: mild fibrosis, moderate fibrosis and cirrhosis. Figure 7 shows 

synthetic gel images for each of the three stages of hepatic scarring investigated. 

These images are representative of all the features in the differential analysis; 

original gel images for all samples are shown in the Appendix, Figure A1. A total 

of 53 differerentially expressed features were excised, digested with trypsin, 

analysed by LC-MS/MS, and identified using the SwissProt database. 83 

differentially expressed proteins were identified and are listed, with details of their 

theoretical molecular weight, pI, and function in Table A2. Table 5 shows a 

summary of selected differentially expressed proteins that have been classified 

according to their function. Further information about the proteins, including 

amino acid sequence and sites of glycosylation, was derived from the ExPASy 

database (http://www.expasy.ch/).  
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Figure 7 Synthetic 2D-PAGE images representing all protein spots 
present in serum samples from healthy controls versus the different stages of 
hepatic scarring. Gels were stained with the fluorescent dye OGT 1238. Images 
for all four control gels were merged with all the gels for each stage of hepatic 
scarring using the customised Melanie software to create the synthetic gels shown. 
(a) Control versus mild fibrosis; (b) Control versus moderate fibrosis; (c) Control 
versus cirrhosis. Differentially expressed features along with their Swiss-Prot 
accession numbers are highlighted. 

N, features present only in serum from healthy controls 
L, features present only in serum from mild fibrosis patients 
M, features present only in serum from moderate fibrosis patients 
C, features present only in serum from cirrhosis patients 
*, features present in serum from both control and heptic scarring but expressed 

to a higher extent in asterisked stage of hepatic scarring (e.g. L* for mild, M* for 
moderate, C* for cirrhosis) or control (N*) 

For complete gel figures, see Appendix (Figure A1) 
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Changes in 
relation to 
controls 

Classification Protein Name 

M
ild

 

M
od

er
at

e 

C
irr

ho
si

s Protein function 

α2 macroglobulin ↑ ⇑ ↑⇑ Inhibits plasmin Plasmin 
associated Inter-α-trypsin inhibitor 

heavy chain H4 − − ↓⇓ 
Can be cleaved by kallikrein 
(leads to plasmin activation) 

Albumin − − ↓ Liver synthesised protein, 
most abundant protein of serum 

Prealbumin 
(Transthyretin) − − ↓ 

Liver synthesised protein; 
carries vitamin A 

Decreased due 
to compromise 
in hepatic 
synthetic 
function  Complement C3, C4 and 

factor H-related protein 1 ⇓ ↓ ↓⇓ Liver synthesised protein; 
involved in complement cascade 

α1 antichymotrypsin − − ↓ HGF decreases α1 
antichymotrypsin 

Hepatocyte 
growth factor 
(HGF) related Haptoglobin 

↓ ↓ ↓⇓ HGF decreases haptoglobin 
synthesis 

Apolipoprotein L1 − − ⇓ Levels correlate with 
triglycerides and cholesterol 

β2 glycoprotein I − − ⇑ Binds to chylomicrons and 
high-density lipoproteins 

Paraoxonase /  
arylesterase 1  − − ↓ Degrades oxidised lipids in 

lipoproteins and cells 

Lipid 
metabolism 

Zinc-α2-glycoprotein − − ↓ Stimulates lipolysis in 
adipocytes 

CD5 antigen-like − − ⇑ Possible immune system 
regulation role; IgM related  

Immune 
system related 

IgA1 + IgG2 heavy chain 
& Ig light chain regions − ↑ ↑⇑ Immunoglobulin fragments 

 
Table 5 Summary of selected differentially expressed proteins 
identified in serum samples of healthy controls versus the different stages of 
hepatic scarring 
Proteins shown were differentially expressed by 2-fold or more when comparing 
serum gels from healthy controls with the different stages of hepatic fibrosis 
⇑, present only in serum from hepatic scarring patients 
↑, present in serum from both control and hepatic scarring patients but expressed 
to a higher extent in hepatic scarring 
−, no significant change 
↓, present in serum from both control and hepatic scarring patients but expressed 
to a higher extent in control serum 
⇓, present only in serum from healthy controls 
 
 
 
 



 
73

2.3.5  Increase of CD5L in cirrhotic patients may be related to viral 

load 

CD5 antigen-like protein (CD5L) was observed in cirrhotic serum samples but 

appeared to be absent from healthy controls (Figure 8). It was observed at 41 kDa, 

pI 5.3 which is consistent with its theoretical molecular weight and pI (38 kDa, pI 

5.3). Since CD5L was identified in close proximity to the highly intense features 

of the haptoglobin β-chain, it was difficult to determine if CD5L was genuinely 

absent in the serum samples from healthy controls. To confirm the absence of 

CD5L in healthy controls, pooled control serum was depleted of four major 

abundant proteins (albumin, IgG, transferrin and haptoglobin) using an in-house 

developed immunoprecipitation method which works on the basis of the kit 

described by Khundmiri et al., 2003. The absence of haptoglobin in this depleted 

sample resulted in better representation of this region of the gel and analysis 

confirmed that CD5L is absent from serum of healthy controls (Figure 8c). 

 

 

 

 

 

 
 
Figure 8 CD5L increases in serum from cirrhotic patients. In each case a 
magnified region of the gel is shown with the relative position of CD5L circled. 
Representative serum gel images are shown for (a) healthy controls, (b) cirrhosis 
patients, and (c) control serum depleted of high abundant proteins 
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CD5L is a member of the scavenger receptor cysteine-rich superfamily, which 

also includes T and B cell antigens CD5 and CD6, that are associated with 

regulation of the immune system (Tissot et al., 2002). CD5L was first identified 

by 2D-PAGE based proteomics and found to be associated with IgM (Tissot et al., 

1994). Several researchers have shown that serum levels of anti-HCV core IgM 

may be useful in the diagnosis of HCV infection particularly for active viral 

replication (Tabone et al., 1997; Sagnelli et al., 2005). Using 2D-PAGE based 

proteomics, CD5L was identified as an IgM-associated protein in the serum 

cryoprecipitate of a HCV-infected patient (Damoc et al., 2003); this is the only 

reported association of HCV with CD5L to date. Abnormal plasma globulins 

(IgM/IgG) that precipitate when serum is cooled (cryoprecipitation) are one of the 

most important extrahepatic manifestations of chronic HCV infection where the 

virus induces B cell proliferation (Garini et al., 2005). 

CD5+ B cells are significantly increased in proliferation in chronic HCV 

infection and this expanded CD5+ B cell population may reflect the attempt by 

the immune system to protect against the development of progressive liver disease 

(Curry et al., 2000). Knodell HAI index and HCV viral load have been shown to 

positively correlate with CD5+ B cell expansion (Zuckerman et al., 2002). A 

follow up study showed that the CD5+ B cell expansion decreased with interferon 

and ribavirin antiviral therapy, correlating with a reduction in HCV RNA load. 

However, in non-responders to therapy the CD5+ B cell expansion was not 

significantly changed and was similar to healthy controls. Other studies suggest 

that CD5+ B cell lymphoproliferation may correlate with other HCV antiviral 



 
75

therapies (Zuckerman et al., 2003). CD5+ B cell lymphoproliferation has also 

been examined in HBV infected individuals (Zuckerman et al., 2002). In general, 

levels of CD5+ B cells are highest in HCV patients, followed by HBV patients, 

with lower levels in healthy control patients. In the study described herein, viral 

titres were not provided by the clinician, therefore no correlation between the 

observed increased expression of CD5L and viral titre can be made. Higher HCV 

RNA levels may have been present in the cirrhotic patients, the only samples in 

which CD5L was detected. However, there is a poor correlation between viral 

load and fibrosis score and others have shown that there is no difference in HCV 

RNA in patients with chronic hepatitis, cirrhosis or HCC (Agha et al., 1999; 

Nousbaum et al., 1995). 

There is no reported association between CD5L and liver fibrosis. It is 

probable that the observed increased levels of CD5L in cirrhotic patients in this 

study are associated with HCV infection rather than liver cirrhosis. This could be 

confirmed by checking for the absence of CD5L in serum samples from patients 

with non-virally induced cirrhosis (e.g. alcoholic). Other studies have shown that 

another member of the scavenger receptor cysteine-rich family, 90K/MAC-2BP, 

is a useful tumour marker for analysing the progression of cirrhosis to HCC in 

HCV infected patients (Correale et al., 1999). However, this glycoprotein was not 

found to correlate with liver compromise but with the levels of anti-HCV 

antibodies suggesting that, as proposed for CD5L, this is a marker for HCV-

infection rather than development of fibrosis/cirrhosis. 
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2.3.6 Decrease in inter-α-trypsin inhibitor heavy chain H4 may be 

related to the reduction in plasmin-mediated ECM degradation 

Expression of inter-α-trypsin inhibitor heavy chain H4, a glycoprotein 

synthesised in the liver, was found to be greater in the control samples than in 

those from patients with cirrhosis. The protein was differentially expressed in 

three areas of the gels: two spots at approximately 35 kDa were absent in the 

cirrhotic gels but present in healthy controls and in samples from patients with 

intermediate stages of fibrosis; one smear at approximately 84 kDa was decreased 

in expression in cirrhotic serum samples compared with healthy controls (Figure 

9). 

 

 

 

 

 

 

 

 

 
Figure 9 Apparent absence of cleaved inter-α-trypsin inhibitor in serum 
from cirrhosis patients. The inhibitor is cleaved by kallikrein into 35 and 70 kDa 
fragments. (a) and (b) the N-glycosylated form of the larger 70 kDa fragment 
found at 84 kDa. (c) and (d) the smaller 35 kDa fragment. Control samples are 
shown in (a) and (c); cirrhosis samples are shown in (b) and (d). Zoomed images 
from representative gels are shown in each case. 
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The inter-α inhibitor proteins are a family of serine protease inhibitors thought 

to be associated with inflammation and wound healing (Josic et al., 2006). They 

usually consist of heavy and light chains; the heavy chain of some inter-α 

inhibitor proteins have been shown to interact with hyaluronan which may 

stabilise the ECM (Bost et al., 1998). The heavy chain of inter-α-trypsin inhibitor 

H4, identified in the proteomics study herein, has never been described in hepatic 

fibrosis. It may be associated with hyaluronan and possibly ECM stabilisation.  

Inter-α-trypsin inhibitor proteins may possess acute phase and anti-

inflammatory roles since they form complexes with TSG proteins which are 

encoded by TNF-stimulated genes (tsg), an association that enhances plasmin 

inhibition (Wisniewski et al., 1996). Inter-α-trypsin inhibitor proteins can increase 

the plasma clearance of plasmin and the enzyme which breaks down elastin, 

elastase (Pratt et al., 1987), both of which contribute to ECM degradation. The 

trypsin inhibitor achieves this by acting as a shuttle to transfer these fibrolytic 

proteinases to other proteinase inhibitors, e.g. α2 macroglobulin (a2M), for 

clearance. 

To our knowledge the inter-α-trypsin inhibitor identified in this proteomics 

study, inter-α-trypsin inhibitor heavy chain H4, has never been described in 

hepatic cirrhosis. Here, decreased expression of inter-α-trypsin inhibitor heavy 

chain H4 has been observed in cirrhotic patients. This inhibitor is cleaved 

proteolytically by kallikrein into 35 and 70 kDa fragments (Nishimura et al., 

1995). The two lower molecular weight spots observed on the gels for the control 

patients account for the 35 kDa fragment; all peptides identified by mass 
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spectrometry for both of these spots correspond to this fragment (Figure 10). The 

higher molecular weight smear observed at approximately 84 kDa is a 

glycosylated form of the 70 kDa fragment, as confirmed by the identification of 

peptide sequences (Figure 10). This fragment contains four N-glycosylation sites 

(at aa 81, 207, 517 and 577) and the smear shape is consistent with that seen for 

glycoprotein trains. It was encouraging to observe decreased expression of both 

fragments of this glycoprotein in cirrhosis, indicating that the observed changes 

are significant. 

 

MKPPRPVRTC SKVLVLLSLL AIHQTTTAEK NGIDIYSLTV DSRVSSRFAH TVVTSRVVNR ANTVQEATFQ MELPKKAFIT 
NFSMNIDGMT YPGIIKEKAE AQAQYSAAVA KGKSAGLVKA TGRNMEQFQV SVSVAPNAKI TFELVYEELL KRRLGVYELL 
LKVRPQQLVK HLQMDIHIFE PQGISFLETE STFMTNQLVD ALTTWQNKTK AHIRFKPTLS QQQKSPEQQE TVLDGNLIIR 
YDVDRAISGG SIQIENGYFV HYFAPEGLTT MPKNVVFVID KSGSMSGRKI QQTREALIKI LDDLSPRDQF NLIVFSTEAT 
QWRPSLVPAS AENVNKARSF AAGIQALGGT NINDAMLMAV QLLDSSNQEE RLPEGSVSLI ILLTDGDPTV GETNPRSIQN 
NVREAVSGRY SLFCLGFGFD VSYAFLEKLA LDNGGLARRI HEDSDSALQL QDFYQEVANP LLTAVTFEYP SNAVEEVTQN 
NFRLLFKGSE MVVAGKLQDR GPDVLTATVS GKLPTQNITF QTESSVAEQE AEFQSPKYIF HNFMERLWAY LTIQQLLEQT 
VSASDADQQA LRNQALNLSL AYSFVTPLTS MVVTKPDDQE QSQVAEKPME GESRNRNVHS GSTFFKYYLQ GAKIPKPEAS 
FSPRRGWNRQ AGAAGSRMNF RPGVLSSRQL GLPGPPDVPD HAAYHPFRRL AILPASAPPA TSNPDPAVSR VMNMKIEETT 
MTTQTPAPIQ APSAILPLPG QSVERLCVDP RHRQGPVNLL SDPEQGVEVT GQYEREKAGF SWIEVTFKNP LVWVHASPEH 
VVVTRNRRSS AYKWKETLFS VMPGLKMTMD KTGLLLLSDP DKVTIGLLFW DGRGEGLRLL LRDTDRFSSH VGGTLGQFYQ 
EVLWGSPAAS DDGRRTLRVQ GNDHSATRER RLDYQEGPPG VEISCWSVEL 

 
 
Figure 10 Cleavage of inter-α-trypsin inhibitor heavy chain H4 by 
kallikrein. The precursor of this inhibitor is 930 aa long and the 35 and 70 kDa 
fragments span aa 689-930 and aa 29-661, respectively. The full length sequence 
of the precursor is shown and identified peptides are underlined. The 35 kDa 
chain is shaded in blue and peptides identified for the spots at 35 kDa are shown 
in red. The 70 kDa chain is shaded in yellow with peptides identified for the 
smear at 84 kDa in green. Potential N-glycosylation sites are shaded in pink. 

 

 

The decreased levels of the 35 and 70 kDa fragments may suggest that 

kallikrein is decreased in cirrhosis and therefore inter-α-trypsin inhibitor heavy 

chain remains in its uncleaved form. In this case elevated levels of the uncleaved 

protein would be expected in the serum of patients with cirrhosis. Uncleaved 
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inter-α-trypsin inhibitor has a molecular weight of 105 kDa and pI 6.5. However, 

it was not possible to detect this protein by image analysis as the more highly 

abundant protein plasminogen runs in the same relative position and it is therefore 

likely that the presence of any uncleaved inter-α-trypsin inhibitor would be 

masked. Secondly, proteins are usually poorly represented in this high molecular 

weight region of the gel since they are not well transferred onto the second 

dimension gel matrix from the IEF strip (Oh-Ishi and Maeda, 2002). Since inter-

α-trypsin inhibitor proteins have been shown to inhibit plasmin and elastase (Pratt 

et al., 1987), the suggested decreased cleavage of inter-α-trypsin inhibitor heavy 

chain H4 in cirrhosis may result in a more effective inhibitor against these 

enzymes thereby decreasing ECM degradation. 

Whilst inter-α-trypsin inhibitor heavy chain H4 has not been reported 

previously in hepatic scarring, it has long been known that plasma kallikrein is 

reduced in liver cirrhosis and is involved in fibrolytic processes in the liver 

(Faciullacci et al., 1976). The protease usually acts on high molecular weight 

kininogen (HMWK) in serum to form the vasodilator bradykinin. Bradykinin has 

been shown to stimulate tissue-type plasminogen activator (tPA), a protease that 

proteolytically activates plasminogen to plasmin. tPA is also activated by ACE 

inhibition (Nagaoka et al., 2003), offering an additional explanation for the use of 

inhibitors of the renin-angiotensin system in the treatment of hepatic fibrosis (see 

Section 2.1.10). Plasmin activates MMPs for ECM degradation in the initial 

stages of hepatic scarring but later this step is overridden by the increased 

activation of TIMPs (see Section 2.1.2). Thus decreased levels of kallikrein in 
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cirrhosis decrease bradykinin formation resulting in reduced stimulation of hepatic 

tPA and therefore decreased formation of plasmin. Consequently activation of 

MMPs is reduced, thereby decreasing ECM degradation. Also, activated HSCs 

synthesise plasminogen activator inhibitor-1 (PAI-1); this synthesis is stimulated 

by TGF-β1. The increased levels of PAI-1 in liver fibrosis inhibit tPA which 

decreases plasmin activity and ultimately further reduces ECM breakdown 

(Nagaoka et al., 2003). 

Expression of another liver synthesised inter-α-trypsin inhibitor, urinary 

trypsin inhibitor (UTI), with a molecular weight of approximately 25 kDa also 

decreases with hepatic cirrhosis (Lin et al., 2004). This protein is excreted by the 

kidneys and urinary levels of this inhibitor correlate well with plasma levels. 

Levels of this protein decrease in hepatitis patients but most significantly in those 

with liver cirrhosis. Interestingly, although the levels of this inter-α-trypsin 

inhibitor decrease in HCC as well, it does not decrease to the same extent as in 

hepatic cirrhosis (Lin et al., 2004). 

Further tests are required to validate if inter-α-trypsin inhibitor heavy chain H4 

could be a reliable marker for liver cirrhosis and whether it is superior to the 

smaller 25 kDa inter-α-trypsin inhibitor already described. 
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2.3.7  Thiolester cleavage of α2 macroglobulin may increase with 

hepatic fibrosis 

Differential image analysis clearly revealed that serum levels of the acute 

phase protein α2 macroglobulin (a2M) increase with the development of hepatic 

fibrosis (Figure 11). a2M is a 161 kDa protein (1474 aa precursor) with a pI of 6.0 

synthesised by both hepatocytes and activated HSCs (Naveau et al., 1994; Kawser 

et al., 1998). A number of gel features were identified as a2M with molecular 

weights of 135-141 kDa, 111-123 kDa, 61-62 kDa (Figure 11). These molecular 

weight ranges were determined by the Melanie II image analysis software based 

on calibrated landmarks. However, calibrated landmarks were not available for 

proteins greater than 100 kDa and therefore some of these ranges may be 

inaccurate. 

 

 

 

 

 

 

Figure 11 Thiolester cleavage of α2 macroglobulin. Represenative gel 
images of serum from healthy individuals (control), mild fibrosis pateints, 
moderate fibrosis pateints and cirrhosis pateints. U = Uncleaved a2M; H = high 
molecular weight fragment from thiolester cleavage; L = low molecular weight 
fragment from thiolester cleavage. Close up gel images are shown in each case 
encompassing the region where all fragments were found to be differentially 
expressed. 
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The protein trains which appeared in the 135-141 kDa region had a pI of 5.6-

5.7 and contained peptides spanning from aa 72 to 1397 (Figure 12a). This 

sequence of peptides has a calculated mass of 147 kDa and it is possible that the 

full-length sequence is present in these spots. Uncleaved a2M contains 8 N-linked 

glycosylation sites and the spot trains observed for these spots on the gel indicates 

that the protein is glycosylated. Therefore the molecular weight of the sample 

determined from the gel should be higher than the theoretical mass calculated 

from the peptide sequences. The decreased apparent molecular mass of the sample 

indicates that calibration of molecular weight for extremely large proteins is 

unreliable unless suitable calibrated landmarks are also applied to these regions. 

Negatively charged glycans, e.g. sialic acids, may account for spots being 

observed below pH 6.0. 

The protein trains which appeared in the 111-123 kDa region of the gel had a 

pI range of 5.4-5.8 and contained peptides spanning from aa 72 to 912, suggesting 

cleavage of the C-terminal end of a2M (Figure 12b). Since the identified peptides 

precede a thiolester site (at aa 971-975), it is probable that the protein was cleaved 

at this position resulting in this high molecular weight fragment. Such a cleavage 

would result in a protein with a theoretical molecular weight of 107 kDa and a pI 

of 5.8. The charge is consistent with the migration on the gel. The train of protein 

spots is indicative of glycosylation that may account for the slightly higher 

molecular weight seen on the gel. a2M has six N-glycosylation sites preceding the 

thiolester site (at aa 55, 70, 247, 396, 410 and 869). Again negatively charged 

glycans may account for the spots observed below pI 5.8.  
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The protein trains which appeared in the 61-62 kDa region had a pI range of 

5.9-6.0 and contained peptides spanning from aa 1004 to 1467, corresponding to 

the C-terminal end of the protein, after the thiolester cleavage site (Figure 12b). 

Cleavage at the thiolester site would result in a protein with a theoretical 

molecular weight of 55 kDa and a pI of 6.6, in reasonable agreement with the 

experimental data. There are two potential N-glycosylation sites within the 

sequence of this low molecular weight fragment (at aa 991 and 1424) which, if 

occupied, would account for the differences between the experimental and 

theoretical data. 

