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Abstract 

Hepatitis C virus (HCV) is a major cause of chronic liver disease, including 

cirrhosis and hepatocellular carcinoma (HCC) and is a leading reason for liver 

transplantation in industrialised countries. The most recent estimate of global 

prevalence is 2-3% representing 130-170 million HCV-positive people [1].  

HCV is an enveloped, positive strand RNA virus which comprises the 

hepacivirus genus within the Flaviviridae family. The virus displays two 

glycoproteins on its surface, E1 and E2, which are required to mediate entry into 

hepatocytes [2,3,4]. Cellular infection is dependent on receptors CD81, SR-BI, 

claudin-1, 6 or 9, and occludin [5,6,7,8,9,10]. Following attachment HCV is thought 

to be internalised via clathrin mediated endocytosis where the low pH of the 

endosome is required for fusion of the viral and cellular membranes [11]. 

Productive infection occurs following delivery of the viral nucleocapsid to the 

cytoplasm where RNA translation, replication and virus assembly takes place.   

This project investigated the significance of the redox state of HCV 

envelope glycoproteins E1 and E2 during glycoprotein biosynthesis and virus 

entry. It was found that virion incorporated forms of E1 and E2 contain at least one 

free cysteine residue each prior to cellular attachment. Alkylation of reduced 

sulfhydryl groups prior to cellular attachment abolished virus infectivity. However, it 

was found that cell culture derived HCV (HCVcc) became insensitive to thiol-

reactive agents after binding to cells indicating that the thiol groups were no longer 

available for modification following receptor engagement. These data suggest that 

free sulfhydryl groups within E1 and/or E2 are required to mediate virus entry and 

that receptor engagement may induce a switch in glycoprotein redox state from 

reduced to oxidised. 

 A highly conserved C226VPC thiol isomerisation motif was identified in E1 

critical for formation of a functional E1E2 heterodimer. Mutation of Val227 to Ile or 

Leu allowed normal E1 and E2 biosynthesis and virion incorporation. However, 
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mutant viruses demonstrated significantly reduced entry compared to wild type. 

These findings indicate that the C226VPC motif is required to function during virus 

entry. 

 Domain organisation within E1 was examined by expression of E1 

ectodomain residues in bacteria. A stable domain consisting of N-terminal amino 

acids 191-259 was identified and produced as a soluble monomer. When 

expressed in mammalian cells, ectodomain residues 191-329 were efficiently 

expressed and secreted from cells suggesting that when glycosylated these 

residues may fold independently from other HCV protein sequences. 

The findings from this study indicate that HCV functionality is highly 

dependent on careful regulation of the redox state of the viral envelope 

glycoproteins, possibly mediated by the E1 C226VPC motif. 
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1. Chapter 1 – Introduction and Literature Review 

1.1 Overview of Hepatitis C Virus 

1.1.1 Epidemiology 

Hepatitis C Virus (HCV) was first identified in 1989 as the causative agent 

of post-transfusion non-A, non-B type hepatitis infection [12,13]. According to the 

most recent estimates from the World Health Organization (WHO) global 

prevalence of HCV infection stands at 2-3% with 130-170 million HCV-positive 

people worldwide [1]. HCV is a major cause of chronic liver disease, including 

cirrhosis and hepatocellular carcinoma (HCC), and is a leading reason for liver 

transplantation in industrialised countries. A study performed in 2006 estimates 

27% of cirrhosis and 25% of HCC cases worldwide are attributable to HCV 

infection [14]. There is currently no vaccine available to prevent or treat HCV. 

Region specific prevalence of HCV is highly varied and there is an absence 

of reported infection data for many countries. According to the WHO, African and 

Eastern Mediterranean regions have the highest infection rates (>10%), while 

Egypt has the highest seroprevalence worldwide with estimates of 15-20% [15]. 

Developed countries including Canada, Australia and those is Northern and 

Western Europe report low seroprevalence rates of <1% [16], while slightly higher 

rates have been estimated for the United States (1.6%), Japan (2%) and China 

(3%) [17,18,19,20,21]. It should be noted that the validity of each estimate is 

limited by factors such as study sample size, population bias and population 

accessibility. Therefore in some cases, particularly in developing countries where 

few epidemiological studies have been performed, these rates are likely to 

underestimate the true prevalence.   

HCV is a blood borne disease and as such disease prevalence appears to 

closely track medical and social behaviour. For example, previous routine use of 

reusable syringes for injections and unscreened blood products are likely to 
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account for the observation that the prevalence of HCV antibodies in persons from 

Japan, China and Italy steadily increases with age [21,22,23,24]. In addition, the 

high rate of HCV infection in Egypt has been attributed to extensive use of 

parenteral antischistosomal therapy from the 1920s until the 1980s [15]. In 

developed countries where safe medical practices have been adopted for some 

time, newly acquired infections are most common in young adults who are 

injecting drug users [25,26]. 