With respect to healthy control serum, the 61-62 kDa thiolester cleaved C-

terminal end of a2M was found to change by more than 2-fold in percentage spot 

volume only in cirrhotic serum. The 111-123 kDa thiolester cleaved N-terminal 

end of a2M changed by more than 2-fold mostly in cirrhotic serum and with fewer 

glycoforms in serum from moderate fibrosis patients. Uncleaved a2M changed by 

more than 2-fold in all stages of fibrosis with the number of glycoforms increasing 

with hepatic scarring. Together these data suggest that not only does a2M 

expression increase with liver fibrosis but cleavage at the thiolester site may also 

increase. To our knowledge this is the first suggestion that thiolester cleavage of 

a2M increases with hepatic fibrosis. Therefore, assaying for all three a2M chains 

(i.e. uncleaved and the N- & C-terminal thiolester cleaved products) may provide 

a more valuable indication for the stage of liver fibrosis. 
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(a) 
MGKNKLLHPS LVLLLLVLLP TDASVSGKPQ YMVLVPSLLH TETTEKGCVL LSYLNETVTV SASLESVRGN RSLFTDLEAE 
NDVLHCVAFA VPKSSSNEEV MFLTVQVKGP TQEFKKRTTV MVKNEDSLVF VQTDKSIYKP GQTVKFRVVS MDENFHPLNE 
LIPLVYIQDP KGNRIAQWQS FQLEGGLKQF SFPLSSEPFQ GSYKVVVQKK SGGRTEHPFT VEEFVLPKFE VQVTVPKIIT 
ILEEEMNVSV CGLYTYGKPV PGHVTVSICR KYSDASDCHG EDSQAFCEKF SGQLNSHGCF YQQVKTKVFQ LKRKEYEMKL 
HTEAQIQEEG TVVELTGRQS SEITRTITKL SFVKVDSHFR QGIPFFGQVR LVDGKGVPIP NKVIFIRGNE ANYYSNATTD 
EHGLVQFSIN TTNVMGTSLT VRVNYKDRSP CYGYQWVSEE HEEAHHTAYL VFSPSKSFVH LEPMSHELPC GHTQTVQAHY 
ILNGGTLLGL KKLSFYYLIM AKGGIVRTGT HGLLVKQEDM KGHFSISIPV KSDIAPVARL LIYAVLPTGD VIGDSAKYDV 
ENCLANKVDL SFSPSQSLPA SHAHLRVTAA PQSVCALRAV DQSVLLMKPD AELSASSVYN LLPEKDLTGF PGPLNDQDDE 
DCINRHNVYI NGITYTPVSS TNEKDMYSFL EDMGLKAFTN SKIRKPKMCP QLQQYEMHGP EGLRVGFYES DVMGRGHARL 
VHVEEPHTET VRKYFPETWI WDLVVVNSAG VAEVGVTVPD TITEWKAGAF CLSEDAGLGI SSTASLRAFQ PFFVELTMPY 
SVIRGEAFTL KATVLNYLPK CIRVSVQLEA SPAFLAVPVE KEQAPHCICA NGRQTVSWAV TPKSLGNVNF TVSAEALESQ 
ELCGTEVPSV PEHGRKDTVI KPLLVEPEGL EKETTFNSLL CPSGGEVSEE LSLKLPPNVV EESARASVSV LGDILGSAMQ 
NTQNLLQMPY GCGEQNMVLF APNIYVLDYL NETQQLTPEV KSKAIGYLNT GYQRQLNYKH YDGSYSTFGE RYGRNQGNTW 
LTAFVLKTFA QARAYIFIDE AHITQALIWL SQRQKDNGCF RSSGSLLNNA IKGGVEDEVT LSAYITIALL EIPLTVTHPV 
VRNALFCLES AWKTAQEGDH GSHVYTKALL AYAFALAGNQ DKRKEVLKSL NEEAVKKDNS VHWERPQKPK APVGHFYEPQ 
APSAEVEMTS YVLLAYLTAQ PAPTSEDLTS ATNIVKWITK QQNAQGGFSS TQDTVVALHA LSKYGAATFT RTGKAAQVTI 
QSSGTFSSKF QVDNNNRLLL QQVSLPELPG EYSMKVTGEG CVYLQTSLKY NILPEKEEFP FALGVQTLPQ TCDEPKAHTS 
FQISLSVSYT GSRSASNMAI VDVKMVSGFI PLKPTVKMLE RSNHVSRTEV SSNHVLIYLD KVSNQTLSLF FTVLQDVPVR 
DLKPAIVKVY DYYETDEFAI AEYNAPCSKD LGNA 
 
(b) 
MGKNKLLHPS LVLLLLVLLP TDASVSGKPQ YMVLVPSLLH TETTEKGCVL LSYLNETVTV SASLESVRGN RSLFTDLEAE 
NDVLHCVAFA VPKSSSNEEV MFLTVQVKGP TQEFKKRTTV MVKNEDSLVF VQTDKSIYKP GQTVKFRVVS MDENFHPLNE 
LIPLVYIQDP KGNRIAQWQS FQLEGGLKQF SFPLSSEPFQ GSYKVVVQKK SGGRTEHPFT VEEFVLPKFE VQVTVPKIIT 
ILEEEMNVSV CGLYTYGKPV PGHVTVSICR KYSDASDCHG EDSQAFCEKF SGQLNSHGCF YQQVKTKVFQ LKRKEYEMKL 
HTEAQIQEEG TVVELTGRQS SEITRTITKL SFVKVDSHFR QGIPFFGQVR LVDGKGVPIP NKVIFIRGNE ANYYSNATTD 
EHGLVQFSIN TTNVMGTSLT VRVNYKDRSP CYGYQWVSEE HEEAHHTAYL VFSPSKSFVH LEPMSHELPC GHTQTVQAHY 
ILNGGTLLGL KKLSFYYLIM AKGGIVRTGT HGLLVKQEDM KGHFSISIPV KSDIAPVARL LIYAVLPTGD VIGDSAKYDV 
ENCLANKVDL SFSPSQSLPA SHAHLRVTAA PQSVCALRAV DQSVLLMKPD AELSASSVYN LLPEKDLTGF PGPLNDQDDE 
DCINRHNVYI NGITYTPVSS TNEKDMYSFL EDMGLKAFTN SKIRKPKMCP QLQQYEMHGP EGLRVGFYES DVMGRGHARL 
VHVEEPHTET VRKYFPETWI WDLVVVNSAG VAEVGVTVPD TITEWKAGAF CLSEDAGLGI SSTASLRAFQ PFFVELTMPY 
SVIRGEAFTL KATVLNYLPK CIRVSVQLEA SPAFLAVPVE KEQAPHCICA NGRQTVSWAV TPKSLGNVNF TVSAEALESQ 
ELCGTEVPSV PEHGRKDTVI KPLLVEPEGL EKETTFNSLL CPSGGEVSEE LSLKLPPNVV EESARASVSV LGDILGSAMQ 
NTQNLLQMPY GCGEQNMVLF APNIYVLDYL NETQQLTPEV KSKAIGYLNT GYQRQLNYKH YDGSYSTFGE RYGRNQGNTW 
LTAFVLKTFA QARAYIFIDE AHITQALIWL SQRQKDNGCF RSSGSLLNNA IKGGVEDEVT LSAYITIALL EIPLTVTHPV 
VRNALFCLES AWKTAQEGDH GSHVYTKALL AYAFALAGNQ DKRKEVLKSL NEEAVKKDNS VHWERPQKPK APVGHFYEPQ 
APSAEVEMTS YVLLAYLTAQ PAPTSEDLTS ATNIVKWITK QQNAQGGFSS TQDTVVALHA LSKYGAATFT RTGKAAQVTI 
QSSGTFSSKF QVDNNNRLLL QQVSLPELPG EYSMKVTGEG CVYLQTSLKY NILPEKEEFP FALGVQTLPQ TCDEPKAHTS 
FQISLSVSYT GSRSASNMAI VDVKMVSGFI PLKPTVKMLE RSNHVSRTEV SSNHVLIYLD KVSNQTLSLF FTVLQDVPVR 
DLKPAIVKVY DYYETDEFAI AEYNAPCSKD LGNA 
 
 

Figure 12 Thiolester cleavage sequences from a2M. The full length 
a2M precursor sequence is shown in both cases with the thiolester site, GCGEQ, 
shaded in yellow. Identified peptides are shown underlined for the a2M trains 
observed at (a) 135-141 kDa (green; uncleaved), (b) 111-123 kDa (red; high MWt 
fragment) and 61-62 kDa (blue; low MWt fragment). Potential N-glycosylation 
sites are shaded in pink. 
 

 

a2M is able to inhibit proteases by binding to a ‘bait region’ in its sequence 

from aa 690-728. This binding event causes a major conformational change in 

a2M and cleavage at the thiolester site. Consequently a2M is no longer able to 

inhibit proteases (Bjork and Jornvall, 1986). The a2M-mediated inhibition of 

plasmin and elastase have been demonstrated and shown to result in this thiolester 



 
85

cleavage (Roche and Pizzo, 1988). Plasmin activates MMPs resulting in ECM 

degradation and elastase breaks down elastin (see Section 2.1.2) and therefore this 

a2M-mediated inhibition of these preoteases would cause decreased ECM 

degradation and increased hepatic scarring. a2M has also been shown to inhibit 

MMPs and collagenase and therefore may also result in the same thiolester 

cleavage (Moshage, 1997; Truden and Boros, 1988). Although there is evidence 

to show that a2M is cleaved at the thiolester site after association with fibrolytic 

proteases possibly including MMPs, there are no studies outlining the relationship 

between proteases involved in hepatic fibrosis and the thiolester cleavage products 

of a2M. Based on our 2D-PAGE spot analysis and the studies already performed 

on a2M thiolester cleavage, we believe that cleavage of a2M increases with liver 

scarring. Although a2M is already established as an indicator of hepatic scarring 

in the FibroTest (Imbert-Bismut et al., 2001), our results provide the first 

suggestion that additional analysis of the thiolester cleavage products may give a 

more reliable indication of fibrosis activity in the liver. 

The plasmin-mediated conformational change of a2M has also been shown to 

allow binding of cytokines to the protease inhibitor including TGF-β1 and PDGF 

which may encourage HSC activation and promote hepatic scarring in the ECM 

(Tiggelman et al., 1996). In addition to PDGF, the ECM also contains HSC 

synthesised hepatocyte growth factor (HGF) which can contribute to HSC 

activation and also increases the synthesis of a2M, further explaining the observed 

elevation in this acute phase protein (Guillen et al., 1996). 
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Most of the spots for the three chains of a2M also contained peptides for the 

highly abundant protein serum albumin. However, the Mascot scores for albumin 

were significantly less than a2M signifying that the change in these spots are more 

likely to be due to a2M. Albumin has a similar pI to a2M and runs below the 

uncleaved and larger cleaved fragment and adjacent to the smaller cleaved 

fragment. We therefore believe that albumin peptides were present in the a2M 

spots as this highly abundant protein runs in close proximity to a2M. 

One a2M spot at 62 kDa also contained β2 microglobulin, again with a lower 

Mascot score suggesting that the change in this feature is probably due to a2M. β2 

microglobulin is the small subunit of MHC-1 and has been shown to increase in 

plasma of cirrhotic patients, although the mechanism of action is unknown 

(Amodio et al., 1984). β2 microglobulin is an unreliable biomarker since it has 

never been described for the intermediate stages of fibrosis and also appears to 

correlate more closely to renal damage in cirrhotic patients rather than hepatic 

scarring (Gatta et al., 1981). 

 

2.3.8 Decrease in α1 antichymotrypsin may lead to HSC activation 

The glycoprotein α1 antichymotrypsin was found to decrease in the serum 

from patients with liver cirrhosis in comparison to healthy controls by more than 

2-fold (Figure 13). α1 antichymotrypsin is an inhibitor of the digestive protease, 

chymotrypsin and other chymotrypsin-like proteases (Kalsheker et al., 2002). The 

protein was observed at 61 kDa, pI 4.7. The theoretical molecular weight and pI 

are 47 kDa, pI 5.4. However, this protein has three potential glycosylation sites (at 
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aa 70, 107 and 271) that could account for the higher molecular weight and more 

acidic pI due to negatively charged glycans, e.g. sialic acids. 

 

 

 

 

 

 

 
Figure 13 α1 antichymotrypsin decreases in cirrhosis. Magnified images 
of the region where the train of glycoprotein spots were found to change in 
expression for (a) control serum, and (b) cirrhosis serum. 
 
 

 

Studies have shown that the levels of α1 antichymotrypsin, observed in 

globules within hepatocytes, decrease in HCV-related cirrhosis. The deficiency of 

this protease inhibitor appears to promote liver cirrhosis (Yoon et al., 2002). 

However, a decrease of this enzyme inhibitor in hepatocytes does not reflect the 

levels observed in serum (Thomas et al., 2000) and therefore α1 antichymotrypsin 

is a poor indicator for hepatic scarring. 

It is unclear why α1 antichymotrypsin levels decrease in cirrhotic hepatocyte 

globules. One possibility is that HGF has been shown to decrease α1 

antichymotrypsin; levels of this growth factor are elevated in the ECM in fibrosis 

(Guillen et al., 1996). Another explanation for the reduced levels of this inhibitor 

is its association with the HSC activator angiotensin II. The renin substrate 
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angiotensinogen belongs to a family of proteins that also includes α1 

antichymotrypsin (Sjoberg et al., 1992). Renin converts angiotensinogen to 

angiotensin I which is then converted by ACE to angiotensin II. Chymotrypsin 

can also convert angiotensin I to angiotensin II (Owen and Campbell, 1998). The 

decreased levels of α1 antichymotrypsin in hepatic scarring will decrease the 

inhibition of chymotrypsin. As a result, there is an increased conversion of 

angiotensin I to angiotensin II. The increased levels of angiotensin II would 

activate HSC to stimulate ECM synthesis (Bataller and Brenner, 2005). 

The gel spot containing this change in α1 antichymotrypsin also contained 

another protein, transcortin, identified with a lower Mascot score from only one 

peptide. It is therefore likely that the change observed in this spot intensity was 

due to α1 antichymotrypsin rather than transcortin, as transcortin appears to bear 

no relationship to hepatic scarring. 

 

2.3.9  Haptoglobin decreases with fibrosis stage 

Haptoglobin is a tetrameric protein composed of two α-chains and two β-

chains. Expression levels of both chains were found to decrease with increasing 

hepatic scarring (Figure 14). The main role of haptoglobin is to bind to free 

plasma oxyhaemoglobin, preventing loss of iron through the kidneys. This 

protects the kidneys from damage by haemoglobin and makes the haemoglobin 

accessible for degradation by enzymes. The free haemoglobin comes from 

haemolysis, the lysis of red blood cells (RBC). Therefore haptoglobin levels can 

be measured to assess the rate of RBC destruction. Haptoglobin is synthesised in 
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the liver and the observed decrease in synthesis as fibrosis increases may be due 

to compromised hepatic function. Studies have also shown that HGF, expression 

of which is elevated in fibrosis, can decrease haptoglobin synthesis (Guillen et al., 

1996; Imbert-Bismut et al., 2001). The mechanism by which HGF decreases 

haptoglobin synthesis is unknown. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 Haptoglobin decreases with increased hepatic scarring 
Zoomed images of representative gels displaying the decrease in both chains of 
the acute phase glycoprotein. (a) control serum, and (b) cirrhosis serum. 
α and β denote the α- and β-chains of haptoglobin, respectively. 
 
 
 

The haptoglobin precursor consists of 406 aa. The α-chain spans aa 19 to 160 

(theoretical molecular weight = 16 kDa, pI 5.6 with no N-glycosylation sites). In 

the low molecular weight region of the 2D-PAGE gels, haptoglobin spots 

observed at 13-17 kDa, pI 5.5-6.0 were found to be decreased in fibrosis with 

peptides spanning the region for the α-chain (Figure 15a). The observed 

molecular weight and pI range are consistent with the theoretical values for the α-
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chain. The β-chain spans aa 162 to 406 (theoretical molecular weight = 27 kDa, pI 

6.3 with four N-glycosylation sites at 184, 207, 211 and 241). Haptoglobin spots 

at 40-44 kDa, pI 4.8-6.0 were decreased with increasing fibrosis stage and had 

peptides spanning the range for the β-chain (Figure 15b). Glycosylation of the β-

chain would account for the higher molecular weight and lower pI observed on the 

gel.  

 
 
MSALGAVIAL LLWGQLFAVD SGNDVTDIAD DGCPKPPEIA HGYVEHSVRY QCKNYYKLRT EGDGVYTLND KKQWINKAVG 
DKLPECEADD GCPKPPEIAH GYVEHSVRYQ CKNYYKLRTE GDGVYTLNNE KQWINKAVGD KLPECEAVCG KPKNPANPVQ 
RILGGHLDAK GSFPWQAKMV SHHNLTTGAT LINEQWLLTT AKNLFLNHSE NATAKDIAPT LTLYVGKKQL VEIEKVVLHP 
NYSQVDIGLI KLKQKVSVNE RVMPICLPSK DYAEVGRVGY VSGWGRNANF KFTDHLKYVM LPVADQDQCI RHYEGSTVPE 
KKTPKSPVGV QPILNEHTFC AGMSKYQEDT CYGDAGSAFA VHDLEEDTWY ATGILSFDKS CAVAEYGVYV KVTSIQDWVQ 
KTIAEN 
 
 
Figure 15 The α- and β-chains of haptoglobin. The full length sequence 
of the haptoglobin precursor is shown with identified peptides underlined for the 
haptoglobin spots seen at 13 - 17 kDa (red) and 40 - 44 kDa (green). The α- and 
β-chains are shaded in blue and yellow, respectively. Potential N-glycosylation 
sites are shaded in pink. 
 
 
 

In healthy individuals the 2D-PAGE gels show haptoglobin in high abundance 

as required to ensure that all free haemoglobin is bound. After haptoglobin binds 

to haemoglobin, the complex is taken to the liver for removal, where it is 

separated into iron, haem and amino acids; these components are recycled in the 

liver. This process destroys haptoglobin but a normal functioning liver continues 

to synthesise new haptoglobin and maintains levels in the circulation. When this 

balance is disrupted, RBC destruction increases and destruction of haptoglobin 

outpaces the rate of haptoglobin synthesis resulting in a decrease of the 

glycoprotein. This is seen not only in liver fibrosis but also in anaemia. 
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Levels of haemoglobin were found to be elevated in both mild fibrosis and 

cirrhosis compared to healthy controls. This observation is consistent with the 

observed decrease in haptoglobin expression. Haemoglobin only appears in serum 

in haemolysis. Haemoglobin may have also increased in moderate fibrosis but due 

to the fewer number of gels, the change was not considered to be statistically 

significant. 

 

2.3.10  Perturbations in lipid metabolism leads to liver fibrosis 

HCV core protein in infected hepatocytes causes disorder in lipid metabolism 

leading to steatosis and ultimately liver fibrosis (Schuppan et al., 2003; Moriya et 

al., 1997; Tilg and Diehl, 2000; see Section 2.1.6). 2D-PAGE analysis revealed 

that a few proteins associated with lipid metabolism were found to be 

differentially expressed in hepatic scarring. 

 

2.3.10.1  Decreased hepatocyte uptake of chylomicrons and lipoproteins 

may elevate β2 glycoprotein 

β2 glycoprotein I (β2GPI; also know as Activated protein C-binding protein) 

was found to be elevated in the serum samples from cirrhotic patients (Figures 16a 

and b). This change was observed adjacent to the highly abundant protein, 

albumin and so control serum was depleted of albumin and three other highly 

abundant proteins (transferrin, haptoglobin and IgG) using an 

immunoprecipitation technique (method not described). This improved the 

representation of features in this region, helping to confirm the apparent absence 
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of β2GPI in healthy contol serum (Figure 16c). β2GPI was observed at 58 kDa, pI 

5.9. The theoretical values for this protein are 38 kDa and pI 8.3. However, the 

discrepancy is likely to be a consequence of the post-translational modifications of 

the protein; β2GPI has five glycosylation sites (O-linked at aa 149 and N-linked at 

aa 162, 183, 193 and 253), which would explain the larger and more acidic feature 

observed by 2D-PAGE. β2GPI is associated with chylomicrons and high-density 

lipoproteins, both of which are targeted to hepatocytes for uptake in normal lipid 

metabolism (Willems et al., 1996).  

 

 

 

 

 

 
Figure 16 β2 glycoprotein increases in cirrhosis. Close up images of the 
region of gel where the glycoprotein was found to be increased in cirrhosis and 
appeared to be absent in healthy controls. (a) control serum, (b) cirrhosis serum, 
(c) control serum depleted of high abundance proteins.  
 

 

In the normal liver, endothelial cells lining the sinusoids perform filtration 

functions due to the presence of small fenestrations that allow free diffusion of 

many substances between the blood and the hepatocyte surface (Kmiec, 2001). 

This “liver sieve” filters macromolecules of various sizes, allowing lipoproteins 

and cholesterol/retinol-rich chylomicron remnants to pass through and enter the 

space of Disse but preventing large parent chylomicrons (Fraser et al., 1995; Le 
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Couteur et al., 2002). In liver fibrosis, the porosity of the sieve is altered. The 

deposition of scar matrix widens the space of Disse resulting in the loss of 

endothelial fenestrations (Figure 3). This may affect the metabolism of 

lipoproteins, cholesterol and retinol. As β2GPI synthesis is increased in cirrhotic 

patients, it is possible that there is decreased entry of chylomicrons and 

lipoproteins into the space of Disse and uptake of these components into 

hepatocytes. This would result in an increase of β2GPI-bound chylomicrons and 

lipoproteins in the sinusoids which would ultimately be observed in the 

circulation. To our knowledge this is the first hypothesis to suggest that elevated 

levels of β2GPI may be related to fibrosis. 

It is also likely that β2GPI/Activated protein C-binding protein is associated 

with the liver inflammation that usually accompanies cirrhosis. Activated protein 

C mediates anti-inflammatory properties and also up-regulates MMPs in skin to 

enhance wound healing (Jackson et al., 2005). Therefore levels of the liver 

secreted β2GPI may be elevated in cirrhosis in a proportionate manner to its 

associated Activated protein C in the wound healing process and in an attempt to 

decrease liver inflammation. 

Interestingly, β2GPI has already been shown to have an association with HBV 

infection. The glycoprotein can bind to hepatitis B surface antigen (HBsAg) and 

this association has been proposed as a way in which the HBV virus may attach 

and enter hepatocytes (Mehdi et al., 1994). There does not appear to be any strong 

associations between β2GPI and HCV. β2GPI is also known as anticardiolipin 

cofactor and anticardiolipin antibodies have been shown to be elevated in HCV 
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infected patients. However, this study also showed that antibodies for its cofactor, 

β2GPI, are absent in HCV (Leroy et al., 1998). The presence of anticardiolipin 

antibodies in HCV infected subjects has yet to be shown. 

 

2.3.10.2 Apolipoprotein L1 is absent in hepatic cirrhosis 

Apolipoprotein L1 (Apo L1) was present in the serum samples of healthy 

controls and the intermediate stages of fibrosis but appeared to be absent in 

cirrhotic patients (Figure 17). This protein was resolved at 34 kDa, pI 6.1 yet the 

theoretical values are 44 kDa and pI 5.8 suggesting that the protein was cleaved. 

 

 

 

 

 

 

 
Figure 17 Apolipoprotein L1 appears to be absent in cirrhosis. Magnified 
regions of representative gels highlighting the relative position of the lipoprotein 
in (a) control serum, and (b) cirrhosis serum 
 

 

There is limited data on this protein and to date there are no studies showing 

the relationship between Apo L1 and any form of scarring or hepatitis. The 

apolipoprotein L family was discovered using 2D-PAGE analysis of purified 

plasma and was later found to be secreted from various organs including the liver 
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(Duchateau et al., 1997; Duchateau et al., 2001). Apo L1 has been shown to be 

associated with high-density lipoproteins (HDL) that carry cholesterol in the 

circulation. The precise function of the apolipoprotein L family is uncertain and 

there is no homology with any other known protein. The apolipoprotein L family 

consists of six different proteins (Apo L1-VI) (Page et al., 2001) and positively 

correlates with plasma triglyceride and cholesterol levels in normal individuals as 

well as in patients with aberrant lipid metabolism (e.g. hypertriglyceridemia, 

hypercholesterolemia) (Duchateau et al., 2000). The liver is the most active site 

for cholesterol metabolism, therefore hepatic disease can lead to 

hypocholesterolemia, which has been described in viral mediated liver cirrhosis 

(D'Arienzo et al., 1998). Hypocholesterolemia in hepatic cirrhosis would suggest 

a decrease in the apolipoprotein L family, consistent with the results described 

herein showing that Apo L1 levels are higher in serum from healthy controls 

compared with liver cirrhosis patients. HCV-induced aberrant lipid metabolism 

may be related to the apparent absence of Apo L1 in cirrhotic patients. This is the 

first time that Apo L1 has been described in any form of hepatic disease. 

Other apolipoproteins may also be associated with liver scarring and Apo A1 

has already been established in the hepatic FibroTest assay (Imbert-Bismut et al., 

2001). In a similar way to Apo L1, serum levels of Apo A1 decrease with 

increasing hepatic fibrosis. Studies have shown that Apo A1 mRNA in 

hepatocytes is down-regulated due to its interaction with the glycoprotein 

fibronectin, a major component of the ECM (Paradis et al., 1996a). If Apo L1 is 
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associated with ECM components in a similar manner, this may provide a 

mechanism for how this apolipoprotein decreases with hepatic scarring. 

HCV core has been shown to bind to apolipoprotein A2 (Apo A2) which may 

be related to the lipid metabolism disorder associated with this virally-mediated 

hepatic fibrosis (Sabile et al., 1999). If Apo L1 also has the ability to associate 

with HCV core, this may explain the perturbations seen in lipid metabolism. 

 

2.3.10.3 Paraoxonase/arylesterase 1 and possibly zinc-α2-glycoprotein 

decrease in cirrhosis 

A 2D-PAGE gel spot at 44 kDa, pI 4.8 was higher in expression in serum from 

healthy controls compared with serum from cirrhotic patients (Figure 18). Three 

different proteins were identified in this spot (in descending order of Mascot 

score): Haptoglobin (see Section 2.3.9), Paraoxonase/arylesterase 1 (PON1) and 

Zinc-α2-glycoprotein (ZAG). 

PON1 has a theoretical molecular weight of 40 kDa and pI 5.1. It has four 

potential N-glycosylation sites (at aa 226, 252, 296 and 323) which may account 

for the slightly higher molecular weight and lower pI observed on the gel. The 

decrease in expression of PON1 has long been known in cirrhosis and HCC 

(Lorentz et al., 1979; Kawai et al., 1991). The substrate for this enzyme is 

unknown but it is thought to degrade oxidised lipids in lipoproteins and cells and 

therefore may play an important role in the antioxidant systems within the liver 

(Aviram and Rosenblat, 2004). The activity of this enzyme has been shown to be 

reduced in chemically induced liver cirrhosis in rats and is inversely associated 
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with lipid peroxidation (Ferre et al., 2001). However, 2D-PAGE based proteomics 

of rat serum has revealed that PON1 is also decreased in paracetamol induced 

hepatic injury (Amacher et al., 2005) and therefore is not specific to liver scarring 

from lipid peroxidation. 

 

 

 

 

 

 

 

 
Figure 18 Differentially expressed feature identified containing ZAG, 
PON1 and haptoglobin. Representative magnified images showing the region of 
gel where the differentially expressed feature was found for (a) control serum, and 
(b) cirrhosis serum 

 

 

ZAG has a theoretical molecular weight of 34 kDa and pI 5.6 but has three 

potential N-glycosylation sites (at aa 109, 125 and 256), occupation of these sites 

would account for the higher molecular weight and lower pI observed on the 2D-

PAGE gel. There are no reports of ZAG being associated with liver scarring. 

However, there is evidence to show that this glycoprotein can bind to the F protein 

encoded by the open reading frame overlapping the core gene in the HCV genome 

(Huang et al., 2005). Antibodies to this F protein have been found in HCV 

patients indicating that it is important in HCV infection but its function in the 
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virus life cycle remains unknown (Roussel et al., 2003). The reason for a decrease 

in ZAG in hepatic cirrhosis is unclear but binding of this glycoprotein to the F 

protein within the infected liver may decrease its secretion into the circulation. 

Therefore such a decrease may be more likely to be associated with viral load 

rather than architectural hepatic damage from ECM accumulation. 

The main function of ZAG is to stimulate lipolysis in adipocytes that can lead 

to fat losses associated with some cancers. For example, serum ZAG has been 

found to be elevated in prostate cancer (Hale et al., 2001) but to our knowledge 

there is no reported association with HCC. The apparently decreased levels of 

ZAG in cirrhosis may therefore affect lipid metabolism in the liver. 

This change in ZAG was observed in a single spot which also contained 

haptoglobin and Paraoxonase/arylesterase 1, both of which had greater protein 

scores than ZAG from the Mascot search. Therefore it is more likely that this 

change is due to haptoglobin and/or Paraoxonase/arylesterase 1 rather than ZAG. 

However, the possibility of ZAG being differentially expressed cannot be ruled 

out and requires further validation. Comunale et al., 2004 have shown that ZAG 

can be better represented by de-N-glycosylating the serum sample prior to 2D-

PAGE which results in ZAG being represented in a less crowded area of the gel 

thereby decreasing the possibility of multiple proteins in a single spot. This would 

affect all glycoproteins in serum and may help to simplify 2D-PAGE analysis by 

decreasing spot numbers. 
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2.3.11  Hypergammaglobulinemia in liver disease 

An increase in serum immunoglobulins (hypergammaglobulinemia) is common 

in liver disease and has been observed, particularly for IgG and IgA, in both 

alcohol and HCV-mediated liver disease but it is not necessarily associated with 

hepatic fibrosis (Gonzalez-Quintela et al., 2003a). Here, increased expression of 

IgG heavy constant chain and Ig κ/λ chain regions was observed with increasing 

fibrosis stage. Due to the high abundance of IgG, it was difficult to determine 

changes in its expression by computer aided spot volume analysis. Techniques 

such as nephelometry (Lotfy et al., 2006) could be used to measure these changes. 

Levels of the IgA heavy chain were also found to be elevated in serum samples 

from cirrhotic patients compared with those from healthy controls. This increase 

was not observed in the intermediate stages of fibrosis, an observation that is 

consistent with previous reports of IgA increasing usually only in liver cirrhosis 

(Gonzalez-Quintela et al., 2003b). In this case of hepatic cirrhosis, IgA increase is 

due to increased production and decreased clearance and the resulting high levels 

of IgA can form deposits in the kidneys leading to nephropathy. Earlier studies 

have shown that IgA can also form deposits in the hepatic sinusoids and that IgA 

can trigger TNFα secretion, which has been shown to activate HSCs leading to 

fibrotic scarring (Deviere et al., 1991). However, since IgA levels can increase in 

hepatic disease in the absence of liver scarring, this immunoglobulin is unreliable 

for assessing fibrosis. In the differential analysis, the change in IgA was found in 

a single spot which also contained a2M and albumin, both of which had higher 

protein scores than IgA from the Mascot database search. Although it is more 
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likely that this change is due to a2M and albumin rather than IgA, significance of 

this increase in IgA cannot be ruled out. 

 

2.3.12 Compromised synthetic function decreases complement 

synthesis 

Both liver synthesised complement C3 and C4 were decreased in the serum 

samples of patients with moderate fibrosis and cirrhosis compared with healthy 

controls (Figure 19). Complement C3 and C4 are large proteins with molecular 

weights of 188 kDa (1663 aa precursor) and 200 kDa (1744 aa precursor), 

respectively. These proteins work with (i.e. complement) antibody activity to 

eliminate pathogens and stimulate inflammation (Law and Dodds, 1997). 

C3 is composed of a 75 kDa β-chain linked via an interchain disulphide bond 

to a 113 kDa α-chain. The α-chain of C3 is cleaved and activated by the protease 

C3 convertase (C4b2a) to form a small 9 kDa fragment, C3a, and the remaining 

179 kDa cleaved α-chain and β-chain, C3b (Figure 20). The α-chain of C3b can 

then be cleaved further by other protease factors (Law and Dodds, 1997). The 

differentially expressed C3 fragment was found at approximately 45 kDa, pI 6.9 

on the 2D-PAGE gel of healthy control serum. All peptides identified from this 

spot were from aa 722 to 1001 (data not shown). These peptides correspond to the 

α-chain of C3 (aa 672-1663) and span both the C3a (aa 672-748) and C3b (aa 

749-1663) sequences suggesting that the protein is not proteolytically cleaved by 

C3 convertase. There is evidence showing that plasmin cleaves the α-chain at a 

thiolester site (Lachmann et al., 1982) which would result in a fragment 



 
101

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 19 Hepatic synthesis of complement proteins decreases with 
hepatic scarring. Close up representative gel images showing the region where 
complement proteins were found to be differentially expressed.  
C3 = complement C3, C4 = complement C4; CH = Complement factor H 
(a) and (c) control serum, (b) cirrhosis serum, (d) moderate fibrosis serum 
 
 
 
 

of approximately 39 kDa and pI 7. This fragment is of similar pI to the observed 

protein spot (49 kDa, pI 6.9) and all the peptides identified within this spot span 

this 39 kDa region of the α-chain. Complement C3 has a potential N-

glycosylation site at aa 939 which may account for the slightly higher observed 

molecular weight. Since this fragment was decreased in expression in moderate 

fibrosis, it may indicate that there is less plasmin-mediated cleavage of the 
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Complement C3 α-chain. This is consistent with hepatic scarring since decreased 

plasmin activity would decrease MMP activation and therefore lead to ECM 

accumulation (see Section 2.1.2). 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 Structure of Complement C3 and its activation products. 
(a) The uncleaved structure of C3. The 75 kDa β-chain is attached to the 113 kDa 
α-chain via one of the interchain disulphide bonds indicated by the dotted line. 
Plasmin has been shown to cleave the α-chain at a thiolester site approximately 39 
kDa from its N-terminal end. Peptides identified for C3 spanned this region. This 
fragment was decreased in expression in serum samples from moderate fibrosis 
patients suggesting decreased plasmin mediated cleavage of C3. 
(b) C3 is activated by the protease C3 convertase which cleaves the α-chain to 
form the 9 kDa C3a and 179 kDa C3b proteins. The peptides identified for the 
differentially expressed C3 spot spanned both the sequence of C3a and C3b 
suggesting that the α-chain was not cleaved by C3 convertase. 
The numbers in grey indicate the amino acid position from the precursor. 
Figure adapted from Law and Dodds, 1997. 
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C4 comprises a 75 kDa β-chain linked via an interchain disulphide bond to a 

95 kDa α-chain which is linked via two interchain disulphide bonds to a 30 kDa γ-

chain. The α-chain of C4 can be cleaved and activated by the protease C1s to 

form a 9 kDa fragment, C4a, and a 191 kDa protein, C4b (Figure 21). As with 

C3b, the α-chain of C4b can then be cleaved further by other protease factors 

(Law and Dodds, 1997). Differentially expressed C4 fragments were found at 

approximately 41 kDa, pI 6.0 and 92 kDa, pI 5.1 on 2D-PAGE gels of healthy 

control serum. Peptides identified for both of these spots were from the α-chain of 

C4 (data not shown). The α-chain of C4 is 95 kDa (aa 680-1446) with a charge of 

approximately pI 5 (Law and Dodds, 1997) which is consistent with the position 

observed for the higher molecular weight spot. The lower molecular weight spot is 

a fragment of the C4 α-chain. 

Decreased levels of C3 and C4 have already been described in hepatic cirrhosis 

especially when related to alcohol intake (Calamita and Burini, 1995). Cirrhotic 

hepatic architectural damage compromises the liver’s ability to synthesise these 

complement components resulting in reduced levels secreted into the circulation 

predisposing the individual to infection (Homann et al., 1997). However, 

fragments of complement components do decrease in other cases of liver damage 

and are not specific to hepatic scarring, e.g. a decrease in C3 is seen in HBV-

induced hepatitis and HCC but this observation is not always consistent (Steel et 

al., 2003a). 
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Figure 21 Structure of Complement C4 and its activation products. 
(a) The uncleaved structure of C4. The 75 kDa β-chain is attached to the 95 kDa 
α-chain via an interchain disulphide bond indicated by the dotted line. This α-
chain is attached to a 30 kDa γ-chain via two interchain disulphide bonds. Spots of 
C4 at 41 and 92 kDa were found to decrease in expression in serum samples from 
moderate fibrosis and cirrhosis patients. Peptides identified for both spots were 
from the α-chain. The higher molecular weight spot was consistent with the full 
length α-chain and the lower molecular weight spot was a fragment. 
(b) C4 is activated by the protease C1s which cleaves the α-chain to form C4a (9 
kDa) and C4b (191 kDa). 
The numbers in grey indicate the amino acid position from the precursor. 
Figure adapted from Law and Dodds, 1997. 
 
 
 
 

Complement factor H-related protein 1 was found to decrease in the serum 

samples of patients with both mild fibrosis and cirrhosis compared with healthy 

controls (Figure 19). The same decrease was not detected by the image analysis 

software for moderate fibrosis, possibly due to the fewer samples analysed for this 

fibrosis stage and therefore was not considered to be statistically significant. This 

complement factor H-related protein has never been described in hepatic fibrosis 

or other liver diseases. There are a family of factor H-related proteins and they are 
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thought to associate with lipoproteins and may play a role in lipid metabolism 

(Skerka et al., 1997). Therefore this protein may also disrupt lipid metabolism 

leading to hepatic scarring. 

 

2.3.13  Albumin and prealbumin decrease with liver scarring 

In a similar way to the complement components, the most abundant protein in 

serum, albumin, is also decreased in expression due to compromise in hepatic 

synthetic function (see Section 2.1.7). Spot peak intensity analysis for the main 

isoform of albumin revealed a general decrease in the serum samples from 

cirrhotic patients compared with healthy controls. However, spot volume analysis 

of the main isoform of albumin is unreliable due to its irregular shape and in many 

cases albumin is unable to successfully focus by IEF due to its high abundance 

and leaves a horizontal streak across the 2D-PAGE gel. 

Prealbumin (transthyretin), observed at 32 kDa, was decreased in the serum of 

cirrhotic patients (Figure 22). This protein binds albumin and also acts as a carrier 

of vitamin A through association with retinol binding protein (RBP) (Filteau et 

al., 2000). HSCs lose their ability to store vitamin A upon activation. The RBP-

prealbumin complex may bind to this released vitamin A in the liver without 

being secreted into the circulation which may explain the decrease in prealbumin. 

If this were the case, RBP would decrease with fibrosis. RBP was located on the 

2D-PAGE serum gels by coregistering with the online ExPASy 2D-PAGE serum 

database and confirming the spot identification by mass spectrometry. Analysis of 

the RBP spot by eye appeared to show a slight decrease in the serum from
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Figure 22 Prealbumin and possibly retinol binding protein (RBP) 
decrease in cirrhosis. Prealbumin was found to decrease in serum samples from 
cirrhotic patients by more than 2-fold. RBP, the binding partner of transthyretin, 
also appears to decrease in cirrhosis although by less than 2-fold. (a) Prealbumin 
in serum from controls, (b) Prealbumin in serum from cirrhosis patients, (c) RBP 
in serum from controls, and (d) RBP in serum from cirrhosis patients. Zoomed 
images of representative gels are shown for the region where these vitamin A-
related proteins were found to be differentially expressed. 

 

 

cirrhotic patients but was not different by more than 2-fold based on image 

analysis and therefore was not considered to be significant (Figure 22). However a 

greater than 2-fold change was observed for both prealbumin and RBP when 

analysing serum from another set of HCV-infected serum samples (data not 

shown). Others have also shown this decrease in prealbumin for cirrhotic patients 

and believe the reduction is due to poor nutritional status (Yovita et al., 2004). 

However, earlier studies indicated that serum levels of RBP, vitamin A and 

prealbumin decrease in patients with liver cirrhosis and RBP increases in HSCs 
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suggesting that vitamin A deficiency is a consequence of its defective 

mobilisation from the liver (Nyberg et al., 1988). As with albumin, prealbumin is 

a liver synthesised protein and therefore decreased levels in cirrhosis may also be 

a consequence of hepatic damage. In fibrosis, Kupffer cells secrete TNFα which 

activates HSCs (Section 2.1.11) and this cytokine has been shown to inhibit 

prealbumin synthesis and therefore decrease levels in serum (Reichel et al., 2000). 

It is possible that prealbumin decreases due to a combination of the factors 

described and therefore may not accurately reflect hepatic scarring. Prealbumin 

also usually runs as a train of spots at 13 kDa but this region was close to the dye 

front of the gel and therefore it was difficult to perform reliable image analysis on 

these spots. 

 

2.3.14 In-solution isoelectric focusing of serum prior to SDS-PAGE 

High molecular weight proteins are poorly resolved by 2D-PAGE since they 

have difficulty in entering the second dimension gel matrix from the IEF strip 

(Oh-Ishi and Maeda, 2002). SDS-PAGE overcomes these issues with large 

proteins but is generally of lower resolution. In-solution pH fractionation of serum 

samples prior to SDS-PAGE therefore provides an option for increasing the 

visualisation of high molecular weight proteins.  

Basic proteins are also poorly represented by 2D-PAGE due to their reduced 

solubility. The reducing agent, DTT, becomes negatively charged during IEF and 

migrates towards the anode thereby decreasing the concentration of DTT in the 

basic end of the strip. These unreduced basic proteins have decreased solubility 
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resulting in streaking in this region of the 2D-PAGE gel (Gorg et al., 1995). To 

reduce these streaking effects in 2D-PAGE an additional reducing agent, TBP, 

which does not become charged during IEF, was used. Others have also improved 

the representation of features in the basic region by applying an extra wick soaked 

in 20 mM DTT at the cathodic end of the IPG strips (Gorg et al., 1995). These 

approaches do not decrease spot streaking completely and it therefore remains a 

problem. These issues with basic proteins are not encountered with SDS-PAGE 

and a higher resolution analysis was achieved by fractionating the samples by pH 

prior to SDS-PAGE. 

Serum samples from both healthy individuals and cirrhotic patients were 

separated in-solution into five different pH ranges (pH 3-4.6; pH 4.6-5.4; pH 5.4-

6.2; pH 6.2-7; pH 7-10) using an IEF fractionator followed by SDS-PAGE 

analysis. The band profile seen by SDS-PAGE resembled that of a pH 3-10 2D-

PAGE gel since these fractions also ranged from pH 3 to 10 (Figure 23a). SDS-

PAGE analysis of unfractionated control and cirrhotic serum appeared to show no 

difference in differential band analysis due to the low resolution separation of this 

technique. However, by combining the in-solution IEF method with the SDS-

PAGE approach, the proteins were separated to the extent that differences could 

be observed (Figure 23b). As with 2D-PAGE analysis, the following changes 

were observed in cirrhotic serum with respect to healthy control serum: a decrease 

in both α- and β-chains of haptoglobin, an increase in a2M, and an increase in 

IgG (both heavy and light chains). In addition to these proteins, changes were also 

observed in the high molecular weight basic fraction (pH 7-10). These changes 
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were not observed by 2D-PAGE analysis due to the issues with large proteins 

entering the polyacrylamide gel matrix and reduced solubility of basic proteins, 

demonstrating a major advantage of the combined in-solution IEF and SDS-

PAGE approach over solely gel-based technologies. 

Consistent with the 2D-PAGE results, other fragments of complement C3 and 

C4 were found to be higher in the serum of controls than cirrhotic patients. The 

differentially expressed band at approximately 75 kDa on the gel contained aa 22-

512 of C4 and aa 291-530 of C3, which in both cases span their β-chains (aa 20-

675 for C4 and aa 23-667 for C3). The theoretical pI of the β-chain for C4 is 8.7 

which is consistent with the pH 7-10 range for this fraction. The theoretical pI of 

the β-chain for C3 is 6.8 which is marginally outside the range of this fraction but 

this was expected since in-house studies have shown that the IEF fractionator 

enriches proteins rather than providing a clear-cut fractionation for the pH range 

(data not shown). This is not an issue provided that proteins are enriched 

reproducibly. The differentially expressed band immediately below the 75 kDa 

also contained sequences within the β-chains of both C3 and C4 but these were 

clearly fragments since the band was at a lower molecular weight. Also consistent 

with the 2D-PAGE results, IgG fragments were found to be elevated in the serum 

from cirrhotic patients compared to healthy controls. 
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Figure 23 In-solution IEF combined with SDS-PAGE allows improved 
representation of high molecular weight basic proteins 
Normal controls (N) and cirrhotic (C) serum samples were fractionated by in-
solution IEF. The resulting five fractions from the IEF fractionator were then 
separated by 4-12% (w/v) SDS-PAGE alongside unfractionated serum. 
(a) A typical profile observed for human serum. The dashed box region indicates 
the serum profile that is comparable to a pH 3-10 2D-PAGE gel. 
H = high molecular weight basic proteins that are not as well represented by 2D-
PAGE. (b) Differential analysis of the SDS-PAGE lanes comparing controls with 
cirrhotic serum for each of the fractions.  
U = Unfractionated serum; 1 = pH 3-4.6; 2 = pH 4.6-5.4; 3 = pH 5.4-6.2; 4 = pH 
6.2-7; 5 = pH 7-10; M = Molecular weight markers 
H-b = Haptoglobin β-chain; H-a = Haptoglobin α-chain; a2M = α2 macroglobin; 
C3/4b = β-chains of complement C3 and C4 
The values shown below each fraction indicate the total protein amounts, in µg, 
loaded in each lane. 
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2.4 Conclusion 

HCV infection is one of the leading causes of hepatic fibrosis, a wound healing 

response observed in chronic liver disease, which can progress to liver cirrhosis if 

left untreated. There is an urgent need for reliable diagnosis of the early stages of 

fibrosis so that anti-fibrotic approaches could be applied to prevent scarring 

progression. Liver biopsy is currently the gold-standard tool for diagnosing and 

assessing hepatic fibrosis. However, as the technique has several well-documented 

disadvantages there is a requirement for a reliable, less invasive, serological 

diagnostic tool. Although some non-invasive diagnostic methods have been 

proposed, all appear to be unreliable to some extent.  

Proteomics is a useful technique for elucidating serological biomarkers for 

disease and has been used successfully in some cases. Here, 2D-PAGE based 

proteomics has been used to identify serum markers for HCV-induced liver 

fibrosis. Serum from patients with varying stages of hepatic scarring (mild 

fibrosis, moderate fibrosis, and cirrhosis) were compared with normal healthy 

controls. Comparison of serum samples from cirrhotic patients with healthy 

controls revealed the most significant changes. The expression of inter-α-trypsin 

inhibitor heavy chain H4 fragments, α1 antichymotrypsin, Apo L1, prealbumin 

and albumin was decreased in cirrhotic serum, whereas CD5L and β2GPI 

increased. In general, a2M and immunoglobulin components increased with 

hepatic fibrosis whereas haptoglobin and complement components (C3, C4 and 

factor H-related protein 1) decreased. 
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Some of the identified proteins share similar function and can be grouped into 

categories related to hepatic scarring (Table 5). The inter-relationship between the 

proteins identified from the differential analysis of serum with the already 

established pathways for ECM synthesis and degradation is shown in Figure 24. 

Some of the changes identified are not specific to fibrosis and have been observed 

in other diseased states, e.g. the acute phase proteins, a2M and haptoglobin, 

change in exactly the same way in sickle cell anaemia (Bourantas et al., 1998). 

Some patients with this disease are hypocholesterolemic (Rahimi et al., 2006), 

which suggests that Apo L1 may also decrease. Also CD5L may correlate with 

viral infection rather than hepatic scarring. The proteins decreased due to 

compromise in hepatic synthetic function also decrease due to diseases or factors 

affecting the liver, e.g. complement components decrease due to hepatotoxic 

drugs (LeVier et al., 1994) and albumin decreases in glomerulonephritis, 

extensive burns, ascites, malnutrition and malabsorption (Limdi and Hyde, 2003). 

RBP and prealbumin appear to have a significant link with fibrosis but since 

dietary factors can also affect these proteins, they may not be suitable as fibrosis 

biomarkers. However, some of the proteins identified from the differential 

analysis, or preferably a combination of proteins, may be useful as a biomarker in 

assessing hepatic fibrosis. The most promising novel candidates are β2GPI, the 

thiolester cleaved products of a2M and the fragments of inter-α-trypsin inhibitor 

heavy chain H4. These candidates have a close association with fibrosis and have 

not been reported to display similar expression changes in other diseased states. 

The reliability of these proteins as biomarkers for fibrosis can be validated by
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Figure 24 Inter-relationship between all the proteins identified in the differential analysis for serum from healthy controls 
versus hepatic scarring. Identified proteins are shown underlined and in bold. Proteins in red were decreased in hepatic scarring 
whereas proteins in blue were increased 
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Western blotting or ELISAs. These validation studies will be explored for further 

work using a greater number of serum samples from patients. 

Biomarkers could also be identified by labelling serum proteins with stable 

isotope tags such as ICAT or iTRAQ prior to mass spectrometry. This approach 

provides both quantitative (relative protein expression) and qualitative (protein 

identification) results. However, due to the complexity of the serum proteome and 

because many of the potential biomarkers identified by 2D-PAGE were of low 

abundance, fractionation by multidimensional LC is required. 

The dynamic concentration range of serum proteins spans over 10 orders of 

magnitude, far exceeding the measurement capability of current technologies 

(Guerrier et al., 2005). Therefore fractionation of samples prior to analysis helps 

in biomarker discovery. In-solution fractionation with SDS-PAGE helped to 

resolve high molecular weight basic proteins, however the overall resolution was 

inferior to that of 2D-PAGE. A major issue with 2D-PAGE analysis of serum is 

the presence of high abundance proteins, in particular albumin and IgG which 

account for 55% and 15%, respectively, of the total serum proteome (Anderson 

and Anderson, 2002). These high abundance proteins limit the protein load on 2D-

PAGE gels and therefore decrease the representation of low abundance proteins. 

Also, proteins running in the same relative position as these highly abundant 

proteins may be masked from visualisation. Depletion of high abundance proteins 

has been achieved using dye affinity and immunoprecipitation techniques, the 

latter presently being the more accepted way for serum prefractionation due to 

higher specificity (Steel et al., 2003b). An immunoprecipitation technique 
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developed in-house using polyclonal antibodies against four highly abundant 

serum proteins (albumin, IgG, haptoglobin, and transferrin) in pooled healthy 

control serum improved the depiction of two of the differentially expressed 

proteins, CD5L and β2GPI (Figures 8c and 16c). The use of this depletion 

strategy on all serum samples in this study could have improved the representation 

of low abundance proteins and potentially increased the chances of identifying a 

fibrosis marker. This in-house depletion approach has been evaluated along with a 

commercially available serum partitioning kit from Beckman Coulter using IgY 

antibodies against twelve highly abundant proteins. Although both of these 

techniques do enhance the visualisation of low abundance features, recovery is 

poor and serum depletion is an exhaustive time-consuming procedure. Therefore, 

serum depletion is not feasible for multiple serum samples, as used in this study, 

unless automated chromatography approaches can be implemented. Alternatively, 

for this study serum samples from each fibrosis stage could be pooled, depleted 

manually and then compared. However, this approach would not be appropriate 

statistically or experimentally and would require validation by Western blotting or 

ELISAs for each individual sample. Due to time constraints, these serum 

depletion methods were not investigated and will be considered for further 

experimentation. 

Narrow-range IPG strips have been shown to increase spot resolution (Gorg et 

al., 2004) and therefore increase the likelihood of determining a fibrosis 

biomarker. Non-linear pH 3-5.6 IPG strips were used to separate serum proteins 

from normal controls and HCV-infected patients (data not shown). This IPG range 
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was outside the region where several high abundance proteins are observed 

(albumin, IgG, transferrin) allowing high protein load and increased 

representation of acidic serum proteins. The separation of serum using this pH 

range has not been reported previously. This approach revealed several new 

protein spots that to our knowledge have never been visualised by 2D-PAGE even 

after using serum depletion. Encouragingly many of these novel spot features 

corresponded to differentially expressed features. Clearly these narrow-range IPG 

strips greatly improve the visualisation of potential biomarker candidates but due 

to time restrictions this technique was not applied to the samples in the fibrosis 

study. This approach will be used in future studies. 