In Australia, the 2010 HIV/AIDS, Viral Hepatitis and Sexually Transmissible 

Infections in Australia Annual Surveillance Report released by the National Centre 

in HIV Epidemiology and Clinical Research, estimated the national HCV 

prevalence at 217 000 including 46 000 living with moderate to severe liver 

disease. The report found that the per capita rate of diagnosis of HCV infection in 

Australia declined by 12% in 2009 to 51.9 per 100 000 population. Based on these 

reported cases, HCV transmission in Australia is considered to occur 

predominantly among people with a recent history of injecting drug use [27].  

While improved health care procedures continue to result in an overall 

reduction in newly acquired HCV infections in developed countries, risk of 

transmission from unsafe injecting drug use, unsterile tattoos or body piercing, 

needlestick injuries or other accidental blood-blood contact events is still high. 

Furthermore, developing countries are still at risk from unsafe therapeutic 

injections and contaminated blood [28]. A recent study indicated that the rate of 

HCV transmission in Egypt remains exceptionally high suggesting a resistance to 

adopt infection control measures [29]. The chronic nature of HCV means that 

despite an overall decrease in rates of infection, significant numbers of people 

around the world continue to live with the disease. It is predicted that as the 

current HCV-positive population ages, rates of HCV-related deaths will also 

increase [30]. As such, further clinical research of the virus, development of anti-

viral drugs, and prophylactic and therapeutic vaccines are all essential to eliminate 

the burden of HCV disease. 
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1.1.2 Disease description and therapy 

In many cases, HCV infection results in liver disease caused by the body‟s 

immune response to the virus. The extent of liver damage in patients can be 

determined by histological analyses following liver biopsy where a score from 0 to 

4 is assigned based on fibrotic content (where 0 refers to a liver with no scarring 

and 4 represents a liver with advanced scarring or cirrhosis) [31]. 

HCV can cause both acute and chronic infections. Acute HCV is defined as 

the first 6 months immediately following infection after which a continuing infection 

is classified as chronic. Between 20-50% of acute infections are cleared 

completely within 2-6 months, while the remaining 50-80% will progress to chronic 

infections at which stage viral clearance is very rare. Between 40-60% of 

chronically infected people experience some level of liver disease within 15 years 

of acquiring HCV. Five to 10% of chronically infected people will develop cirrhosis 

and 2-5% will experience liver failure or hepatocellular carcinoma after 20 years of 

infection [32].   

Acute HCV infection is characterised by the presence of viral RNA in the 

blood 1-2 weeks after virus exposure [33,34,35,36], elevated levels of the liver 

enzyme alanine aminotransferase (ALT; indicative of liver damage) and production 

of anti-HCV antibodies 6-8 weeks following infection [37]. In patients that clear 

acute infections, HCV RNA levels drop below detectable levels and ALT levels 

return to normal. However, in chronic infections, persistent or fluctuating levels of 

ALT are seen despite the disease frequently remaining asymptomatic [38]. In 

these patients RNA levels can also alter significantly sometimes dropping below 

detectable levels [34,36,39]. As such, diagnosis and monitoring of infections can 

be difficult. 

The current standard of care for HCV is a combination of PEGylated–

interferon-α (PEG–IFNα) and ribavirin. HCV has been treated with anti-viral 

interferon since 1986, 3 years prior to the identification of non-A non-B hepatitis 

[40]. However, treatment of HCV with interferon alone results in limited virus 
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clearance; a 6-month course leads to sustained virological response rates (SVR; 

associated with removal of the virus) of 6–12% while extending treatment time to 

12 months improves this rate to just 16–20% [41]. Addition of ribavirin (a broad 

spectrum antiviral guanosine analogue) into the treatment regime has doubled the 

sustained response rate [42], and peglyated interferon is now used to increase the 

half life of circulating interferon [43]. Even still, current estimates of SVR stand at 

just 50% [44]. A long treatment regime (up to 48 weeks) and frequent side effects 

including neuropsychiatric events, flu-like symptoms and blood toxicities, cause 

many patients to discontinue treatment prior to completion [45]. 

There are 6 major HCV genotypes [46] and although virus genotype is not a 

predictor of the outcome of infection, it does predict the likelihood of treatment 

response. Infections with genotype 1a virus are the most common in developed 

countries and are also the least likely to be cleared with the current standard of 

care [47]. 