In addition to the proteomics study, some initial glycan analysis studies were 

also performed (data not shown). Aberrant protein glycosylation is seen in several 

pathological states and glycan analysis may help to identify diagnostic 

biomarkers. Our preliminary results show that core fucosylation in serum 

increases in cirrhosis consistent with previous results (Morelle et al., 2006). IgG, 

a2M and β2GPI are hyperfucosylated in HCC (Comunale et al., 2006; Drake et 

al., 2006) and therefore this increase in core fucosylation may be due to these 

elevated glycoproteins we identified in the 2D-PAGE differential analysis. We 

also found that core fucosylation appears to correlate with hepatic damage when 

assessing an individual during anti-viral therapy (data not shown). It is anticipated 

that these studies will form part of the future work on this project. We are also 

presently, in collaboration with Dr. Louise Royle and Dr. Pauline Rudd, 

optimising a method for analysing glycans from individual 2D-PAGE gel spots. 
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This technique will help to pinpoint which glycoproteins are responsible for this 

increase in core fucose. Also fucosylation of glycoproteins may be found to 

correlate better than protein levels in fibrosis since this has already been observed 

for GP73, which is hyperfucosylated in HCC development (Mehta, 2005). De-N-

glycosylation of serum glycoproteins prior to 2D-PAGE analysis will also be 

considered since this approach simplifies the serum proteome and enhances spot 

resolution thereby aiding biomarker determination (Comunale et al., 2004). 

This thesis demonstrates that 2D-PAGE based proteomics has the potential to 

elucidate new serological biomarkers for diseased states. Although many of the 

changes highlighted in the 2D-PAGE analysis were only seen when comparing 

serum from controls with cirrhotic patients, it is possible that these changes are 

also present in the earlier stages of fibrosis but are below the detection limits of 

the fluorescent stain used. By assessing each of the identified differentially 

expressed proteins by Western blotting or ELISA over all fibrosis stages, a 

dependable biomarker that changes during the course of hepatic scarring may be 

revealed. Taking into consideration the suggested projects for further 

experimentation, these studies may reveal a protein, or combination of proteins, 

that for the first time can reliably be used to assess all stages of liver scarring. 

Ultimately such a biomarker would aid clinicians to diagnose the early stages of 

fibrosis. This would eliminate the need for liver biopsy and allow early treatment 

thereby preventing fibrosis progression. 
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CHAPTER 3 
 

Differential protein expression analysis of Jurkat lipid raft 
proteins in the presence and absence of HIV Nef 
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3.1  Introduction  

3.1.1 Human Immunodeficiency Virus (HIV) 

HIV is a retrovirus responsible for the fatal illness acquired immunodeficiency 

syndrome (AIDS). This virus is passed from person to person via blood or sexual 

contact. In addition, infected pregnant women can pass HIV to their baby during 

pregnancy or delivery, as well as through breast-feeding. Some infected with HIV 

produce an immune response and remain asymptomatic, while others become 

progressively debilitated. The virus primarily infects vital components of the 

immune system (e.g. CD4+ T helper cells). 

The HIV-1 genome contains nine genes, two of which code for structural 

proteins and the others for non-structural proteins (Figure 25a and b). The virus is 

composed of two single strands of RNA that, along with enzymes, are enclosed by 

a capsid which itself is surrounded by matrix and host-derived plasma membrane 

(Figure 25c). The virus is enveloped by the transmembrane glycoprotein, gp41, 

and the surface glycoprotein, gp120. To establish an infection, gp120 attaches to 

the CD4 receptor and a co-receptor on the surface of the host cell. After this 

interaction, the viral envelope and host cell membrane fuse resulting in entry of 

the virion into the host cell. Reverse transcriptase (RT) makes a double stranded 

DNA copy of the viral RNA that enters the nucleus and integrates with the host 

cell chromosome by the integrase (IN). In this state, it is called the provirus. Viral 

RNA synthesised from the provirus leaves the nucleus. Translation of the viral 

RNA yields enzymes and structural proteins some of which are cleaved by the 

viral protease (PR). The glycoproteins gp41 and gp120 insert into the host
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Figure 25 HIV structure and genome. (a) The HIV genome contains nine 
genes. Both gag and env encode for structural proteins and the others for non-
structural proteins. At each end is a long terminal repeat (LTR) where the same 
sequence code is at each end. (b) Summary table showing the proteins expressed 
by each gene. (c) The HIV virion structure. CA, capsid; NC, nucleocapsid; MA; 
matrix; RT, reverse trasncriptase; PR, protease; IN, integrase. Figure adapted from 
Sierra et al., 2005. 
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cell membrane and the viral proteins along with encapsidated RNA bud from the 

plasma membrane to release the virus. This HIV replication cycle is summarised 

in Figure 26. The viral Nef protein plays an important part in the HIV life cycle by 

increasing both replication and pathogenicity (Section 3.1.2). 

 

 

 

 

 

 

 

 
 
 
 
Figure 26 Simplified schematic diagram showing HIV replication. 
1) The HIV virion binds to and fuses with the host cell membrane; 2) Reverse 
transcriptase produces single stranded DNA; 3) Double stranded copy of the viral 
RNA is produced by reverse transcriptase; 4) Viral DNA enters the nucleus and 
integrase enables integration with the cellular DNA; 5) mRNA transcription; 6) 
viral RNA leaves the nucleus; 7) translation forms polypeptides; 8) a protease 
cleaves polypeptides into functional HIV proteins that along with RNA are used 
to reconstrct the virion; 9) The HIV virion buds from the plasma membrane; 10) 
Maturation into fully infectious virions. Adapted from Sierra et al., 2005. 
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3.1.2 Nef protein 

The accessory gene nef encodes a phosphorylated, N-myristoylated membrane 

associated cytoplasmic protein that is 205 amino acids long and 27 kDa in size 

(Joseph et al., 2005). Nef enhances viral replication and infectivity and is 

important for the progression of HIV and simian immunodeficiency virus (SIV) 

infections (Das and Jameel, 2005). Nef has several functional attributes including 

down-regulation of the antigen presenting cell surface molecule, MHC-1, to 

promote escape from the host’s cellular immune response (Schwartz et al., 1996; 

Collins et al., 1998); alteration of host cell death pathways to prevent apoptosis of 

infected cells (Ameisen, 2001); and down-regulation of CD4, a cell surface 

glycoprotein that interacts with the envelope of budding HIV virions thereby 

inhibiting their release. Nef-induced CD4 down-regulation reverses this inhibition 

and therefore may facilitate the spread of HIV (Garcia and Miller, 1991; Ross et 

al., 1999). The precise mechanisms of Nef action are not clearly understood but 

there is increasing evidence that it interacts with host cell signal transduction 

proteins. It has been shown that Nef induces a transcriptional program in T cells 

that is almost identical to that of anti-CD3 T cell activation (Simmons et al., 

2001). 

 

3.1.3 Nef-mediated cell signalling in lipid rafts 

Although the nature of Nef signalling in T cells is unclear, there is evidence for 

the involvement of lipid rafts (Alexander et al., 2004, Wang et al., 2000). Lipid 

rafts are liquid-ordered microdomains of the plasma membrane that are enriched 
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in sphingolipids and cholesterol and move within the fluid bilayer (Horejsi, 2005). 

These discrete microdomains act as platforms for conducting cellular functions 

such as vesicular trafficking and signal transduction (Simons and Ikonen, 1997).  

The rafts recruit a specific set of proteins and exclude others. Some proteins are 

modified at their C-terminal end with a hydrophobic phosphatidyl inositol group 

linked through a carbohydrate linker. These glycosylphosphatidylinositol-

anchored (GPI-anchored) proteins attach to the exoplasmic leaflet of the rafts and 

clusters of these proteins activate signalling pathways, possibly by interacting 

with signal-transduction proteins that in turn become activated. Alternatively, the 

GPI-anchors can be released by enzymes yielding phospho-oligosaccharides that 

may flip into the cell and act as second messengers. Other proteins associated with 

rafts include transmembrane proteins and doubly acylated tyrosine kinases 

binding to the cytoplasmic leaflet. Rafts may concentrate receptors in signalling 

processes to enable association with ligands on both sides of the membrane 

(Simons and Ikonen, 1997). In tyrosine kinase signalling, ligand activation results 

in the recruitment of enzymes and adaptor proteins to the cytoplasmic face of the 

raft. In receptor activation, recruitment of signalling complexes to rafts protects 

the signalling complex from non-raft enzymes which may alter signal 

transduction. However, enzymes located within rafts (e.g. kinases or 

phosphatases) can act on these signalling complexes to enhance downstream 

signalling (Simons and Toomre, 2000).  

Nef is anchored onto lipid rafts and is associated with increased levels of 

tyrosine phosphorylated T cell signalling moieties in these rafts (Alexander et al., 
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2004, Wang et al., 2000). Nef is myristoylated which allows this raft association 

(Djordjevic et al., 2004). Myristoylation, which is mediated by the enzyme N-

myristoyltransferase (NMT), refers to the covalent attachment of myristate, a 14-

carbon saturated fatty acid, to the N-terminal glycine of a protein. This N-terminal 

modification allows proteins to be anchored to the plasma membrane (Farazi et 

al., 2001). 

Nef is an example of a kinase activating protein that binds a subset of the Src 

family kinases via a polyproline motif (Craig et al., 1999; Saksela et al., 1995). 

The Src family tyrosine kinases contain a catalytic kinase and two protein binding 

domains called Src homology 2 (SH2) and Src homology 3 (SH3) (Alberts et al., 

2002). The SH3 domain prefers to bind to ligand sequences rich in proline and 

they can turn the kinase on by binding to an activating protein (Kay et al., 2000).  

Nef is associated with the activation and recruitment of activated p21-activated 

kinase (PAK), a downstream effector of Cdc42, to rafts (Krautkramer et al., 

2004). Cdc42 is one of the family of GTPases that switch between an active state 

when GTP is bound and an inactive state when GDP is bound. Activation of 

Cdc42 is probably responsible for PAK activation in Nef-expressing cells 

(Simmons et al., 2005). HIV replicative capacity is induced when Nef binds to 

and activates Vav, a guanine nucleotide exchange factor (GEF). GEFs promote 

the exchange of bound nucleotide by stimulating the dissociation of GDP and the 

subsequent uptake of GTP from the cytosol. Vav binds to inactive Cdc42-GDP 

causing a conformational change in Cdc42 which releases GDP and allows GTP 

to bind, i.e. Nef leads to Cdc42 activation. However, the initial trigger for the Nef-
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mediated activation of this Cdc42-dependent signalling pathway in rafts is unclear 

(Lu et al., 1996; Krautkramer et al., 2004).  

 

3.1.4 Project objectives 

By analysing proteins being recruited to or lost from rafts in the presence of 

Nef, other proteins involved in this signalling pathway may be elucidated thereby 

further aiding our understanding of HIV replication. In addition, identification of 

proteins changing in rafts of Nef-transfected cells may help to establish 

associations with the other major roles of Nef including pathogenicity, apoptosis 

and down-regulation of cell surface proteins to facilitate viral spreading and 

escape from the host’s immune surveilance. Here, Nef signalling was investigated 

by analysing differential protein expression in CD4 T cell lipid rafts in the 

presence and absence of Nef. Proteins that were recruited to or lost from rafts after 

Nef expression were determined by using 2D-PAGE analysis and mass 

spectrometry. This project was carried out in collaboration with Dr. Alison 

Simmons and Prof. Andrew McMichael based at the Weatherall Institute of 

Molecular Medicine, John Radcliffe Hospital, Oxford and this chapter represents 

the author’s contribution to the study. 
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3.2  Materials and Methods 

3.2.1  Materials 

Jurkat cells, a line of T lymphocyte cells from a leukaemia patient, were 

obtained from the American Type Culture Collection (ATCC) (Middlesex, UK). 

Cell culturing reagents and fluorescent conjugate secondary antibodies were 

purchased from Invitrogen (Paisley, UK). Anti-FLAG antibodies were provided 

by Sigma (Dorset, UK). Antibodies for Cbl, βPix and Cdc42 were from Santa 

Cruz (California, USA) and Chemicon (Hampshire, UK). UbcH7 antibodies were 

from Chemicon and Upstate Biotechnology (Hampshire, UK). Vav antibodies 

were from Upstate Biotechnology and Santa Cruz. Anti-ubiquitin antibodies were 

from Biomol (Exeter, UK). siRNAs were obtained from Qiagen (West Sussex, 

UK). Radiance 2000 laser scanning confocal and LaserSharp 2000 software were 

purchased from Bio-Rad (Hertfordshire, UK). Polyvinylidine difluoride (PVDF) 

membrane and Enhanced chemiluminescence (ECL) reagents were purchased 

from GE Healthcare (Buckinghamshire, UK). 10 kDa molecular weight cut-off 

(MWCO) 16 mm wide Spectra/Por® Biotech Regenerated Cellulose Dialysis 

Membrane Tubing was from Spectrum Laboratories (CA, USA). The Savant 

Modulyo freeze-drier was from Thermo Quest (MA, USA). The materials listed in 

Section 2.2.1 for 2D-PAGE and mass spectrometry were also used.  
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3.2.2  Jurkat raft samples 

The methods described in this section were performed by Dr. Alison Simmons 

and coworkers.  

Four replicate control and Nef-transfected lipid raft fractions were prepared 

from standard Jurkat cells derived from E6-1, a subclone with higher CD4 

expression than normal Jurkat cells. Lipid raft samples were prepared by lysing 50 

x 106 Jurkat cells at 4 °C in buffer containing 10 mM Tris-HCl (pH 7.5), 5 mM 

ethylene diamine tetra-acetate (EDTA), 1% (v/v) Triton X-100, protease inhibitors 

(pepstatin, leupeptin, aprotinin and PMSF) and phosphatase inhibitors (sodium 

fluoride and sodium orthovanadate) and floatation on sucrose density gradients as 

described previously (Cheng et al., 1999). The supernatant was spun on a sucrose 

gradient (1 ml 85% (w/v) sucrose, 6 ml 30% (w/v) sucrose and 3.5 ml 0.5% (w/v) 

sucrose) in the lysis buffer but with 150 mM NaCl and without 1% (v/v) Triton X-

100. Twelve fractions were collected; fractions 3 and 4 (the second to fifth 

millilitre of the gradient) contained rafts (as identified by Western blotting using 

GM1, the lipid raft marker, data not shown). 

 

3.2.3  Preparation of samples for SDS-PAGE and 2D-PAGE 

Prior to gel electrophoresis, it was necessary to remove both sucrose, to enable 

the determination of protein concentration, and sodium chloride, since salt 

concentrations above 10 mM can disturb isoelectric focusing and result in high 

strip conductivity thereby prolonging electrophoresis. Samples were dialysed 

overnight against water using 10 kDa MWCO dialysis tubing. The dialysis tubing 
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was pre-soaked for 30 min in Milli Q water and then stored in 0.1% (w/v) sodium 

azide (NaN3) buffer at 4 °C. Samples were dialysed against Milli Q water with 

four changes of water over 24 h. Salt/sucrose depleted samples were recovered in 

fresh tubes and tightly sealed with Parafilm. Four small holes were pierced 

through the Parafilm cover to allow sample sublimation during freeze-drying. 

Freeze-drying was carried out overnight in a Savant Modulyo drier. The dried raft 

samples were resuspended in sample buffer and their concentrations determined 

using the Coomassie Plus protein assay kit (Section 2.2.3.2). 

SDS-PAGE was performed as described in Section 2.2.5 with 10 µg of total 

protein per lane. Large format 2D-PAGE and mass spectrometry were also 

performed as described in Sections 2.2.4 to 2.2.10.3 but with 18 cm pH 3-10 

linear IPG strips with 500 µg of raft sample for each gel. The four replicate 

control raft samples were compared against the four replicate Nef-transfected 

samples. 

 

2.3.4 Analysis of Nef-mediated signalling 

The methods described in this section were performed by Dr. Alison Simmons 

and co-workers.  

For Western blot analysis, sucrose fractions, immunoprecipitates or whole cell 

lysates were resolved on SDS-PAGE, transferred to PVDF membrane, and 

detected with antibodies using the ECL system. When analysing the sucrose 

fractions, each fraction was also immunoblotted against GM1, a raft associated 

marker. Glutathione-S-transferase (GST) tagged p21 binding domain (PDB) was 
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immobilised on glutathione agarose to pull-down activated Cdc42 (GTP-Cdc42) 

which was analysed by Western blotting. To assess whether the myristoylation 

sequence of Nef is essential for certain signalling events, Nef was mutated at 

position 2 of the N-terminal myristoylation site where a glycine amino acid was 

converted to alanine (Nef-G2A). To determine whether an intact polyproline motif 

is required for certain signalling events, a mutant was created where aa 72-75 of 

the polyproline motif was mutated from FPVR to VRIT. siRNAs were used to 

knock down UbcH7 and βPix. Virus production was assayed by p24 ELISA and 

confocal analysis was carried out using a Radiance 2000 confocal and analysed 

with LaserSharp 2000 software.  
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3.3 Results and Discussion 

3.3.1  Nef raft study: an overview 

The HIV Nef protein is involved in a Cdc42 signalling pathway in lipid rafts 

(Krautkramer et al., 2004). Nef activates Vav, which increases viral replication, 

and Vav activates Cdc42. However, the early stages of this pathway are unknown. 

Characterisation of this pathway and identification of other signalling protein 

associated with lipid rafts in Nef-expressing cells may increase understanding of 

Nef-mediated HIV replication. Here, 2D-PAGE and mass spectrometry were used 

to identify lipid raft associated proteins in T cells in the presence and absence of 

Nef. 

 

3.3.2 Differentially expressed proteins 

2D-PAGE analysis and mass spectrometry were used to identify proteins 

differentially expressed in lipid rafts of Jurkat CD4 T cells transfected with or 

without Nef (for complete gel images see Appendix). Four replicate 2D-PAGE 

gels (with a linear pI range of 3-10) were produced for both control and Nef-

expressing lipid raft fractions to visualize changes in the lipid raft proteome in the 

presence of Nef. Image analysis revealed that each gel resolved approximately 

1200 spots. Spots displaying an increase or decrease in expression post Nef 

transfection were selected for protein identification by mass spectrometry. In 

several examples, multiple spots represented the same protein with variations 

possibly due to post-translational modification. Using this methodology, 10 

proteins were increased in expression in Nef-positive raft samples and 7 proteins 
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were decreased. A synthetic representative gel image highlighting all the valid 

changes is shown in Figure 27. Names of all identified proteins and their Swiss-

Prot accession numbers theoretical molecular weight, pI, and function are listed in 

Table A3. Table 6 shows a summary of all differentially expressed proteins which 

have been classified according to their various functions. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 27 Synthetic 2D-PAGE image representing all protein spots 
present in the control versus Nef-transfected raft analysis. Differentially 
expressed features along with their Swiss-Prot accession number are highlighted. 
Gels were stained with the fluorescent dye OGT 1238. C, features present only in 
control rafts; N, features present only in Nef-transfected rafts; C*, features present 
in both control and Nef-transfected rafts but expressed to a higher extent in the 
control rafts; N*, features present in both control and Nef-transfected rafts but 
expressed to a higher extent in the Nef-transfected rafts. For complete gel figures, 
see Appendix. 
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Classification Protein Name Fold 
change Protein function 

14-3-3 protein ε C* Binds to and reduces PI3K activity 
Glyceraldehyde 3-phosphate 
dehydrogenase N, C* 

Cytosolic glycolytic enzyme  
GA3P + Pi + NAD+  BPG 
+NADH 

L-lactate dehydrogenase A 
chain N* Enzyme in glycolysis. Expressed 

in activated lymphocytes 
Protein phosphatase 2C γ 
isoform C* Cytosolic enzyme - 

dephosphorylates phosphoproteins 
Thymidylate kinase C* Cytosolic enzyme: 

ATP + dTMP  ADP + dTDP 

Signal 
transduction 

Transketolase C* Cytosolic enzyme in pentose 
phosphate pathway 

Actin (cytoplasmic) 
N, N* 

Cytoskeletal components 
necessary for cell surface shape 
and locomotion 

Stathmin C Destabilises microtubules by 
sequestering tubulin 

Cytoskeletal 
and related 
proteins 

Transgelin 2 C, N Mediates cross-linking of actin 
Proteasome subunit β type 4 N Proteolysis (cytoplasm) Proteolysis 
Proteasome subunit β type 5 N Proteolysis (cytoplasm) 

Ubiquitination Ubiquitin-conjugating 
enzyme E2 (UbcH7) C Cbl associated ubiquitination 

enzyme 
NASCENT polypeptide 
associated complex α 
subunit  

N 
Nuclear/cytoplasmic mRNA 
processing 

mRNA 
processing and 
translation 

Poly(rC)-binding protein 1 
(hnRNP-E1) N* RNA binding protein involved in 

cell spreading 
Nucleosome 
assembly 

Nucleosome assembly 
protein 1-like 4 N Located in nucleus and associated 

with nucleosome assembly 
Ion channel Voltage-dependent anion-

selective channel protein 1 C* Forms channels through 
mitochondrial membrane 

Acute phase 
protein 

α2-HS-glycoprotein N Acute phase protein usually found 
in plasma/serum 

 
 
Table 6 Summary of differentially expressed proteins identified in 
control versus Nef-transfected rafts. Fold change refers to proteins that were 
differentially expressed by 2-fold or more when comparing serum gels from 
healthy controls with the different stages of hepatic fibrosis. C, feature only 
present in control rafts. N, feature only present in Nef-transfected rafts. C*, 
feature expressed to higher extent in control raft samples. N*, feature expressed to 
higher extent in Nef-transfected raft samples. The protein names in italics 
appeared to show no significance with Nef and/or are not raft proteins and 
therefore are not discussed. 
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3.3.2.1 Actin and transgelin 2 in Nef-mediated cytoskeletal dynamics 

Nef-expressing lipid rafts exhibited an increase in fragments of actin (Figure 

28) and post-translational modification of transgelin 2 (Figure 29). Polymers of 

the protein actin make up cytoskeletal actin filaments that determine cell surface 

shape and are necessary for cell locomotion (Carlier et al., 2003). The changes in 

actin expression detected by 2D-PAGE may indicate that these actin filaments are 

recruited to Nef-expressing rafts. Cross-linking of actin has been shown to be 

mediated by transgelin. When transgelin is added to actin filaments, they are 

converted from a loose, random distribution into a tangled and cross-linked 

meshwork (Shapland et al., 1993). The changes in both of these proteins are 

consistent with previous observations of Nef-driven cytoskeletal rearrangement 

caused by actin polymerisation (Fackler et al., 1999).  

 

 

 

 

 

 

 

 
 
 
 
Figure 28 Nef-mediated increase in fragments of actin. Zoomed 
representative gel images of control (Nef -) and Nef-expressing (Nef +) rafts. 
Actin was found to be elevated in two regions of the gel, at approximately 28 and 
18 kDa.  
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Figure 29 Post-translational modification of transgelin in rafts of Nef-
tranfectants. Magnified images showing the region of gel where a shift in the 
basic direction was observed for this actin cross-linker. 
 

 

3.3.2.2 Stathmin in Nef-mediated cellular trafficking 

Nef-expressing rafts appeared to show an absence of stathmin (Figure 30), a 

protein that negatively regulates microtubule dynamics (Andersen, 2000). In a 

similar way to actin, microtubules are cytoskeletal components. Microtubules are 

composed of subunits of the protein tubulin. The tubulin subunit is a heterodimer 

comprising two globular proteins, α- and β-tubulin, that are non-covalently 

bound. The general function of these microtubules is to determine the positions of 

membrane-enclosed organelles and direct intracellular transport (Hunter and 

Wordeman, 2000). Microtubules can lengthen or shorten simply by the addition or 

removal of tubulin dimers at their ends, a process that is dependent on the 

surrounding free tubulin concentration. The phosphoprotein stathmin is able to 

sequester tubulin thereby decreasing the concentration of free heterodimers 

available for polymerisation (Belmont and Mitchison, 1996). In addition to this, 

stathmin induces catastrophe at microtubule tips for further destabilisation 

(Cassimeris, 2002). The apparent absence of stathmin in Nef-expressing rafts 
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suggests that less tubulin is sequestered and as a result microtubule organisation 

within the cell may be regulated to allow for increased vesicular transport. 

Although the reason for the absence of stathmin in rafts of Nef-transfectants is 

unclear, local microtubule stabilisation at the infected cell/uninfected cell 

interface may be associated with the formation of synapses to allow transport of 

virions, a phenomenon which has already been described (Jolly et al., 2004; 

McDonald et al., 2003). 

 

 

 

 

 
Figure 30 Microtubule stabilistation may increase in rafts of Nef-
transfected cells. Close-up regions of the 2D-PAGE gel where stathmin was 
found to be absent in Nef-expressing rafts. 
 
 

 

Nef-expressing rafts are associated with the activation and recruitment of PAK 

(Krautkramer et al., 2004). It has been shown that this kinase can phosphorylate 

stathmin leading to its inactivation (Wittmann et al., 2004). Usually 

phosphorylated proteins are observed to shift towards a more acidic pI on 2D-

PAGE gels (García et al., 2004b). Therefore the apparent absence of stathmin 

could be a result of it being present in its inactivated, phosphorylated form rather 

than decreased expression. However, computer-aided image analysis did not 

detect any spot displacement of this nature. 
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3.3.2.3 14-3-3ε in Nef-mediated T cell signalling 

2D-PAGE analysis revealed that Nef-positive rafts lack the known negative 

regulator of signalling, 14-3-3ε (Figure 31).  

 

 

 

 

 
Figure 31 The adaptor protein, 14-3-3ε, is absent in Jurkat rafts in the 
presence of Nef.  Zoomed gel regions indicating where 14-3-3ε was found to be 
differentially expressed. 
 
 

 

14-3-3ε is an adaptor protein implicated in the regulation of a large spectrum of 

both general and specialised signalling pathways. 14-3-3ε binds to its partners 

usually by recognition of a phosphoserine or phosphothreonine motif. This 

binding generally results in alteration of the activity of the binding partner 

(Darling et al., 2005). One such binding partner is the catalytic subunit of 

phosphatidylinositol 3-kinase (PI3K) (Bonnefoy-Berard et al., 1995). PI3K is 

itself an adaptor protein that binds to activated phosphorylated protein-tyrosine 

kinases, mediating the association of the PI3K catalytic unit to the plasma 

membrane (Krasilnikov, 2000). PI3K is a heterodimer of one 110 kDa catalytic 

subunit and one 85 kDa regulatory subunit, called p110 and p85, respectively. It 

has been shown that isoforms of 14-3-3 expressed in T cells bind to the p110 

catalytic subunit of activated PI3K (Bonnefoy-Berard et al., 1995). This p110–14-
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3-3 association reduces the enzymatic activity of PI3K. The decreased expression 

of 14-3-3ε in Nef-expressing rafts suggests that the activity of PI3K would not be 

reduced by as much as in control rafts. This is consistent with previous studies 

showing that Nef binds to and activates PI3K (Bonnefoy-Berard et al., 1995; Wolf 

et al., 2001); Nef-mediated PAK activation is PI3K dependent. Thus, Nef does not 

directly activate PAK (Linnemann et al., 2002). 

Nef down-regulates MHC-1 to promote escape of HIV-infected cells from the 

host’s cytotoxic T lymphocyte (CTL) recognition and killing mechanism 

(Schwartz et al., 1996; Collins et al., 1998). Swann et al., 2001 showed that Nef 

blocks transport of MHC-1 to the cell surface, a process that is dependent on PI3K 

activity. As a result, MHC-1 accumulates within the trans-Golgi network and is 

retained in this organelle (Larsen et al., 2004). Others have shown that Nef-

mediated PI3K activation indirectly leads to an ADP ribosylation factor 6 (ARF6) 

dependent increase in the rate of MHC-1 endocytosis from the cell surface 

(Blagoveshchenskaya et al., 2002). Members of the ARF family, notably ARF1-3, 

play a role in vesicular budding and recruitment of clathrin / coatomer proteins. 

However ARF6, a small GTPase, does not recruit these coats and instead connects 

vesicle trafficking with actin cytoskeletal rearrangements (Chavrier and Goud, 

1999). Recent live cell imaging has shown Nef- and ARF6-mediated 

internalisation of MHC-1 (Massol et al., 2005). However, the exact means by 

which this internalisation occurs, and the proteins associated with ARF6 that are 

responsible for MHC-1 down-regulation remain unclear. In addition to the raft 

analysis of Nef-transfected cells described herein, a method for 



 
138

immunoprecipitation of ARF6 followed by SDS-PAGE has been optimised (data 

not shown). This can be used to identify proteins binding to ARF6 in whole cell 

lysates of Nef-transfected Jurkat cells to further understand MHC-1 down-

regulation and the proteins involved in its internalisation. This is being persued by 

Dr. Alison Simmons and co-workers. 

In addition to PI3K, the class of 14-3-3 proteins also bind to the Cbl protein in 

activated T cells (Liu et al., 1996). Cbl is thought to be an adaptor protein that 

functions as a T cell signalling attenuator. It is rapidly phosphorylated upon T cell 

activation and this phosphorylation increases according to its association with 14-

3-3. Cbl can interact with several signalling molecules in T cells including PI3K 

and its association with 14-3-3 was detected both in intact T cells and in vitro. Liu 

et al., 1996 hypothesise that 14-3-3 may enhance the association between PI3K 

and Cbl resulting in inhibition of PI3K activity. The 2D-PAGE data shows a 

decrease in 14-3-3 in Nef-expressing rafts. Based on this hypothesis, one would 

expect an increase in PI3K activity consistent with several reports described 

previously (Kim et al., 1999; Wolf et al., 2001; Blagoveshchenskaya et al., 2002). 

 

3.3.2.4 Nef and hnRNP E1 mediated cell spreading  

Differential 2D-PAGE analysis revealed that Nef-expressing rafts were 

associated with recruitment of the RNA binding protein, hnRNP E1 (Figure 32). 

hnRNP E1 was first identified in a study to identify and quantify proteins 

interacting in an attachment-dependent manner with focal adhesion proteins. 

Focal adhesions are specialised attachment and signalling centres that form at sites 
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of cell-matrix contacts. Using a quantitative mass spectrometry-based method to 

identify interaction partners of key focal adhesion proteins, previously 

undescribed structures termed spreading initiation centres (SICs), were identified 

(de Hoog et al., 2004). These SICs, visualised only in the early stages of cell 

spreading, appeared to be surrounded by actin, and contained focal adhesion 

markers and several RNA binding proteins including hnRNP E1. Interfering with 

the function of hnRNP E1 resulted in increased spreading. The increased 

expression of hnRNP E1 detected in Nef-expressing rafts and the suggested 

increased actin polymerisation (Section 3.3.2.1) may mediate cell spreading. 

 

 

 

 

 
Figure 32 Increased levels of hnRNP E1 in Nef-expressing rafts may 
mediate cell spreading. Magnified images of the gel regions where hnRNP E1 
was found to be elevated in rafts of Nef transfectants. 

 

 

3.3.2.5 Lactate dehydrogenase-A signalling in Nef-mediated T cell 

activation 

2D-PAGE analysis revealed that the expression of lactate dehydrogenase-A 

isoform (LDH-A) was elevated in Nef-expressing rafts (Figure 33). This enzyme 

converts lactate to pyruvate in the final step of glycolysis and although 

predominantly expressed in muscle, has also been characterised in lymphocytes. 
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The ‘A’ isoform of LDH is preferentially expressed in activated lymphocytes 

although the reason for this expression is unclear (Wollberg and Nelson, 1992). 

Detection of LDH-A in Nef-expressing rafts may be due to Nef-mediated T 

lymphocyte activation. 

 

 

 

 

 

 
Figure 33 Elevation of the A isoform of lactate dehydrogenase in Nef-
mediated T cell activation. Close-up images of representative gels highlighting 
the increase in lactate dehydrogenase-A isoform. 

 

 

2.3.2.6 UbcH7 in Nef-mediated T cell signalling 

Differential 2D-PAGE analysis revealed that UbcH7 was absent from lipid 

rafts of Nef-transfected Jurkat cells (Figure 34). UbcH7 is a member of the E2 

ubiquitin-conjugating enzyme family (Zheng et al., 2000). It mediates the transfer 

of activated ubiquitin to substrate proteins and is an essential component of the 

post-translational protein ubiquitination pathway. 

The modification of proteins with ubiquitin is an important cellular mechanism 

for targeting abnormal or short-lived proteins for degradation (first described by 

Wollberg and Nelson, 1992). Ubiquitination involves three classes of enzymes: 

ubiquitin-activating enzymes (E1s), ubiquitin conjugating enzymes (E2s) and 
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ubiquitin-protein ligases (E3s). Ubiquitin is first activated by the E1 activating 

enzyme; activated ubiquitin is then transferred to the E2 conjugating enzyme and 

the E3 ligase facilitates the transfer of ubiquitin from E2 to the protein substrate. 

Finally, substrates marked with polyubiquitin chains are selectively targeted to 

proteasomal degradation (Alberts et al., 2002). 

 

 

 

 

 
Figure 34 UbcH7 is absent in rafts of Nef-transfected Jurkat cells. 
Magnified representative gel images showing the absence of the E2 ubiquitin-
conjugating enzyme in Nef-expressing rafts. 

 

 

UbcH7 acts as the cognate E2 conjugating enzyme for Cbl family proteins and 

E3 ubiquitin ligases that mediate ubiquitination and down-regulation of activated 

T cell signalling molecules (Yokouchi et al., 1999; Zheng et al., 2000). Two 

family members of Cbl have been described: c-Cbl and Cbl-b (Thien and 

Langdon, 2005). Cbl can recruit components of the ubiquitin pathway and act as 

an ubiquitin–protein ligase (Joazeiro et al., 1999). Cbl proteins have a small zinc-

binding domain termed the RING finger domain. RING finger domains contain 

four pairs of ligand binding residues that attach to two zinc ions and interact with 

a diverse range of proteins. Several RING finger domains have E3 ligase activity, 

such as the one present in Cbl proteins, and promote conjugation of ubiquitin to 
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the target substrate. The Cbl RING finger has been shown to specifically recruit 

UbcH7 (Yokouchi et al., 1999). 

Among the identified proteins differentially expressed in lipid rafts in the 

presence of Nef, UbcH7 stands out as an attractive candidate for involvement in 

Nef signalling. Its absence may interfere with c-Cbl-mediated negative regulation 

of T cell signalling proteins and thus provide a means by which Nef might 

promote T cell signalling. Having identified UbcH7 as a candidate using the 

proteomics-based approach, the role of UbcH7 was further explored by Dr. Alison 

Simmons and co-workers. These data are discussed briefly in Sections 3.3.3 to 

3.3.6 and a copy of the paper for this study can be found in the Appendix. 

 

3.3.3  UbcH7 exclusion from Nef-expressing lipid rafts 

Exclusion of UbcH7 from rafts of Nef-transfected cells (as detected by 2D-

PAGE differential analysis) was confirmed using Western blotting performed by 

Dr. Alison Simmons and co-workers. All fractions obtained by sucrose density 

gradient centrifugation were probed with an anti-UbcH7 antibody. Each fraction 

was also immunoblotted against GM1 to indicate the presence of rafts. Figure 35a 

demonstrates the exclusion of UbcH7 from GM1 positive fractions of Nef-

expressing cells by Western blot, validating the proteomics study. 

By mutating the myristoylation sequence of Nef (Nef-G2A) it was shown  that 

UbcH7 remains localised to the rafts (Figure 35a) suggesting that Nef must be 

physically associated with rafts for this exclusion. Dr. Alison Simmons and co-

workers performed further mutagenesis experiments to investigate whether the 
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polyproline motif is needed for UbcH7 raft exclusion. Expression of this mutant 

(FPVR to VRIT; Nef-PxMu) abrogated the ability of Nef to exclude UbcH7 from 

lipid rafts fractions suggesting that an intact Nef SH3 binding domain is also 

essential for this exclusion (Figure 35a). Confocal studies were undertaken to 

further assess the redistribution of UbcH7. These confirmed the Western blot 

results (Figure 35a) since UbcH7 staining was down-regulated in lipid rafts of 

wild type Nef-transfected cells but co-localised with GM1 in control cells and 

cells transfected with both Nef mutants (Figure 35b). 

 

 

 

 

 

 

 

 

 
 
Figure 35 UbcH7 is selectively excluded from lipid rafts in the presence of 
Nef. (a) Representative Western blot images against UbcH7 for GM1 positive 
(raft) and negative (soluble) fractions for control, Nef, Nef-G2A, and Nef-PxMu 
transfected Jurkat cells. (b) Confocal images of EGFP (control), Nef-EGFP, Nef-
G2A-EGFP, and Nef-PxMu-EGFP tranfected Jurkat cells. Texas red (red) was 
used to stain rafts, Alexa Fluor 674 (blue) for UbcH7 and EGFP (green) was 
expressed with each variant of Nef. Merging of blue and red results in magenta as 
seen in the rafts of EGFP control and mutants but is absent in Nef-EGFP 
suggesting exclusion of UbcH7 from rafts. These data were provided by Dr. 
Alison Simmons and are reproduced from Simmons et al., 2005. 
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3.3.4 Failure of Vav ubiquitination in Nef-expressing CD4 T cells 

The functional relevance of Nef-mediated exclusion of UbcH7 from lipid rafts 

was investigated by Dr. Alison Simmons and co-workers. UbcH7 has been shown 

to down-regulate the activated T cell signalling molecule Vav (Miura-Shimura et 

al., 2003). Vav is activated by Nef leading to an increase in HIV replication 

(Krautkramer et al., 2004). In T cell activation, Vav associates with c-Cbl 

(Marengere et al., 1997) leading to its ubiquitination and proteasomal degradation 

(Miura-Shimura et al., 2003). Since UbcH7 is absent in rafts in the presence of 

Nef, one would expect to see failure of ubiquitination of it substrate Vav. Western 

blot analysis revealed that Vav was hyperphosphorylated in the Nef positive raft 

fractions (Figure 36a). GTP-Cdc42 binds to PDB of PAK. GST-PDB was used to 

pull-down GTP-Cdc42. Consistent with previous studies, Vav was shown to 

activate Cdc42 (Figure 36b). Unlike conventional T cell activation, Nef-mediated 

T cell activation did not result in Vav ubiquitination or c-Cbl association (Figures 

36c & d). 

Small interfering RNAs (siRNAs) interfere with gene expression by binding to 

and degrading mRNA resulting in gene silencing (Valencia-Sanchez et al., 2006). 

In further experiments by Dr. Alison Simmons and co-workers, siRNAs were used 

to knock down UbcH7 to confirm if this was responsible for the absence of Vav 

ubiquitination in the presence of Nef. UbcH7 knockdown increased activated 

Cdc42 (Figure 36f) and Vav ubiquitination was absent (Figure 36g). Collectively 

these results show that the exclusion of UbcH7 from rafts in Nef-expressing cells 

has functional consequences in Nef signalling.  
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Figure 36 Failure of c-Cbl-mediated ubiquitination of Nef-activated Vav. 
(a-d) Western blot images for control, Nef-transfected, and anti-CD3/CD28 
activated (conventional T cell activation, T cell ⊕) Jurkat cells. (a) Vav was 
immunoprecipitated from rafts and immunoblotted for anti-phosphotyrosine (pY) 
(upper panel) and Vav (lower panel). (b) GTP-Cdc42 was pulled down (PD) from 
rafts and GTP-Cdc42 levels were assessed (upper panel). The same raft samples 
were immunoblotted for Cdc42 (lower panel). (c) Vav was immunoprecipitated 
from rafts and immunoblotted for ubiquitin. (d) Vav was immunoprecipitated 
from rafts and immunoblotted for c-Cbl. (e-f) Western blot images for Jurkat cells 
transfected with non-silencing (NS) siRNA, UbcH7 siRNA, and cells activated 
with anti-CD3/CD28. (e) UbcH7 assessed in whole cell lysate (WCL) 48 h after 
transfection (upper panel). The lower panel shows an actin immunoblot from 
WCL. (f) Cdc42 immunoblot following PD of GTP-Cdc42 (upper panel). Cdc42 
immunoblot from raft lysates (lower panel). (g) Vav was immunoprecipitated 
from rafts and blotted for ubiquitin (upper panel), pY (middle panel) and Vav 
(lower panel). These data were provided by Dr. Alison Simmons and are 
reproduced from Simmons et al., 2005. 
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Nef-expressing cells, the formation of such a complex may be responsible for 

displacing UbcH7 from rafts. Unlike conventional T cell activation, in Nef-

expressing cells, both βPix and c-Cbl coimmunoprecipitated with Cdc42 (Figure 

37a) confirming that the hypothesised Cdc42-βPix-Cbl ternary complex does form 

in the presence of Nef. UbcH7 was found to be down-regulated in Jurkat rafts 

transfected with a Cdc42 mutant (F28L) capable of forming the ternary complex 

(Figure 37b) suggesting that the Cdc42-βPix-Cbl complex may be responsible for 

the absence of UbcH7. 

 

 

 

 

 

 

 

 
 
 
Figure 37 A Cdc42-βPix-Cbl ternary complex forms in the presence of 
Nef which requires constitutively active Cdc42. (a) Immunoprecipitates of 
Cdc42 were performed for control, Nef-transfected cells and cells activated with 
anti-CD3/CD28 (T cell ⊕). Immunoblots were performed for c-Cbl (upper panel), 
βPix (middel panel), and Cdc42 (lower panel). (b) Jurkat cells were transfected 
with Cdc42(F28L) and wild-type Cdc42 (Cdc42 WT) and UbcH7 was 
immunoblotted from GM1 positive raft (R) and GM1 negative soluble (S) 
fractions obtained from sucrose density gradient centrifugation. These data were 
provided by Dr. Alison Simmons and are reproduced from Simmons et al., 2005. 
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3.3.6 βPix knockdown relocates UbcH7 to rafts, restores Vav 

ubiquitination and diminishes HIV replication 

βPix was knocked down using siRNA and the elimination of βPix was 

confirmed by both Western blotting and confocal analysis (Figures 38a & b). βPix 

knockdown in Nef transfectants led to the relocalisation of UbcH7 to the rafts 

(Figure 38c), restoration of Vav ubiquitination (Figure 38d) and decrease in 

activated Cdc42 (Figure 38e). These results further suggest that the ternary 

complex displaces UbcH7 from rafts and prevents Vav ubiquitination. The effect 

of βPix knockdown on HIV replication was also investigated in HIV-transfected 

cells. HIV production was diminished compared to HIV-transfected cells without 

βPix knockdown (Figures 38f & g) suggesting that the Cdc42-βPix-Cbl ternary 

complex is imperative for HIV replication. One possibility is that the ternary 

complex may prevent UbcH7 from accessing the RING finger of Cbl due to steric 

interference. Figure 39 shows a possible mechanism of action for Nef-mediated T 

cell activation compared to conventional T cell activation.  
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Figure 38 βPix knockdown restores UbcH7 raft localisation and Vav 
ubiquitination. (a) Confocal image of βPix expression in the presence of NS 
siRNA and siRNA βPix at 48 h post transfection. (b-e) Western blot analysis for 
control and Nef-transfected cells both in the presence of NS siRNA and siRNA 
βPix. (b) Confirmation of βPix knockdown in WCL. (c) GM1 positive, raft (upper 
panel) and negative, soluble (lower panel) fractions were immunoblotted for 
UbcH7. (d) Vav was immunoprecipitated from cells and blotted for ubiquitin 
(upper panel) and Vav (lower panel). (e) GTP-Cdc42 was pulled down (PD) from 
rafts and blotted for Cdc42 (upper panel). Cdc42 was also immunoblotted from 
rafts (lower panel). (f-g) Jurkat cells were transfected with EGFP expressing HIV 
virus with either NS siRNA and siRNA βPix. Levels of HIV production were 
assessed by both (f) FACS and (g) p24 ELISA, where values and error bars are 
representative of six separate experiments. These data were provided by Dr. 
Alison Simmons and are reproduced from Simmons et al., 2005. 
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Figure 39 Model illustrating the inhibition of c-Cbl function by Nef 
(a) In conventional T cell activation UbcH7 is present in lipid rafts associated with 
c-Cbl and is able to ubiquitinate Vav for proteasomal degradation. 
(b) In the presence of Nef, the ternary complex Cdc42-βPix-Cbl is formed which 
causes UbcH7 to be displaced from the lipid raft. As a consequence, Vav is not 
ubquitinated. βPix knockdown disrupts the formation of this ternary complex and 
facilitates relocation of UbcH7 to lipid rafts restoring Vav ubiquitination. 
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3.4 Conclusion 

The lipid raft-associated Nef protein increases HIV replication. Identification 

of raft-associated proteins in the presence of this accessory protein has helped to 

further understand the signalling events related to HIV. Here, 2D-PAGE-based 

proteomics was used, a technique that is advantageous for examining signalling 

within cells (Pelech, 2004), to identify differentially expressed raft-associated 

proteins by comparing T cells in the presence and absence of Nef. Of the changes 

characterised, increases in actin, LDH-A and hnRNP-E1, and decreases in 14-3-

3ε, stathmin and UbcH7 in Nef-expressing rafts are of particular interest. 

Additionally, transgelin was found to be post-translationally modified. Possible 

reasons for the changes in these proteins are: cytoskeletal rearrangement from 

transgelin mediated actin polymerisation; microtubule stabilisation from 

decreased stathmin; LDH-A increase due to Nef-mediated T cell activation; and 

decreased 14-3-3ε to prevent PI3K inhibition, enabling both stathmin inactivation 

and the virus to escape the host’s immune surveillance. The change of most 

interest was the absence of UbcH7 in Nef-expressing rafts. Dr. Alison Simmons 

and co-workers found that UbcH7 was displaced from lipid rafts due to the 

formation of a Cdc42-βPix-Cbl ternary complex. A summary of the proteins 

identified by 2D-PAGE and their inter-relationship with Nef is outlined in Figure 

40. 
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Figure 40 Inter-relationship between all the proteins identified in the 
differential analysis for control versus Nef-expressing rafts. Identified proteins 
are shown underlined and in bold. Proteins in red were decreased in Nef-
expressing rafts whereas proteins in blue were increased. Proteins in green 
displayed a post-translational modification. + indicates activation and – inhibition 

 

 

Although the gel-based proteomics method led to the successful identification 

of several interesting proteins, there were some practical issues with this 

approach. Suggestions to overcome these are discussed here. For all raft samples, 

the percentage recovery after dialysis was below 30%. Although this recovery was 

low, there was sufficient protein to load 500 µg per 2D-PAGE gel. The low 

recovery is probably due to proteins adhering to the dialysis membrane. Protein 

precipitation methods (e.g. TCA-acetone or methanol-chloroform as described in 

Section 2.2.11) could not be used as these are incompatible with the high levels of 

sucrose in the fractions. An alternative approach would be to spin the samples by 
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ultracentrifugation to pellet the raft proteins which could then be directly 

resuspended in rehydration sample buffer. This approach has been performed 

successfully for analysing rafts from platelets by SDS-PAGE (García et al., 

2004c; García et al., 2005), where the authors comment that, due to their 

hydrophobic nature, these proteins are poorly represented by 2D-PAGE and a 

more complete protein profile might be obtained using SDS-PAGE followed by 

LC-MS/MS, or LC-MS/MS directly. Due to the unavailability of a suitable direct 

LC-MS/MS system, the raft samples for this study could not be analysed in this 

manner. The raft samples were however analysed by SDS-PAGE (data not shown) 

and there were no observable differences. Accurate protein quantitation is difficult 

using this low resolution separation. An approach currently being optimised for 

use in the Oxford Glycobiology Institute involves labelling proteins with ICAT 

reagent prior to SDS-PAGE. The resulting bands can be excised, digested and 

analysed by mass spectrometry to quantitatively determine protein differences 

directly from gel pieces. Such an approach may be a suitable option for 

hydrophobic raft proteins. 

This analysis of Nef-expressing rafts is an excellent example where proteomics 

can assist in the investigation of signalling pathways within virally infected cells. 

Such an approach has the potential to aid in the analysis of signalling pathways in 

cells infected with other viruses. In this study we have analysed Nef to understand 

its involvement in enhancing viral replication and pathogenicity. The discovery of 

host proteins involved in the presence of Nef is vital for understanding how this 

accessory protein exerts pathogenicity and also in the rational design of drug 
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intervention strategies. The proteomics data, together with data from Dr. Alison 

Simmons and co-workers, show that the elimination of βPix in Nef-transfected 

cells restores a signalling pathway to what is observed in normal T cell activation 

and diminishes viral replication. These data provide a novel candidate target for 

inhibiting HIV replication that may offer a way of reducing the progression of the 

disease worldwide. 
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Appendix 
 

Fibrosis 
stage Sample 

Age when 
sample was 

taken 
Sex HCV 

PCR 
ALT 
(IU/l) Genotype 

Ishak fibrosis 
score  

(out of 6) 

Necroinflam-
matory index  

(out of 18) 

Total 
serum 
protein 

(g/l) 
N1 33 Male - N - 0 0 76.2 
N2 34 Male - N - 0 0 65.0 
N3 35 Male - N - 0 0 83.8 

Normal 
healthy 
controls 

N4 35 Male - N - 0 0 65.4 
L1 38 Female + 28 1b 1 4 53.8 
L2 52 Male + 104 1b 1 3 72.6 
L3 45 Female + 27 1a 1 4 82.7 

Mild 
fibrosis 

L4 46 Female + 38 1b 1 N 58.2 
M1 55 Male + 142 1 3 2 61.4 
M2 45 Male + 21 1 3 3 69.9 Moderate 

fibrosis M3 77 Male + 32 1 3 4 59.9 
C1 52 Male + 111 3a 6 N 85.8 
C2 N N + N N 6 N 67.9 
C3 N N + N N 6 N 77.0 Cirrhosis 

C4 N N + N N 6 N 68.6 
 
Table A1 Clinical data for the serum samples analysed. All values were provided by the clinician except for total protein 
which was determined using the BCA assay (Section 2.2.3.1). Biopsies were taken for all patients except for the healthy controls who 
were assumed to have zero values for fibrosis and necroinflammation. 
N = not known or not provided by clinician. 
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Protein Name 
[AN] 

Mr, 
kDa pI Fold 

change 

N
o.

 o
f M

S/
M

S 
pe

pt
id

e 
m

at
ch

es
 

%
 se

qu
en

ce
 

co
ve

ra
ge

 

Protein function 

Albumin 
[P02768] 

134.6 
135.9 
135.4 
115.1 
114.7 
61.6 
123.3 
121.7 
140.8 
137.6 

5.74 
5.62 
5.70 
5.74 
5.80 
5.90 
5.74 
5.68 
5.67 
5.60 

C(2.17) 
C(2.17) 
C(2.30) 

C 
C 

C(3.36) 
M 
M 

L(3.84) 
L(2.67) 

5 
1 
3 
1 
4 
4 
6 
5 
4 
9 

15.27 
1.97 
8.37 
1.97 
9.85 
8.70 

11.65 
15.59 
8.70 

23.31 

synthesised by liver, 
most abundant protein of 
serum; 
regulates blood pressure 

Alpha 1 antichymotrypsin 
[P01011] 

60.7 4.65 N(C)(2.02) 3 11.34 physiological function 
unclear; 
inhibits chymotrypsin and 
other similar proteases; 
inhibits conversion of 
angiotensin I to II  

Alpha 2 macroglobulin 
[P01023] 

134.6 
135.9 
135.4 
115.4 
115.8 
115.1 
114.7 
113.7 
112.6 
111.2 
110.6 
110.9 
61.6 
60.7 
123.3 
121.7 
119.3 
140.8 
137.6 

5.74 
5.62 
5.70 
5.72 
5.69 
5.74 
5.80 
5.35 
5.39 
5.42 
5.45 
5.49 
5.90 
6.01 
5.74 
5.68 
5.63 
5.67 
5.60 

C(2.17) 
C(2.17) 
C(2.30) 

C 
C 
C 
C 

C(2.50) 
C(2.79) 
C(2.36) 
C(2.14) 
C(2.10) 
C(3.36) 
C(2.38) 

M 
M 
M 

L(3.84) 
L(2.67) 

28 
23 
20 
10 
21 
23 
17 
14 
21 
27 
14 
27 
14 
16 
19 
22 
14 
2 

25 

25.44 
20.82 
18.99 
10.17 
21.37 
22.38 
15.40 
13.02 
17.57 
25.44 
13.90 
26.86 
12.95 
14.51 
16.96 
22.79 
13.50 
1.56 

27.88 

protease inhibitor; 
inhibits plasmin and MMP; 
binding to proteases (e.g. 
plasmin) causes a 
conformational change 
which causes cleavage at the 
thiolester site 

Apolipoprotein L1 
[O14791] 

34.2 6.12 N(C) 1 3.76 precise function unknown; 
levels correlate with 
triglycerides and cholesterol 

Beta 2 glycoprotein I 
(APC inhibitor) 
[P02749] 

58.4 5.85 C 8 37.68 binds to chylomicrons and 
high-density lipoproteins; 
binds to activated protein C 

Beta 2 microglobulin 
[Q9UP60] 

61.6 5.90 C(3.36) 9 43.22 small subunit of MHC1, 
SNC73 

CD5 antigen-like 
[O43866] 

41.1 5.25 C 3 16.13 may play a role in immune 
system regulation; IgM 
associated protein 

Complement C3 [P01024] 44.6 6.93 N(M)(2.88) 10 7.45 liver synthesised proteins; 
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Protein Name 
[AN] 

Mr, 
kDa pI Fold 

change 

N
o.

 o
f M

S/
M

S 
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id
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m
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%
 se
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en
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Protein function 

Complement C4 
[P0C0L4 / P0C0L5] 

41.4 
41.4 
92.3 

6.04 
6.04 
5.09 

N(M)(2.12) 
N(C) 

N(C)(2.03) 

2 
2 
2 

1.37 
1.37 
1.43 

involved in the complement 
cascade for eliminating 
pathogens and stimulating 
inflammation 

Complement factor H-
related protein 1 
[Q03591] 

43.2 
43.2 

6.10 
6.10 

N(L) 
N(C)(2.21) 

2 
2 
 

9.39 
9.39 

liver synthesised protein; 
might be involved in 
complement regulation; 
associates with lipoproteins 
& may play role in lipid 
metabolism 

Haptoglobin 
[P00738] 

12.9 
43.9 
41.9 
42.2 
41.4 
39.9 
39.8 
16.8 

5.53 
4.81 
5.02 
4.91 
5.15 
5.45 
5.64 
5.97 

N(C) 
N(C)(2.48) 
N(C)(2.49) 
N(C)(2.23) 
N(C)(2.19) 
N(C)(2.38) 

N(C) 
N(L)(2.10) 

2 
7 

12 
13 
13 
14 
6 
5 

7.14 
16.25 
28.32 
29.80 
29.31 
29.80 
16.50 
20.44 

liver synthesised 
glycoprotein thought to be 
regulated by hepatocyte 
growth factor; 
combines with free 
oxyhaemoglobin and 
prevents iron loss through 
kidneys - this protects the 
kidneys from damage by 
haemoglobin 

Haemoglobin alpha chain 
[P69905] 

9.7 
9.8 

7.93 
8.11 

C(2.03) 
L 

10 
4 

78.72 
36.87 

Haemoglobin beta chain 
[P69971] 

10.5 
9.7 

7.04 
7.93 

C(2.73) 
C(2.03) 

16 
1 

97.26 
15.06 

involved in oxygen transport 
from the lung to the various 
peripheral tissues 

Immunoglobulin alpha 1 
chain C region [P01876] 

61.6 5.90 C(3.36) 9 47.02 constant region of heavy 
chain of IgA1 

Immunoglobulin gamma-
2 chain C region [P01859] 

49.0 6.07 C 2 7.97 constant region of heavy 
chain of IgG2 

[P01834] 
[P01625] 
[P01842] 

29.9 5.67 C 4 
2 
2 

54.71 
23.68 
36.19 

[P01842] 
[P01714] 
[P01834] 
[P01717] 

28.4 5.63 C 3 
1 
3 
1 

46.66 
16.66 
39.62 
17.75 

[P01834] 
[P01842] 

27.9 6.50 C 5 
4 

73.58 
50.47 

[P01834] 27.0 6.43 C(2.03) 3 48.11 
[P01834] 
[P01842] 
[P01625] 

27.0 5.62 C 5 
4 
1 

73.58 
68.57 
15.78 

[P01842] 
[P01616] 

26.0 5.91 C 1 
1 

21.90 
11.60 

[P01834] 
[P01842] 

23.9 6.06 C 5 
3 

80.18 
46.66 

Immuno-
globulin 
kappa or 
lambda 
chain 
regions 

[P01620] 
[P01593] 
[P01842] 

25.7 5.46 M 3 
1 
1 

30.27 
14.81 
14.28 

immunoglobulin light chain 
regions 
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Protein Name 
[AN] 

Mr, 
kDa pI Fold 

change 

N
o.

 o
f M

S/
M

S 
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ra
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Protein function 

 [P04433] 
[P01604] 

1 
1 

7.82 
14.81 

 

Inter-alpha-trypsin 
inhibitor heavy chain H4 
(Plasma kallikrein 
sensitive glycoprotein 
120) 
[Q14624] 

83.9 
36.3 
35.7 

4.85 
5.06 
5.29 

N(C)(3.32) 
N(C) 
N(C) 

3 
5 
5 

4.19 
4.73 
4.73 

a trypsin inhibitor; 
can be cleaved by kallikrein; 
 

Paraoxonase / arylesterase 
1 (PON 1) (K-45) 
(Aromatic esterase 1) 
(aryldialkylphosphatase 1)  
[P27169] 

43.9 4.81 N(C)(2.48) 2 7.34 degrades oxidised lipids in 
lipoproteins and cells and 
therefore may play a role in 
antioxidant systems 

Prealbumin 
(Transthyretin) 
[P02766] 

31.6 5.29 N(C)(2.17) 2 17.68 liver synthesised protein; 
carries vitamin A through 
retinol binding protein 
association 

Transcortin 
[P08185] 

60.7 4.65 N(2.02) 1 2.46 major transport protein for 
glucocorticoids and 
progestins 

Zinc-alpha2-glycoprotein 
[P25311] 

43.9 4.81 N(C)(2.48) 2 8.13 stimulates lipolysis in 
adipocytes & causes fat loss 
in some cancers 

Table A2  Differentially expressed proteins identified in serum samples 
of healthy controls versus the different stages of hepatic scarring.  
AN, Swiss-Prot accession number;  
pI, isoelectric point on gel as determined by MELANIE using calibrated 
landmarks;  
Mr, relative molecular mass on gel as determined by MELANIE using calibrated 
landmarks; 
The number of MS/MS peptide matches and percentage sequence coverage were 
determined by the Mascot Daemon search sengine.  
Fold change refers to proteins that were differentially expressed by 2-fold or more 
when comparing serum gels from healthy controls with the different stages of 
hepatic fibrosis. The numerical values shown in parentheses for fold change 
indicates features that were present in both controls and hepatic scarring but 
expressed to a higher extent in the indicated stage. For cases where no numerical 
value is shown for fold change, the feature was only present in the indicated stage. 
N, features present in serum from healthy controls (with respect to the stage of 
hepatic scarring shown in parentheses) 
L, features present in serum from mild fibrosis patients 
M, features present in serum from moderate fibrosis patients 
C, features present in serum from cirrhosis patients 
Protein functions have been adapted from the ExPASy website 
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pH 3                                                            10

Mr
(kDa)

50

150

10

N1

pH 3                                                            10

50

150

10

Mr
(kDa)N2

C*(P01023; P02768)

C*(P01023)N*(P0C0L4;
P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N*(P00738;
P27169;
P25311) N(Q14624)

N*(P02766)

N(P00738)
C*(P68871) C*(P68871;

P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)

C*(P01023; P02768)

C*(P01023)N*(P0C0L4;
P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N*(P00738;
P27169;
P25311) N(Q14624)

N*(P02766)

N(P00738) C*(P68871) C*(P68871;
P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)

pH 3                                                            10

Mr
(kDa)

50

150

10

N1

pH 3                                                            10

50

150

10

Mr
(kDa)N2

C*(P01023; P02768)

C*(P01023)N*(P0C0L4;
P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N*(P00738;
P27169;
P25311) N(Q14624)

N*(P02766)

N(P00738)
C*(P68871) C*(P68871;

P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)

C*(P01023; P02768)

C*(P01023)N*(P0C0L4;
P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N*(P00738;
P27169;
P25311) N(Q14624)

N*(P02766)

N(P00738) C*(P68871) C*(P68871;
P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)
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pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

N3

N4

C*(P01023; P02768)

C*(P01023)N*(P0C0L4;
P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N(Q14624)
N*(P02766)

N(P00738) C*(P68871) C*(P68871;
P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)
N*(P00738;

P27169;
P25311)

C*(P01023; P02768)

C*(P01023)
N*(P0C0L4;

P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N*(P00738;
P27169;
P25311) N(Q14624)

N*(P02766)

N(P00738) C*(P68871) C*(P68871;
P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)

pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

N3

N4

C*(P01023; P02768)

C*(P01023)N*(P0C0L4;
P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N(Q14624)
N*(P02766)

N(P00738) C*(P68871) C*(P68871;
P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)
N*(P00738;

P27169;
P25311)

C*(P01023; P02768)

C*(P01023)
N*(P0C0L4;

P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

N(O14791)

N*(P00738)

N*(P00738;
P27169;
P25311) N(Q14624)

N*(P02766)

N(P00738) C*(P68871) C*(P68871;
P69905)

C*(P01834)

N(P00738)

L*(P01023; P02768)L*(P01023; P02768)

N* N(Q03591)

N*(P00738)

N*(P01024)

N N*(P0C0L4; P0C0L5)
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pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

L1

L2

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)

pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

L1

L2

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)
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(kDa)

L3

L4

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)

pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150
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10

10

Mr
(kDa)

L3

L4

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)

L*(P01023; P02768)L*(P01023; P02768)

L(P69905)

N*(P00738)
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M1

M2

M(P01023; P02768)

M(P01023)

N*(P01024)
N*(P0C0L4;

P0C0L5)

M(P01620;
P01593;
P01842;
P04433;
P01604)

M(P01023; P02768)

M(P01023)

N*(P01024)
N*(P0C0L4;

P0C0L5)

M(P01620;
P01593;
P01842;
P04433;
P01604)

pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

M1

M2

M(P01023; P02768)

M(P01023)

N*(P01024)
N*(P0C0L4;

P0C0L5)

M(P01620;
P01593;
P01842;
P04433;
P01604)

M(P01023; P02768)

M(P01023)

N*(P01024)
N*(P0C0L4;

P0C0L5)

M(P01620;
P01593;
P01842;
P04433;
P01604)
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pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

M3

C1

C*(P01023; P02768)

C(P01023; P02768)
C(P01023)

C*(P01023)
N*(P0C0L4;

P0C0L5)
N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

C(P02749)

C(P01859)

N*(Q03591)
N*(P00738)

C(O43866)

N*(P02766)

C*(P68871) C*(P68871;
P69905)

C(P01834;
P01625;
P01842)

C*(P01834)

C(P01834; P01842)

C(P01834;
P01842)

C(P01842;
P01616)

C(P01834;
P01842;
P01625)

C(P01842;
P01714;
P01834;
P01717)

N*(P00738;
P27169;
P25311)

M(P01023; P02768)

M(P01023)

N*(P01024)
N*(P0C0L4;

P0C0L5)

M(P01620;
P01593;
P01842;
P04433;
P01604)

pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

M3

C1

C*(P01023; P02768)

C(P01023; P02768)
C(P01023)

C*(P01023)
N*(P0C0L4;

P0C0L5)
N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

C(P02749)

C(P01859)

N*(Q03591)
N*(P00738)

C(O43866)

N*(P02766)

C*(P68871) C*(P68871;
P69905)

C(P01834;
P01625;
P01842)

C*(P01834)

C(P01834; P01842)

C(P01834;
P01842)

C(P01842;
P01616)

C(P01834;
P01842;
P01625)

C(P01842;
P01714;
P01834;
P01717)

N*(P00738;
P27169;
P25311)

M(P01023; P02768)

M(P01023)

N*(P01024)
N*(P0C0L4;

P0C0L5)

M(P01620;
P01593;
P01842;
P04433;
P01604)
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pH 3                                                            10

pH 3                                                            10

Mr
(kDa)

50

50

150

150

10

10

Mr
(kDa)

C2

C3

C*(P01023; P02768)

C(P01023; P02768)C(P01023)

C*(P01023)N*(P0C0L4;
P0C0L5)

N*(Q14624)

N*(P01011;
P08185)

C*(P01023; P02768; Q9UP60; P01876)

C*(P01023)

C(P02749)

C(P01859)

N*(Q03591)
N*(P00738)

C(O43866)N*(P00738;
P27169;
P25311)

N*(P02766)

C*(P68871) C*(P68871;
P69905)

C(P01834;
P01625;
P01842)

C*(P01834)

C(P01834; P01842)
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Figure A1 500 µg of serum was separated by 9-16% 2D-PAGE (pH3-10 NL) for 
serum samples from healthy controls (N1-N4), mild fibrosis (L1-L4), moderate 
fibrosis (M1-M3), and cirrhosis (C1-C4) patients. Gels were stained with the 
fluorescent dye OGT 1238. Differentially expressed features along with their 
Swiss-Prot accession numbers are highlighted. 
N, features present only in serum from healthy controls 
L, features present only in serum from mild fibrosis patients 
M, features present only in serum from moderate fibrosis patients 
C, features present only in serum from cirrhosis patients 
*, features present in serum from both control and heptic scarring but expressed to 
a higher extent in asterisked stage of hepatic scarring (e.g. L* for mild, M* for 
moderate, C* for cirrhosis) or control (N*) 
For images N1-N4 the colours blue, green and red indicate a greater expression in 
healthy controls compared with mild fibrosis, moderate fibrosis and cirrhosis, 
respectively. 
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Table A3 List of differentially expressed proteins identified in control versus 
Nef-transfected rafts. AN indicates Swiss-Prot accession number. Mr, relative 
molecular mass on gel. pI, isoelectric point on gel. Fold change refers to proteins 
that were differentially expressed by 2-fold or more when comparing serum gels 
from healthy controls with the different stages of hepatic fibrosis. C, feature only 
present in control rafts. N, feature only present in Nef-transfected rafts. C*, 
feature expressed to higher extent in control raft samples. N*, feature expressed to 
higher extent in Nef-transfected raft samples. 

Protein Name AN Mr, Da pI Fold 
change Protein function 

14-3-3 protein ε P62258 29100 4.35 C* Binds to and reduces PI3K 
activity 

Actin cytoplasmic 1 (β-actin) 
or 
Actin cytoplasmic 2 (γ-actin) 

P60709 
or 

P63261 

18900 
27000 

4.82 
5.20 

N* 
N 

Cytoskeletal components 
necessary for cell surface 
shape and locomotion 

α2-HS-glycoprotein 

P02765 

66500 
67000 
67300 
68100 
68200 
68500 
69200 

4.59 
4.57 
4.55 
4.47 
4.45 
4.43 
4.41 

N 
N 
N 
N 
N 
N 
N 

Acute phase protein usually 
found in plasma/serum 

Glyceraldehyde 3-phosphate 
dehydrogenase 

P04406 

33300 
37500 
38100 
38100 
38200 

8.17 
7.23 
7.03 
6.94 
6.76 

N 
C* 
C* 
C* 
C* 

Cytosolic glycolytic 
enzyme  
GA3P + Pi + NAD+ 

 BPG +NADH 

L-lactate dehydrogenase A 
chain (EC 1.1.1.27) P00338 33100 7.86 N* 

Enzyme in glycolysis. 
Expressed in activated 
lymphocytes 

NASCENT polypeptide 
associated complex α subunit  Q13765 34700 

34800 
4.53 
4.49 

N 
N 

Nuclear/cytoplasmic 
mRNA processing 

Nucleosome assembly protein 
1-like 4 Q99733 

61500 
62200 
62600 
63600 

4.66 
4.64 
4.62 
4.55 

N 
N 
N 
N 

Located in nucleus and 
associated with nucleosome 
assembly 

Proteasome subunit β type 4 P28070 25800 5.40 N Proteolysis (cytoplasm) 
Proteasome subunit β type 5 P28074 23600 8.25 N Proteolysis (cytoplasm) 
Protein phosphatase 2C γ 
isoform O15355 76200 4.51 C* Dephosphorylates 

phosphoproteins 
Stathmin (Oncoprotein 18) P16949 22000 4.97 C Destabilises microtubules 

by sequestering tubulin 
Thymidylate kinase P23919 24700 7.93 C* Cytosolic enzyme: 

ATP+dTMP ADP+dTDP 
Transgelin 2 

P37802 
23300 
23100 
23400 

7.64 
7.77 
7.79 

C 
N 
N 

Mediates cross-linking of 
actin 

Transketolase 

P29401 

72800 
72900 
73000 
74100 

6.89 
7.04 
6.74 
6.58 

C* 
C* 
C* 
C* 

Cytosolic enzyme in 
pentose phosphate pathway 

Ubiquitin-conjugating enzyme 
E2 (UbcH7) P68036 19800 7.92 C Cbl associated 

ubiquitination enzyme 
Voltage-dependent anion-
selective channel protein 1 P21796 30600 6.94 C* Forms channels through 

mitochondrial membrane 
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Summary

Lentiviral Nef increases T cell signaling activity, but

the molecular nature of the stimulus involved is in-
completely described. We explored CD4 T cell lipid

raft composition in the presence and absence of Nef.
Here, the E2 ubiquitin-conjugating enzyme UbcH7,

which acts in conjunction with c-Cbl, is absent from
lipid rafts. This Nef-mediated exclusion is associated

with failure of ubiquitination of activated Vav. In the
presence of Nef, lipid raft Cdc42 is activated and forms

a ternary complex between the c-Cbl-interacting pro-
tein p85Cool-1/bPix and c-Cbl, displacing UbcH7 from

rafts. Suppression of p85Cool-1/bPix expression re-
stores UbcH7 raft localization and Vav ubiquitination

and diminishes Cdc42 activity. Moreover, p85Cool-1/
bPix knockdown attenuates HIV replication. Thresh-

olds for activation of signaling involve the intricate bal-
ance of positive and negative regulators. Here we pro-

vide evidence for Nef disruption of a negative regulator
of T cell signaling in promoting HIV replication.

Introduction

The Nef gene of HIV is important for pathogenicity, in-
creasing viral infectivity and replicative capacity. Sev-
eral functional attributes have been ascribed to Nef,
including the downregulation of MHC class 1 A and B al-
leles to promote escape from the cellular immune re-
sponse, downregulation of cell-surface CD4 to enhance
virion release from the infected cell surface, and alter-
ation of host cell death pathways to prevent apoptosis
of infected cells while promoting death of activated by-
stander CD8 T cells (for reviews, see Doms and Trono,
2000; Fackler and Baur, 2002). In addition, Nef alters
cell signaling to induce an activating stimulus in CD4 T
cells (Fackler and Baur, 2002). The principal function
and exact molecular mechanism involved in Nef alter-
ation of signaling in the viral life cycle are not fully de-

*Correspondence: alison.simmons@molecular-medicine.oxford.ac.uk
fined but are likely to contribute to pathogenicity. A
key motif required for Nef signaling is the SH3 binding
domain, essential for optimal spread of HIV in primary
cells (Fackler et al., 2001; Manninen et al., 1998; Saksela
et al., 1995). This domain also mediates association with
a variety of signaling proteins including the Src family
kinases, PAK2, Protein kinase C theta, Erk-1, Raf1,
TCRz, and Vav (for review, see Renkema and Saksela,
2000).

The molecular event facilitating Nef alteration of cell
signaling has engendered much interest, and evidence
has accumulated for a role at the plasma membrane.
Nef is detectable in lipid rafts in T cells (Alexander
et al., 2004; Wang et al., 2000) and is associated with
the recruitment of activated p21-activated kinase (PAK)
to these domains (Krautkramer et al., 2004). Nef acti-
vates the GTPases Cdc42 and Rac via the guanine
nucleotide exchange factors (GEF) Vav and DOCK2/
ELMO1 (Fackler et al., 1999; Janardhan et al., 2004; Lu
et al., 1996). PAK is a downstream effector of Cdc42
and Rac; activation of these GTPases by Nef is probably
responsible for the consistent observation of PAK acti-
vation in Nef-expressing cells. Despite evidence that
Nef activates a Cdc42-dependent signaling path in lipid
rafts, the initial trigger remains unclear.

To shed further light on the nature of Nef signaling in T
cells, we undertook an analysis of differential protein ex-
pression in CD4 T cell lipid rafts in the presence and ab-
sence of Nef. We investigated proteins recruited or lost
from rafts after Nef expression by 2D-PAGE analysis and
mass spectrometry. Among proteins absent from Nef-
expressing rafts was the E2 ubiquitin-conjugating en-
zyme UbcH7, which is implicated in the c-Cbl-mediated
ubiquitination and negative regulation of T cell signaling
molecules such as Lck, Vav, and TCRz (Rao et al., 2002;
Miura-Shimura et al., 2003; Wang et al., 2001). This
raft loss of UbcH7 has functional consequences. In the
presence of Nef, activated Vav fails to undergo ubiqui-
tination, resulting in the accumulation of tyrosine-
phosphorylated Vav in lipid rafts and increased Cdc42
activity. This effect of Nef was recapitulated by UbcH7
knockdown and did not occur after conventional T cell
activation. Expression of Nef in signaling-defective
Jurkat T cell lines revealed a requirement for Lck but
not TCRz in inhibiting c-Cbl function. We established
that in the presence of Nef, a ternary complex forms be-
tween activated Cdc42, the PAK interactive exchange
factor p85Cool-1/bPix (hereafter referred to as bPix),
and c-Cbl that displaces UbcH7 from the c-Cbl RING fin-
ger and lipid rafts. This ternary complex has been shown
previously to occur after expression of constitutively ac-
tive Cdc42, resulting in failure of EGFR ubiquitination
(Wu et al., 2003). The complex is likely to be responsible
for UbcH7 raft displacement, as expression of a consti-
tutively active Cdc42 mutant in Jurkat led to diminished
expression of UbcH7 in lipid rafts. Destruction of
the complex by knockdown of bPix by short hairpin-
interfering RNAs (siRNA) resulted in UbcH7 relocation
to lipid rafts in Nef-positive cells and diminished
Nef-induced Cdc42 activity. We found that Cbl was
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required for constitutive localization of UbcH7 in lipid
rafts, and it is likely that the Cdc42-bPix-c-Cbl interac-
tion displaces UbcH7 from the Cbl RING finger by steric
hindrance. The relevance of these observations to the
HIV life cycle was explored by bPix knockdown in in-
fected CD4 T cells, which led to attenuation of HIV rep-
lication. These findings indicate that at least part of
Nef’s signaling activity in T cells derives from inhibition
of a negative regulator of T cell signaling.

Results

Changes in the Protein Content of CD4 T Cell Lipid
Rafts in the Presence of Nef

Plasma membrane lipid rafts are cholesterol- and sphin-
golipid-rich plasma membrane domains thought to con-
tribute to compartmentalizing signal transduction
events in different regions of the plasma membrane
(Harder, 2004). Evidence exists for Nef commandeering
T cell signaling machinery high in the T cell signaling
pathway and probably within lipid rafts themselves.
Nef targeting to lipid rafts in CD4 T cells is dependent
on its myristoylated N terminus (Wang et al., 2000). Flag-
tagged Nef expression vectors were used to demon-
strate the presence of Nef in Jurkat CD4 T cell lipid rafts.
Figure 1A compares the raft localization of wild-type SF2
Nef with a mutant (glycine to alanine) at position 2, the
myristoylation site (Nef-G2A). Western blotting illus-
trates cofractionation of the lipid raft marker GM1 with
Nef but not Nef-G2A. 2D-PAGE analysis and mass spec-
trometry were used to sequence proteins differentially
expressed in lipid rafts of Jurkat CD4 T cells transfected
with either Nef or Flag (pCMV-Tag4A) control vector (for
complete gel images, see Figure S1 in the Supplemental
Data available with this article online). Cells were har-
vested at 24 hr posttransfection for sucrose density
gradient centrifugation and lipid raft isolation. Four rep-
licate 2D-PAGE gels (with a linear pI range of 3–10) were
obtained for both control and Nef-expressing lipid raft
fractions to visualize changes in the lipid raft proteome
in the presence of Nef. Each gel resolved around 1200
spots, and differentially expressed proteins were se-
lected for protein identification after image analysis.
In-gel digestion with trypsin and peptide extraction
were carried out by an automated workstation. Tryptic
peptides were desalted on an LC system and eluted
into a tandem mass spectrometer. The database search
was performed with a protein search tool by Swiss-Prot.
In several examples, multiple spots represented the
same protein, with variations due to posttranslational
modification or alternative splicing (Figure S1). Names
of the identified proteins and their Swiss-Prot accession
numbers are listed in Table 1. Information about se-
quence coverage and peptide sequence is given in
Table S1. By using this methodology, we identified ten
proteins that showed increased expression or were ex-
clusively present in Nef-expressing rafts and seven pro-
teins that were decreased in expression or were absent
from Nef-expressing rafts.

In the presence of Nef, the E2 ubiquitin-conjugating
enzyme UbcH7 was absent from lipid rafts (Figure 1C).
UbcH7 has been shown to act as the cognate E2-
conjugating enzyme for Cbl family proteins, E3 ubiquitin
ligases that mediate ubiquitination, and downregulation
of activated T cell signaling molecules (Yokouchi et al.,
1999; Zheng et al., 2000). Among the identified proteins
differentially expressed in lipid rafts in the presence of
Nef, UbcH7 stands out as an attractive candidate for in-
volvement in Nef signaling. This absence may interfere
with c-Cbl-mediated negative regulation of T cell signal-
ing proteins and thus provide a means by which Nef
might promote T cell signaling.

In addition to UbcH7, several other notable changes in
lipid raft protein composition were detected (Figure 1C;
Table 1; Figure S1). Nef-expressing lipid rafts exhibited
recruitment of components of the actin cytoskeleton
and posttranslational modification of transgelin 2, con-
sistent with previous observations of Nef-driven actin
polymerization (Fackler et al., 1999). Nef-expressing
rafts lack stathmin, which is phosphorylated and con-
sequently inactivated by PAK. Stathmin negatively reg-
ulates microtubule dynamics (Andersen, 2000) by se-
questering tubulin, by decreasing the concentration of
free heterodimers available for polymerization (Belmont
and Mitchison, 1996), or by inducing catastrophe at mi-
crotubule tips (Cassimeris, 2002). The raft analysis re-
vealed that Nef is associated with recruitment of the
RNA binding protein hnRNP E1 that localizes to spread-
ing initiation centers present in the early stages of cell
spreading prior to the formation of focal adhesions (de
Hoog et al., 2004). Signaling proteins recruited to rafts
in the presence of Nef include lactate dehydrogenase-
A isoform that is preferentially expressed in activated
lymphocytes (Wollberg and Nelson, 1992). Finally, Nef-
positive rafts lack a known negative regulator of signal-
ing, 14-3-33. Isoforms of 14-3-3 expressed in T cells bind
the catalytic subunit of activated PI3K (p110), reducing
its enzymatic activity (Bonnefoy-Berard et al., 1995),
and the key T cell signaling attenuator c-Cbl after TCR
stimulation (Liu et al., 1996).

UbcH7 Is Excluded from Nef-Expressing Lipid Rafts
To confirm the results obtained by 2D-PAGE, Jurkat
CD4 T cells were transfected with Nef and Flag vectors
and lipid raft fractions were obtained by sucrose density
gradient centrifugation. Figure 2A demonstrates ex-
clusion of UbcH7 from the lipid raft fractions of Nef-
expressing cells. Comparison of UbcH7 raft localization
after expression of Nef-G2A revealed that Nef must be
physically present in lipid rafts for UbcH7 raft exclusion
to occur (Figure 2A). The majority of signaling functions
described for Nef require an intact polyproline motif. To
establish whether this Nef domain is needed for UbcH7
lipid raft exclusion, a mutant Flag expression construct
was created in which the FPVR motif of Nef (aa 72–75)
was mutated to VRIT (Nef-Px-Mu). Expression of this mu-
tant also abrogated the ability of Nef to exclude UbcH7
from lipid raft fractions (Figure 2A).

Confocal studies were then undertaken to further
assess the redistribution of UbcH7 observed after 2D-
PAGE analysis. Nef-EGFP fusion vectors were created
expressing wild-type Nef, Nef-G2A, and Nef-Px-Mu and
used to transfect Jurkat. 24 hr posttransfection, lipid
rafts were patched by anti-cholera toxin antibody. As
observed for Western blots of T cell lipid raft fractions,
UbcH7 staining is downregulated in lipid rafts in Nef-
EGFP-expressing cells but colocalized with GM1 after
expression of the empty EGFP vector, Nef-G2A-EGFP
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Figure 1. Identification of Proteins Differentially Expressed in Jurkat Lipid Rafts in the Presence of Nef

(A) Western blot of Nef- or Nef-G2A-expressing Jurkat lysate fractions obtained after sucrose density gradient centrifugation. Fractions were

immunoblotted to identify Nef with anti-Flag antibody and GM1 with cholera-toxin HRP.

(B) Synthetic 2D-PAGE image representing all protein spots present in the control versus Nef-transfected raft analysis highlighting the differ-

entially expressed features along with their Swiss-Prot accession number. C, features present only in control rafts; N, features present only in

Nef-transfected rafts; C*, features present in both control and Nef-transfected rafts but expressed to a higher extent in the control rafts; N*,

features present in both control and Nef-transfected rafts but expressed to a higher extent in the Nef-transfected rafts. For complete gel figures

and analysis, see Supplemental Data.

(C) Selected close-up examples of representative 2D-PAGE images showing changes in protein expression in Nef-transfected rafts.
and Nef-Px-Mu-EGFP (Figure 2B). Thus, Nef is associ-
ated with exit of UbcH7 from lipid rafts and this function
requires both the Nef N-terminal myristoylation site and
an intact Nef SH3 binding domain.

Failure of Vav Ubiquitination in Nef-Expressing

CD4 T Cells
The functional relevance of Nef-mediated exclusion of
UbcH7 from lipid rafts was investigated. Nef-interacting
proteins known to be substrates for c-Cbl-mediated
negative regulation after T cell activation stimuli include
Lck, Vav, and TCRz (Rao et al., 2002; Miura-Shimura
et al., 2003; Wang et al., 2001). We focused on character-
izing Vav activity in the presence of Nef, as this has been
directly linked to PAK activation, a highly conserved
function of Nef. Vav GEF activity is important for HIV rep-
lication, as dominant-negative Vav suppresses HIV rep-
lication when expressed in infected cells (Fackler et al.,
1999). In the normal immune response, Vav plays a cru-
cial role in TCR signaling events, including Ca2+ flux and
cytoskeletal reorganization (Cantrell, 2003). In turn,
c-Cbl participates in turning off Vav activity through
ubiquitination. After CD4 T cell activation, phosphory-
lated Vav undergoes c-Cbl association (Marengère
et al., 1997), ubiquitination, and degradation (Miura-
Shimura et al., 2003). We reasoned that if the exclusion
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Table 1. Summary of Differentially Expressed Lipid Raft Proteins and Functional Roles

Functional Category

Increased in Expression or Exclusively Present in

Nef-Expressing CD4 T Cell Lipid Rafts

Decreased in Expression or Absent from

Nef-Expressing CD4 T Cell Lipid Rafts

Signal transduction (P00338) L-lactate dehydrogenase A chain (EC 1.1.1.27)

(LDH-A) (LDH muscle subunit) (LDH-M)

(O15355) protein phosphatase 2C g isoform

(P04406) glyceraldehyde 3-phosphate

dehydrogenase (EC 1.2.1.12) (GAPDH)a
(P62258) 14-3-3 protein 3

(P29401) transketolase

(P23919) thymidylate kinase

Cytoskeletal and

microtubule-organizing

center regulation

(P37802) transgelin 2a (P16949) stathmin (Oncoprotein 18)

(P60709) (P63261) actina

Proteolysis (P28070) proteasome subunit beta type 4 precursor

(P28074) proteasome subunit beta type 5 precursor

Ubiquitination (P68036) ubiquitin-conjugating enzyme

E2-18 kDa UbcH7

mRNA processing

and translation

(Q15365) poly(rC)-binding protein 1 (hnRNP-E1)

(Q13765) NASCENT polypeptide associated

complex alpha subunit

Nucleosome assembly (Q99733) nucleosome assembly protein 1-like 4

Ion channel (P21796) voltage-dependent anion-selective

channel protein 1 (VDAC-1)

Acute phase protein (P02765) alpha-2-HS-glycoprotein precursora

Identified proteins are specified by Swiss-Prot accession number. Further information about sequence coverage and peptide sequences can be

obtained from the Supplemental Data.
a Posttranslational modification detected by 2D-PAGE after Nef expression.
of UbcH7 from lipid rafts by Nef has functional relevance
for Nef signaling, then it should be possible to demon-
strate failure of ubiquitination of Nef-activated c-Cbl
substrates.

Nef-mediated Vav activation was first confirmed after
transfection of Jurkat with Flag or Nef vectors. Similar to
the scenario occurring after anti-CD3/CD28 triggering,
Nef expression resulted in Vav hyperphosphorylation
in lipid raft fractions, as shown on Western blots from
Nef-expressing versus control lysates (Figure 3A). The
level of Vav GEF activity was then assessed with a
Cdc42 activation assay. Here, active GTP bound Cdc42
binds to the p21 binding domains (PBD) of PAKs so
GST-PBD can be used to pull down Cdc42-GTP. Levels
of GTP bound Cdc42 in lipid rafts were assessed by glu-
tathione agarose bound GST-PBD, and the fraction of
PBD bound Cdc42 were assayed by immunoblotting
(Figure 3B). This demonstrated that Nef increased
the level of GTP-Cdc42 in lipid rafts, consistent with
previous reports (Krautkramer et al., 2004). We next
examined whether Vav becomes ubiquitinated in Nef-
expressing CD4 T cell lipid rafts. c-Cbl has been impli-
cated directly in the ubiquitination and negative regu-
lation of Vav after T cell activation or conditions that
promote both c-Cbl and Vav phosphorylation (Miura-
Shimura et al., 2003). Figure 3C shows Western blots
for ubiquitin after Vav immunoprecipitation from lipid
rafts of Nef and control transfectants and T cells acti-
vated via ligation of CD3 and CD28. While Nef expres-
sion was associated with increased Vav GEF activity
and phosphorylation, no ubiquitination of Vav could be
detected in Nef-expressing CD4 T cell lipid rafts. In con-
trast, activation of Jurkat via plate bound anti-CD3/
CD28 resulted in detectable Vav ubiquitination. In addi-
tion, after TCR stimulation of Jurkat, Vav could be coim-
munoprecipitated with c-Cbl as would be expected for
a Cbl substrate (Marengère et al., 1997). However, in
Nef-expressing cells, no such association could be
demonstrated (Figure 3D).

To examine whether accessibility to UbcH7 might be
responsible for failure of Vav ubiquitination in the pres-
ence of Nef, an siRNA targeting UbcH7 was used to di-
minish UbcH7 expression (Verma et al., 2004). Jurkat
were transfected with this UbcH7 siRNA and a nonsi-
lencing (NS) siRNA, whose sequence did not match
any known human gene (Figure 3E). A comparison of
the effect of UbcH7 knockdown on Vav activation with
that occurring after antigen receptor triggering was un-
dertaken. Similar to the results obtained after Nef ex-
pression, levels of GTP bound Cdc42 increased after
UbcH7 knockdown (Figure 3F), and Vav tyrosine phos-
phorylation increases to levels comparable with con-
ventional T cell activation (Figure 3G). In addition, we
were unable to detect significant levels of Vav ubiquiti-
nation after UbcH7 knockdown (Figure 3G). These ob-
servations indicate that CD4 T cell c-Cbl-mediated neg-
ative regulatory activity is defective in Nef-expressing
cells and suggest that the exclusion of UbcH7 away
from raft-localized c-Cbl has functional consequences
for Nef signaling.

Lck but Not TCRz Is Required for Nef-Mediated
UbcH7 Lipid Raft Exclusion

To establish whether UbcH7 lipid raft exclusion is idio-
syncratic to the Nef T cell activation stimulus, the effect
of antigen receptor triggering on UbcH7 raft location
was studied. Jurkat were stimulated with plate bound
anti-CD3/CD28 over a time course extending to 24 hr.
It was not possible to demonstrate changes in expres-
sion of UbcH7 between raft and nonraft compartments
either by Western blot (Figure 4A) or confocal micros-
copy (Figure 4B) throughout.
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Figure 2. UbcH7 Is Selectively Excluded from

Lipid Rafts in the Presence of Nef

(A) Fractions obtained after sucrose density

gradient centrifugation from Jurkat trans-

fected with Flag, Nef, Nef-G2A, or Nef-

PX-Mu were immunoblotted for UbcH7 (top)

and GM1 (middle). The lower panel indicates

presence of Nef after Flag Western blot of

whole-cell lysates (WCL) from the corre-

sponding transfectants.

(B) Confocal images of Jurkat transfected

with EGFP or Nef-EGFP, Nef-G2A-EGFP,

and Nef-PX-Mu-EGFP. 24 hr posttransfec-

tion, cells were stained with cholera toxin

Texas red, lipid rafts were patched with

anti-cholera toxin, and UbcH7 was stained

with anti-UbcH7 Alexa Fluor 647.
The requirement for upstream T cell signaling mole-
cules in Nef-mediated downregulation of lipid raft
UbcH7 was investigated with mutant Jurkat T cell lines
defective in key T cell signaling molecules. JCaM1.6, ge-
netically deficient in Lck (Straus and Weiss, 1992), and
J.RT3-T3.5, functionally deficient in TCRz (Ohashi
et al., 1985), were transfected with Nef or Flag vectors
and lipid raft fractions were prepared. Western blotting
of GM1-positive fractions of Nef-transfected rafts re-
vealed the absence of UbcH7 in J.RT3-T3.5 but not
JCaM1.6, thus indicating a requirement for Lck but not
TCRz in UbcH7 raft exclusion (Figure 4C). These results
were confirmed by confocal analysis of J.RT3-T3.5 and
JCaM1.6 transfected with EGFP and Nef-EGFP (Fig-
ure 4D). Next, Lck expression in JCaM1.6 was restored
by either wild-type Lck or a kinase-dead mutant Lck-
R273A (Rao et al., 2002), and localization of UbcH7 was
examined. Interestingly, both Lck constructs restored
the ability of Nef to downregulate UbcH7 expression in
lipid rafts (Figures 4E and 4F), indicating that while Lck
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Figure 3. Failure of c-Cbl-Mediated Ubiquiti-

nation of Nef-Activated Vav

(A) Vav was immunoprecipitated from lipid

rafts of Flag or Nef transfectants or Jurkat

activated with anti-CD3/CD28, and anti-

phosphotyrosine (pY) immunoblot was per-

formed as shown in the top panel and Vav

immunoblot below. Flag Western blot of

WCL is in the lower panel.

(B) PBD-agarose was used to pull down GTP

bound Cdc42 from lipid rafts of Flag- or Nef-

transfected cells, and levels of GTP-Cdc42

were assessed by Western blot. The middle

panel shows Cdc42 immunoblot from the

same lipid raft samples. The bottom panel

shows Flag immunoblot of WCL.

(C) Vav was immunoprecipitated from lipid

rafts of Flag or Nef transfectants or Jurkat ac-

tivated with anti-CD3/CD28. Immunoblot for

ubiquitin is shown in the top panel and for

Vav below. Flag immunoblot of WCL is in

the lower panel.

(D) Jurkat were transfected with Flag or Nef

vectors or activated with anti-CD3/CD28.

Vav immunoprecipitate and c-Cbl Western

blot is shown above and Vav Western blot

from the corresponding immunoprecipitates

below. The lower panel shows Flag immuno-

blot of the corresponding WCL.

(E) Jurkat were transfected with NS siRNA or

Ubch7 siRNA and UbcH7 protein level as-

sessed at 48 hr by Western blot, with actin im-

munoblot below.

(F) Cdc42 immunoblot following pull-down of

GTP-Cdc42 with PBD-agarose from cells

treated as in (E) with Cdc42 immunoblot

from lipid raft lysates shown below.

(G) Vav was immunoprecipitated from NS, or

Ubch7 siRNA transfected, and from CD3/

CD28 activated Jurkat and Western blotted

with anti-phosphotyrosine. Below is the cor-

responding anti-Vav immunoblot. The top

panel illustrates ubiquitin immunoblot of the

same Vav immunoprecipitates.
is required for this function of Nef, the kinase activity of
Lck is dispensable.

Cdc42 Associates with bPix and c-Cbl
in Nef-Expressing Cells

The mechanism by which Nef mediates exclusion of
UbcH7 from lipid rafts and inhibition of Cbl-mediated
ubiquitination was investigated. Crystallographic stud-
ies have established that UbcH7 interacts with Cbl via
a weak association with the Cbl RING finger domain
(Zheng et al., 2000). A known inhibitor of Cbl activity is
Human Sprouty 2 (hSpry2). hSpry2 directly interacts
with the c-Cbl RING finger domain, displacing UbcH7
from its binding site on the E3 ligase, thus abrogating
epidermal growth factor receptor (EGFR) ubiquitination
and endocytosis (Wong et al., 2002). We hypothesized
that Nef might facilitate displacement of UbcH7 in
such a manner by precipitating the interaction of an in-
hibitory protein with Cbl in an area at or in proximity to
the RING finger. It has been demonstrated in conditions
where Cdc42 activity is increased that a ternary complex
can form between Cdc42 and c-Cbl, mediated by the
PAK-interacting exchange factor bPix (Wu et al., 2003).
Formation of this complex after expression of consti-
tutively active Cdc42 mutants inhibits c-Cbl-mediated
ubiquitination and degradation of EGFR. bPix proteins
are binding partners of PAK (Bagrodia et al., 1999; Man-
ser et al., 1998), Cbl-b (Flanders et al., 2003), and c-Cbl
(Wu et al., 2003). The binding of c-Cbl to bPix is mediated
via the bPix SH3 domain (Wu et al., 2003), and the Cbl
family protein SH3 binding domain lies directly adjacent
to the RING finger. We hypothesized that lipid raft Nef-
activated Cdc42 might facilitate the formation of such
a ternary complex of bPix, Cdc42, and c-Cbl that would
displace UbcH7 from its binding site on the c-Cbl RING
finger. To test this, we transfected Jurkat CD4 T cells
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with either Flag or Nef vectors and immunoprecipitated
Cdc42. It was possible to demonstrate coimmunopre-
cipitation of both bPix and c-Cbl with Cdc42 in the Nef-
expressing T cell lysates (Figure 5A). In contrast, co-
immunoprecipitation experiments carried out after T cell
activation did not reveal formation of this ternary com-
plex (Figure 5A). The requirement for Lck in inducing
this ternary interaction complex in the presence of Nef
was assessed by expressing Nef in JCaM1.6 alone, or
together with Lck or Lck-R273A expression vectors.
Figure 5B shows that the Nef-mediated interaction of
Cdc42 with Cbl and bPix is not detectable in the absence
of Lck but does not require the enzymatic activity of Lck
to occur. These data indicate that Nef does indeed in-
duce formation of a lipid raft Cdc42-bPix-Cbl complex
in an Lck-dependent manner, which might be responsi-
ble for inhibition of c-Cbl activity by directly displacing
the c-Cbl E2 UbcH7 away from its active site on the
c-Cbl RING finger.

Expression of a Constitutively Active Cdc42
Mutant Is Associated with UbcH7 Raft Loss

while bPix Knockdown Results in Relocation
of UbcH7 to Lipid Rafts and Restores

Ubiquitination of Nef-Activated Vav
To test this hypothesis further, the requirement for Cbl in
facilitating UbcH7 entry to lipid rafts was examined after
knockdown of c-Cbl and Cbl-b with siRNAs. Figure 6A
illustrates the reduction in Cbl protein levels obtained af-
ter transfection of Cbl but not NS siRNA. Figure 6B dem-
onstrates a reduction in level of UbcH7 detectable in
lipid rafts after Cbl knockdown. We examined whether
steric hindrance induced by association of activated
Cdc42 and bPix with Cbl might explain the exit of
UbcH7 from lipid rafts observed after Nef expression.
A constitutively active Cdc42 mutant capable of consti-
tutive GDP-GTP exchange, Cdc42(F28L), shown previ-
ously to induce Cdc42-bPix-Cbl formation (Wu et al.,
2003), was transfected in Jurkat. UbcH7 lipid raft locali-
zation was assessed by Western blot (Figure 6C). Down-
regulation of UbcH7 raft expression was observed, sug-
gesting formation of a Cdc42-bPix-Cbl complex that
may prevent UbcH7 binding to the Cbl RING finger,
probably via steric hindrance effects.

To investigate further whether the Nef-mediated
Cdc42-bPix-Cbl complex formation was responsible
for UbcH7 lipid raft displacement and failure of Vav ho-
meostasis in Nef-expressing cells, we inhibited bPix ex-
pression. To do so, we chose several sequences in the
human bPix gene and designed siRNA directed against
bPix. These were tested for their ability to knock down
bPix expression in Jurkat. Transfection of 20 mM bPix
siRNA1 efficiently diminished expression of bPix when
assessed by Western blot (Figure 6D, i) and confocal
analysis (Figure 6D, ii) in comparison with NS siRNA.
The effect of bPix knockdown on the subcellular distri-
bution of UbcH7 was investigated in the presence of
Nef. bPix siRNA1 and control NS siRNA were cotrans-
fected with either control Flag or Nef expression vec-
tors; lipid rafts were extracted and Western blotted for
the presence of UbcH7. Figure 6E demonstrates that
while UbcH7 remains excluded from raft fractions in
Nef and NS siRNA transfectants, raft localization returns
when bPix protein expression is diminished. We next
addressed whether bPix knockdown could restore Nef-
activated Vav ubiquitination. Jurkat were transfected
with Nef or Flag plasmids together with either bPix
siRNA1 or NS siRNA. Vav was immunoprecipitated from
lipid raft fractions obtained from these transfectants,
and levels of ubiquitination were assessed by Western
blotting. As predicted after bPix knockdown in Nef-
expressing cells, Vav becomes detectably ubiquitinated
in lipid rafts (Figure 6F). In addition, detection of Cdc42
activity in the same transfectants demonstrates that, af-
ter expression of bPix siRNA1, Nef-mediated Cdc42 ac-
tivity is reversed (Figure 6G). Therefore, it appears that
the formation of a ternary complex between Cdc42,
bPix, and c-Cbl occurring in the presence of Nef results
in lipid raft displacement of UbcH7 and failure of c-Cbl-
mediated ubiquitination activity.

bPix Knockdown and HIV Replication

bPix siRNA1 was used to examine whether Nef interfer-
ence with c-Cbl-mediated ubiquitination influences its
function in enhancement of HIV replication. Figure 7A
demonstrates the kinetics of bPix knockdown after
transfection of bPix siRNA1 in Jurkat. Reporter EGFP-
expressing HIV virus HIV NL-GI, where EGFP replaces
Nef in HIV NL4-3 and Nef is replaced downstream of
an IRES (Cohen et al., 1999), was then transfected with
either bPix siRNA1 or NS siRNA. Viral production was
compared for 48 hr posttransfection. Figure 7B shows
bPix levels in the HIV-transfected cells. After introduc-
tion of NL-GI into bPix knockdown cells, HIV production
was significantly diminished, as assessed by FACS
analysis of EGFP expression (Figure 7C) and ELISA anal-
ysis of p24 production (Figure 7D). The data shown are
representative of six replicate experiments. These re-
sults indicate that Nef-mediated Cdc42-bPix-Cbl asso-
ciation is important for HIV replication in CD4 T cells.

Discussion

The precise nature of the activation stimulus that Nef de-
livers to CD4 T cells has remained elusive. Signal trans-
duction by T cells is through the translocation and acti-
vation of protein tyrosine kinases and the formation of
a network of adaptor molecules (Kane et al., 2000). Nef
has been proposed to act as an adaptor bringing signal-
ing substrates into proximity to initiate signaling. While
multiple interacting partners have been described, and
several of these have been shown to change in activity
in the presence of Nef, definition of a unifying single mo-
lecular unit involved has not been forthcoming.

In this study, we conducted a proteomic analysis of
lipid rafts that revealed loss of UbcH7, hinting at a role
for Nef in disruption of Cbl activity. We demonstrate
that Cbl-mediated ubiquitination in lipid rafts of at least
one of the Nef activated proteins, Vav, is diminished,
leading to enhanced Cdc42 activity. This process re-
quires an upstream Src kinase, Lck, but not TCRz, and
results in the formation of a ternary complex between
Cdc42, bPix, and c-Cbl. The complex appears to be re-
sponsible for raft loss of UbcH7, as diminishing expres-
sion of bPix leads to relocation of UbcH7 to lipid rafts
and ubiquitination of Nef-activated Vav. The Cdc42-
bPix-Cbl-ternary complex formation has been described
previously following expression of constitutively active
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Figure 4. UbcH7 Raft Exclusion Is Distinct to the Nef Activation Stimulus and Is Reliant on Lck

(A) Western blot of UbcH7 in lipid raft (R) and nonraft (S) fractions of Jurkat stimulated with CD3/CD28 over a period of 24 hr. UbcH7 Western blot

is in the top panel and GM1 below.

(B) Jurkat were stimulated with plate bound anti-CD3/CD28, harvested, and stained for GM1 with cholera toxin Texas red and UbcH7 Alexa Fluor

647 over a time course of 24 hr.

(C) JCaM1.6 and J.RT3-T3.5 cells were transfected with Flag or Nef vectors. Western blot for UbcH7 in lipid raft and nonraft lysates is shown in

the top panel, with GM1 immunoblot below with cholera toxin. Flag Western blot of WCL is shown in the lower panel.
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Figure 5. Cdc42 Associates with c-Cbl and bPix in the Presence of Nef

(A) Jurkat CD4 T cells were transfected with Flag or Nef or were activated with anti-CD3/CD28, and immunoprecipitates were performed with

anti-Cdc42. The top panel shows Western blot for c-Cbl, the middle panel for bPix, and the lower panel for Cdc42. Flag expression in WCL is

shown below.

(B) JCaM1.6 were transfected with Flag or Nef vectors and either Lck or Lck-R273A. Cdc42 was immunoprecipitated and Western blot for c-Cbl

(top), bPix (middle), or Cdc42 (lower) was performed. Lck and Flag expression in WCL is shown below.
Cdc42 mutants, leading to failure of ubiquitination of
EGFR, with resultant accumulation of surface EGFR
and cellular transformation. The binding of activated
Cdc42 to a bPix-Cbl complex here was thought to steri-
cally interfere with the binding of Cbl to the EGF recep-
tor, thus preventing E3 ligase activity. We found that ex-
pression of the mutant Cdc42, Cdc42(F28L), that is
capable of constitutive GDP-GTP exchange, results in
downregulation of lipid raft UbcH7 expression. It is likely
that Cdc42-bPix-Cbl ternary complex formation also
prevents the ubiquitin-charged E2 from gaining access
to the Cbl RING finger by steric interference. Interest-
ingly, diminishing Cbl expression with siRNAs resulted
in loss of UbcH7 from lipid rafts, suggesting that interac-
tion with Cbl is required for constitutive UbcH7 lipid raft
localization in T cells.

Why Nef induces UbcH7 exit from lipid rafts but TCR
stimulation fails to do so remains unclear. As a viral pro-
tein, Nef is not subject to the same negative regulatory
constraints as endogenous T cell signaling mediators,
which may lead to sustained imbalance in Cdc42 activity
in lipid rafts and forward feed signaling. It might be ex-
pected that Nef should lead to transformation in cells
in which it is expressed. Nef has been shown to be trans-
forming in certain cell types including fibroblasts (Briggs
et al., 1997) and neurons in an SH3-dependent manner
(Kramer-Hammerle et al., 2001). However, in the case
of whole HIV infection, active viral replication leads to
cellular cytopathicity, which likely overrides any trans-
forming effect.

A paradigm exists for the control of ubiquitination by
spatial localization of an E2 ubiquitin-conjugating en-
zyme, as UbcM2 is localized to the nucleus via importin-
11 after ubiquitin charging (Plafker et al., 2004). It is pos-
sible that Nef parodies a yet undiscovered conventional
physiological stimulus to interfere with c-Cbl function
via control of the cellular localization of UbcH7. Nef
has previously been shown to mimic integrin signaling
by inducing the relocalization of the Eed transcriptional
repressor to the plasma membrane in T cells (Witte et al.,
2004). Lipid rafts have been implicated in the proper or-
ganization of integrin signaling (Palazzo et al., 2004; del
Pozo et al., 2005). Nef-mediated recruitment of hnRNP
E1 to lipid rafts is supportive of an integrin-type trigger.
hnRNP E1 localizes to spreading initiation centers pres-
ent in the early stages of cell spreading prior to the
(D) JCaM1.6 and J.RT3-T3.5 cells were transfected with EGFP or Nef-EGFP, stained for GM1 with cholera toxin Texas red and rafts patched with

anti-cholera toxin antibody. UbcH7 was stained with UbcH7 Alexa Fluor 647.

(E) JCaM1.6 were transfected with Lck or Lck-R273A and Flag or Nef vectors before Western blot for UbcH7 and GM1 in raft and nonraft fractions.

The lower panels show Western blot for Lck and Flag in WCL.

(F) JCaM1.6 were transfected with Lck or Lck-R273A and EGFP or Nef-EGFP before staining for GM1 with cholera toxin Texas red, raft patching,

and subsequent UbcH7 Alexa Fluor 647 staining.
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Figure 6. Cbl Is Required for UbcH7 Raft Localization, Expression of Cdc42(F28L) Displaces UbcH7 from Rafts, while bPix Knockdown Restores

UbcH7 Raft Localization

(A) Jurkat were transfected with either NS siRNA or Cbl siRNA and Western blot for Cbl protein levels performed at 48 hr.

(B) The effect of Cbl knockdown on UbcH7 raft localization. The top panel shows UbcH7 protein levels in lipid raft fractions of Jurkat transfected

with either NS siRNA or Cbl siRNA, and the lower panel shows GM1 Western blot.

(C) Jurkat were transfected with EGFP+empty vector (pcDNA3), Cdc42(F28L), or Cdc42WT, and Western blot for UbcH7 was performed on lipid

raft (R) and soluble (S) fractions obtained after sucrose density gradient centrifugation. GM1 immunoblot is shown below. Transfection efficiency

was comparable in all three transfections as assessed by EGFP expression on FACS analysis (data not shown).

(D) Western blot (i) and confocal (ii) images of bPix expression in the presence of NS siRNA and bPix siRNA1 at 48 hr post transfection.

(E) Lipid raft fractions obtained from cells transfected with Flag or Nef together with either NS siRNA or bPix siRNA. Fractions were Western blot-

ted for UbcH7 and GM1 and WCL for Flag (bottom).

(F) Vav was immunoprecipitated from CD4 T cells transfected with Flag or Nef and either NS siRNA or bPix siRNA1. Western blot with anti-

ubiquitin is shown in the top panel. The lower panel shows Vav Western blot from the same immunoprecipitates.

(G) Jurkat were transfected as in (C), lipid rafts were obtained, and Cdc42-GTP pull-down was conducted with PBD-agarose. Bound Cdc42 is

shown in the top panel, lipid raft Cdc42 in the middle panel, and Flag immunoblot below.
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Figure 7. bPix Is Required for HIV Replication

(A) Time course demonstrating bPix knockdown after transfection of bPix siRNA1.

(B) Jurkat CD4 T cells were transfected with NL-GI HIV virus and either 20 mM bPix siRNA1 or NS siRNA, and the degree of bPix knockdown was

assessed by Western blot.

(C and D) Levels of HIV production were documented by FACS analysis of EGFP expression (C) and by p24 ELISA, where values shown are aver-

ages 6 SD from six separate experiments (D).
formation of focal adhesions that are induced by integrin
triggering (de Hoog et al., 2004). Indeed, the requirement
for Lck in inducing UbcH7 raft exit would also support
such a stimulus, as Lck has been shown to be necessary
for integrin activation in T cells (Fagerholm et al., 2002). It
was interesting that the kinase domain of Lck was dis-
pensable, hinting at an adaptor function for Lck in Nef-
mediated UbcH7 raft downregulation. A previous study
has also implicated Lck in alteration of c-Cbl phenotype
(in this case phosphorylation) in the presence of Nef and
in the context of HIV infection of primary CD4 T cells
(Yang and Henderson, 2005).

A consequence of Nef inhibition of c-Cbl-mediated
ubiquitination is the maintenance of self-sustaining pop-
ulations of GTP bound Cdc42 at the plasma membrane
and in lipid rafts. How this dysregulation of signaling
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functions to propagate virions is unclear. Cdc42 has
been implicated in diverse cellular processes such as
control of the actin cytoskeleton to help establish cell
polarity, intracellular trafficking, and regulation of cell
growth (reviewed by Cerione, 2004). It is possible that
these roles may be usurped by Nef to govern aspects
of the HIV life cycle. Localized plasma membrane
Cdc42 activity may be required for virological synapse
formation. Infected cells form a synapse with uninfected
target cells that facilitates efficient cell-cell transfer of vi-
rions (Jolly et al., 2004; McDonald et al., 2003). It may be
that Nef plays a role in the formation of this synapse by
promoting local microtubule stabilization at the cell/cell
interface via Cdc42 and PAK activation. The observed
exit of the microtubule destabilizer stathmin from Nef-
expressing lipid rafts is supportive of this hypothesis.
Analogies have been made between the immunological
and virological synapse, and interestingly in T lympho-
cytes, dominant-negative Cdc42 has been shown to
block polarization toward antigen-presenting cells
(Stowers et al., 1995). Ultimately, achieving heightened
Cdc42 activity may be important in the HIV life cycle to
direct HIV budding. HIV buds via the multivesicular
body in a manner requiring TSG101 (tumor susceptibility
gene 101 protein) and ESCRT-1 (endosomal sorting
complex required for transport) (von Schwedler et al.,
2003). The multivesicular body is specifically localized
to sites of active exocytosis and enables secretory ves-
icle targeting and plasma membrane docking. Cdc42
has been shown to direct activity of the exocyst in yeast
by binding Sec3p in its GTP bound form. Sec3p is an
exocyst component that acts as a spatial landmark for
polarized exocytosis. Cdc42 coordinates the vesicle
docking machinery and the actin cytoskeleton for polar-
ized secretion (Zhang et al., 2001). Most simply the inhi-
bition of c-Cbl by Nef may serve to direct new gene ex-
pression akin to a weak form of T cell activation that has
been proposed to provide a transcriptional environment
favorable for completion of the HIV life cycle.

Ever since Nef was demonstrated to be essential for
maintenance of high viral loads and progression to sim-
ian AIDS in adult rhesus macaques (Kestler et al., 1991),
its primary function in achieving this effect has been un-
der investigation. Identification of the principal host cell
molecules involved is crucial to understanding how Nef
exerts pathogenicity and in the rational design of inter-
vention strategies. Our work demonstrates a role for Nef
in interfering with an intrinsic negative feedback loop of
T cell signaling. This inhibition of Cbl by Nef provides
new candidate targets for inhibition of HIV replication.

Experimental Procedures

Cell Culture, Stimulation, Plasmids, Transfections,

and p24 ELISA

Jurkat E6-1, JCaM1.6, and J.RT3-T3.5 cells were obtained from

ATCC and were cultured in RPMI 1640 media (GIBCO-BRL) supple-

mented with 10% fetal calf serum, penicillin, streptomycin, and glu-

tamine (GIBCO-BRL). For stimulation of Jurkat with anti-CD3/CD28,

30 ml of 10 mg/ml OKT3 and anti-CD28 were added to 96-well plates

and incubated at 37ºC for 90 min. The wells were washed with PBS

three times and 2 3 105 cells were added to each well in 0.2 ml me-

dia. Cells were incubated at 37ºC and harvested at 24 hr. Anti-CD28

antibody (clone CD28.2) was obtained from Pharmingen. Flag-

tagged Nef constructs were generated by cloning SF2 nef from

pWT-IRES-EGFP (Simmons et al., 2001) into the pCMV-Tag-4A vec-
tor from Invitrogen. For the mutant G2A, the forward primer CGC

GGA TCC GCG ACC ATG GCG GGC AAG TGG TCA AAA was used

to amplify nef before insertion into pCMV-Tag-4A. The mutant

Nef-PX-Mu was created by cloning PX-Mu-nef from the vector

CN.94PXmu/Nef.Pxmu (Xu et al., 1999) before insertion to pCMV-

Tag-4A. Nef-EGFP fusion expression vectors were created by

cloning wild-type nef and mutants into the vector pEGFP-N3 from

Clontech. Wild-type and kinase-dead Lck expression vectors

PAlterMAX2-Lck and PAlterMAX2-R273A were obtained from Hamid

Band, and the wild-type and constitutively active Cdc42 expression

vectors, Cdc42(F28L), were from Richard Cerione. Transient trans-

fection of Jurkat was carried out with AMAXA cell line nucleofector

kit. Virus production was assayed by p24 ELISA; EGFP expression in

HIV-infected cells was analyzed by FACSCalibur (Becton Dickinson).

Antibodies, Cdc42 Activation Assay, and siRNAs

The anti-Flag M2, anti-b Actin antibodies, and cholera-toxin HRP

were obtained from Sigma. Antibodies to Cbl, bPix, and Cdc42

were obtained from Santa Cruz and Chemicon. Anti-cholera toxin

antibodies were obtained from Sigma. Antibodies to UbcH7 were ob-

tained from Upstate Biotechnology and Chemicon, and Vav and Lck

antibodies were from Upstate Biotechnology and Santa Cruz. Anti-

ubiquitin antibody was from Affiniti. Fluorescent conjugate second-

ary antibodies were obtained from Molecular Probes. Cdc42 activa-

tion assays were performed with the Cdc42 activation assay kit from

Chemicon. Custom high performance purity (HPP) grade siRNAs

were obtained from Qiagen. The target DNA sequence used to con-

struct bPix siRNA1 was 50-AAG AGCTCGAGAGACACATGG-30, for

UbcH7 siRNA 50- AAATGTGGGATGAAAAACTTC-30, and the nonsi-

lencing target sequence 50-AAT TCT CCG AAC GTG TCA CGT-30.

c-Cbl and Cbl-b siRNA sequences are available from Qiagen.

Lipid Raft Extraction, Immunoprecipitation, and Western Blots

Lipid rafts were isolated from cell lysates of 50 3 106 cells in Triton

X-100 and floatation on sucrose density gradients as described pre-

viously (Cheng et al., 1999). Among 12 fractions collected from the

top of the gradient, fractions 3 and 4 were confirmed as rafts by de-

tection of GM1 by Western blot analysis. For immunoprecipitations,

the lipid raft fraction 4 was mixed with 60 mM octyl b-D-glucopyrano-

side (Sigma), and solubilized fractions were incubated with the cor-

responding antibody and either Protein A or G-agarose. For Western

blot analysis, immunoprecipitates or WCL were resolved on SDS-

PAGE, transferred to PVDF membrane (Amersham Biosciences),

and detected by the indicated antibodies by ECL system (Amersham

Biosciences).

Confocal Analysis

For confocal analysis, cells were stained with cholera toxin to detect

GM1, and lipid rafts were patched with anti-cholera toxin antibody.

For intracellular staining with antibodies against UbcH7 or bPix, cells

were fixed with 4% v/v paraformaldehyde and permeabilized with

1% v/v Triton X-100. Confocal microscopy was performed with

a Bio-Rad Radiance 2000 laser scanning confocal and analyzed

with LaserSharp 2000 software (Bio-Rad). All images were acquired

in sequential scanning mode.

Two-Dimensional Gel Electrophoresis and Mass

Spectrometric Analysis

See Supplemental Data.

Supplemental Data

Supplemental Data include eight figures, one table, and Supplemen-

tal Experimental Procedures and can be found with this article online

at http://www.immunity.com/cgi/content/full/23/6/621/DC1/.
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Supplemental Experimental Procedures 

Two-Dimensional Gel Electrophoresis and Mass Spectrometric Analysis 
For each 2D-PAGE gel, lipid raft fractions were obtained from 5 × 108 cells by identification of GM1-
positive fractions. Samples were dialyzed to remove sucrose and freeze dried before resuspension in sample 
buffer. 500 µg of each lipid raft sample was separated by 2D-PAGE essentially as described by García et 
al. (2004a). After electrophoresis, gels were fixed in 40% v/v ethanol: 10% v/v acetic acid, stained with the 
fluorescent dye OGT 1238 (Oxford GlycoSciences, Abingdon, UK), and scanned with an Apollo linear 
fluorescence scanner (Oxford GlycoSciences). Scanned images were processed with a custom version of 
Melanie II (Biorad) as described by García et al. (2004b). An automated robotic cutter (Oxford 
Glycosciences) was used to excise gel protein features that were differentially expressed. Differential 
expression of a protein present in both the raft control and raft transfected gels was considered significant 
when fold change was at least 1.5. After drying the gel pieces in a Speed-Vac, in-gel digestion was 
performed in the automated DigestPro workstation (ABiMED, Langenfeld, Germany) with the trypsin 
digestion procedure as described previously (Shevchenko et al., 1996). Mass spectrometry was performed 
by a Q-Tof (Micromass, Manchester, UK) coupled to CapLC (Waters, Milford, MA). Tryptic peptides were 
loaded and desalted on a 300 µm internal diameter/5 mm length C18 PepMap column (LC Packings, San 
Francisco, CA). Elution of the peptide mixture was carried out with 80% to 95% v/v acetonitrile containing 
0.1% v/v formic acid over 20 min at a flow rate of 200 nl/min. Mass data acquisitions were piloted by Mass 
Lynx software (Micromass) with automated switching between MS and coupled tandem mass spectrometry 
(MS/MS) modes. Acquisition of the survey scan (1 s) took place over the mass range of m/z 300 to 1200 in 
the positive ion mode with a cone voltage of 40 V. When the signal achieved a user-defined threshold of 
>10 counts/s, peptide precursor ions were selected for MS/MS scan (2 s) over the mass range m/z 50-2000. 
Argon was used to perform fragmentation with a collision energy profile (20-40 eV) optimized for various 
mass ranges of precursor ions. The selected precursor ions were placed automatically in the exclusion list. 
Database searches were performed with the MASCOT search tool (Matrix Science, London, UK) screening 
Swiss-Prot and TrEMBL restricted to human taxonomy. 

Supplemental References 
García, A., Prabhakar, S., Brock, C.J., Pearce, A.C., Dwek, R.A., Watson, S.P., Hebestreit, H.F., and 
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silver-stained polyacrylamide gels. Anal. Chem. 68, 850–858. 
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Figure S1. Complete Lipid Raft 2D-PAGE Gel Images 
Four replicate 9%–16% 2D-PAGE gels (linear pI range 3-10) for control (pCMV-Tag4A) (Figures S1-S4) 
and Nef (Nef-Flag) (Figures S5-S8) expressing samples. Gels were stained with the fluorescent dye OGT 
1238 (Oxford GlycoSciences). Spots were selected for protein identification after image analysis with a 
custom version of Melanie II on the basis of demonstrating an increased or decreased expression post Nef 
transfection. All gels were internally calibrated for pI and molecular weight with the E. coli proteome as a 
standard. 

 
Figure S2. Complete Lipid Raft 2D-PAGE Gel Images 
See Figure S1 for details. 
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Figure S3. Complete Lipid Raft 2D-PAGE Gel Images 
See Figure S1 for details. 

 
Figure S4. Complete Lipid Raft 2D-PAGE Gel Images 
See Figure S1 for details. 
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Figure S5. Complete Lipid Raft 2D-PAGE Gel Images 
See Figure S1 for details. 

 
Figure S6. Complete Lipid Raft 2D-PAGE Gel Images 
See Figure S1 for details. 
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Figure S7. Complete Lipid Raft 2D-PAGE Gel Images 
See Figure S1 for details. 

 
Figure S8. Complete Lipid Raft 2D-PAGE Gel Images 
See Figure S1 for details. 
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Table S1. List of Differentially Expressed Proteins Identified in Control versus Nef-Transfected Rafts 

Protein Name AN Mr, Da pI Folda Protein Function 

Protein phosphatase 2C γ isoform  O15355 76241 4.51 -1.59 signal transduction 
Alpha-2-HS-glycoprotein precursor  

P02765 

66543 
66969 
67319 
68091 
68218 
68501 
69179 

4.59 
4.57 
4.55 
4.47 
4.45 
4.43 
4.41 

N 
N 
N 
N 
N 
N 
N 

acute phase protein 

Glyceraldehyde 3-phosphate 
dehydrogenase  

P04406 

33322 
37515 
38081 
38142 
38196 

8.17 
7.23 
7.03 
6.94 
6.76 

N 
-1.68 
-2.09 
-2.30 
-1.98 

signal transduction 

Stathmin (Oncoprotein 18)  P16949 21962 4.97 C cytoskeletal and microtubule 
organizing centre regulation 

Thymidylate kinase  P23919 24715 7.93 -2.61 signal transduction 

Proteasome subunit beta type 4 precursor  
P28070 25777 5.40 N proteolysis 

Proteasome subunit beta type 5 precursor P28074 23553 8.25 N proteolysis 
Transketolase 

P29401 

72802 
72931 
72975 
74115 

6.89 
7.04 
6.74 
6.58 

-1.88 
-1.60 
-2.66 
-2.84 

signal transduction 

Transgelin 2  
P37802 

23274 
23073 
23359 

7.64 
7.77 
7.79 

C 
N 
N 

cytoskeletal and microtubule 
organizing centre regulation 

Actin, cytoplasmic 1 (β-actin) 
or 
Actin, cytoplasmic 2 (γ-actin) 

P60709 
or 

P63261 

18930 
26955 

4.82 
5.20 

1.74 
N 

cytoskeletal and microtubule 
organizing centre regulation 

14-3-3 protein ε  P62258 29062 4.35 -2.98 signal transduction 
Ubiquitin-conjugating enzyme E2-18 kDa 
UbcH7  P68036 19809 7.92 C ubiquitination 

NASCENT polypeptide associated complex 
alpha subunit  Q13765 34749 

34766 
4.53 
4.49 

N 
N 

mRNA processing and 
translation 

Poly(rC)-binding protein 1 
(hnRNP-E1) Q15365 21410 6.53 2.61 mRNA processing and 

translation 
Nucleosome assembly protein 1-like 4  

Q99733 

61505 
62179 
62632 
63560 

4.66 
4.64 
4.62 
4.55 

N 
N 
N 
N 

nucleosome assembly 

 

AN, Swiss-Prot accession number; pI, isoelectric point on gel; Mr, relative molecular mass on gel; C, 
protein feature only present in control rafts; N, protein feature only present in Nef-transfected rafts. 
aFold change (control versus Nef-transfected rafts); a negative value indicates that the feature is expressed 
to a higher extent in control raft samples. 


	nef raft_PAPER.pdf
	Nef-Mediated Lipid Raft Exclusion of UbcH7 Inhibits Cbl Activity in T Cells to Positively Regulate Signaling
	Introduction
	Results
	Changes in the Protein Content of CD4 T Cell Lipid Rafts in the Presence of Nef
	UbcH7 Is Excluded from Nef-Expressing Lipid Rafts
	Failure of Vav Ubiquitination in Nef-Expressing CD4 T Cells
	Lck but Not TCRzeta Is Required for Nef-Mediated UbcH7 Lipid Raft Exclusion
	Cdc42 Associates with betaPix and c-Cbl in Nef-Expressing Cells
	Expression of a Constitutively Active Cdc42 Mutant Is Associated with UbcH7 Raft Loss while betaPix Knockdown Results ...
	betaPix Knockdown and HIV Replication

	Discussion
	Experimental Procedures
	Cell Culture, Stimulation, Plasmids, Transfections, and p24 ELISA
	Antibodies, Cdc42 Activation Assay, and siRNAs
	Lipid Raft Extraction, Immunoprecipitation, and Western Blots
	Confocal Analysis
	Two-Dimensional Gel Electrophoresis and Mass Spectrometric Analysis

	Acknowledgments
	References