Significant advances in the treatment of HCV are expected in the near 

future with the recent development of inhibitors directed against the HCV 

polymerase and protease proteins. These drugs are likely to provide a better 

outcome, especially for genotype 1a infections, than the current standard of care 

[48,49,50,51]. It is inevitable that drug resistance will emerge upon the introduction 

of these therapies due to the high mutation rate and heterogeneity of HCV 

sequences, therefore combination therapies will be essential in order to limit the 

rate of emergence of resistant virus.  
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1.2 HCV Genomic Organisation and Structure 

1.2.1 Classification 

HCV comprises the hepacivirus genus within the Flaviviridae family which 

also consists of the pestivirus and flavivirus genera [52] as well as the GB viruses 

[53]. HCV is further divided into 6 genotypes that differ by up to 30% at the 

nucleotide level as well as many more subtypes that differ by up to 20% [46]. HCV 

is an enveloped virus that has a positive strand ~9.6 kb RNA genome encoding a 

single open reading frame. The genome is expressed as one long ~3 000 amino 

acid polyprotein that is cleaved into structural proteins (core and envelope 

glycoproteins E1 and E2) and non-structural proteins (NS2, NS3, NS4A, NS4B, 

NS5A and NS5B, p7 and F) by host cell signalases and viral proteases. 

The classification of HCV was initially proposed in 1991 based on genomic 

similarity to flaviviruses [54]. All viruses classified within the Flaviviridae family are 

enveloped and contain a single stranded, positive sense RNA genome that 

encodes a single open reading frame. The genome arrangement encodes 

structural proteins at the N-terminal end of the polypeptide followed by the non-

structural proteins [55]. Furthermore, the arrangement of HCV envelope 

glycoproteins E1 and E2 in tandem in the polypeptide is characteristic of 

flaviviruses including tick borne encephalitis virus (TBEV), dengue virus, West Nile 

virus and yellow fever virus. Despite little sequence homology, flaviviruses show 

high structural similarity to viruses from a separate family of enveloped, positive 

strand RNA viruses, the Togaviridae [56]. Well characterised members of the 

Togaviridae include the alphaviruses Semliki Forest virus, Sindbis virus and 

chikungunya virus. Together, these viruses demonstrate important paradigms that 

have provided insights into the structure and function of HCV. 
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1.2.2 Virus structure 

HCV particles are believed to be 40-70 nm in diameter [57] consisting of the 

viral RNA genome encapsulated by the structural protein core [58,59]. The viral 

membrane which surrounds this nucleocapsid is host derived and displays the 

membrane bound envelope glycoproteins E1 and E2. 

There is little information regarding the 3D structure of HCV particles due to 

the low virus titre produced in cell culture. Cryo-electron microscopy (cryo-EM) 

studies have been performed by Yu et al. (2007) and Bonnafous et al. (2010) on 

HCV-like particles (HCV-LPs) and retroviral particles displaying HCV E1 and E2 

(HCVpp), respectively. These studies indicate that the envelope glycoproteins 

arrange in a smooth outer layer on the virus [60,61] similar to the envelope 

proteins of dengue and West Nile flaviviruses [62,63]. This contrasts to the 

glycoprotein spikes observed on the surface of HIV and influenza virus [64,65]. 

HCV derived from infected patients demonstrates significant heterogeneity 

in density due to varying associations with low-density and very low density 

lipoproteins (LDL and VLDL) [66,67,68] and immunoglobulins [69]. Circulating free 

virus has also been identified [70]. LDL and VLDL are large particles 22-80 nm in 

diameter that are produced in the liver to allow transport of triglycerides and 

cholesterol through the blood stream [71,72]. In addition to these lipids, LDL and 

VLDL incorporate apolipoproteins. Viral proteins and RNA isolated from circulating 

HCV appear in the same fraction as apolipoproteins ApoB, ApoB48, ApoCII, 

ApoCIII and ApoE [73]. It is not currently understood how these large lipoprotein 

particles associate with HCV but they appear to play an important role in virus 

infectivity [74,75]. 

 



26 
 

1.3 HCV Lifecycle 

1.3.1 Receptor binding and viral fusion 

Following attachment to target cells enveloped viruses must mediate fusion 

between viral and target cell membranes in order to induce productive infection. 

This can occur at either the plasma membrane of cells as has been described for 

paramyxo- [76] and corona viruses [77], or within an endocytic compartment as 

occurs for influenza [78] and flaviviruses [79].  

HCV entry into hepatocytes is dependent on cellular receptors CD81 [5], 

the scavenger receptor class B type 1 (SR-BI) [6,7] and tight junction proteins 

claudin-1, 6 or 9 [8,9] and occludin [10] (schematically represented in Figure 1-1). 

In addition, a number of cellular attachment factors have been proposed that 

promote adsorption of HCV to the cell surface including the LDL receptor (LDLr) 

[80,81], glycosaminoglycans (GAGs) such as heparan sulfate, [82,83,84,85], lectin 

receptors DC-SIGN and L-SIGN [86,87] and the asialoglycoprotein receptor 

(ASGP-R) [88]. 

Following attachment to cells, HCV entry is thought to proceed via specific 

interactions between HCV envelope glycoprotein E2 and receptors CD81 and SR-

BI, and indirect contacts with claudin-1 and occludin. The timing and order of 

involvement of each of the four receptors during HCV entry remains unclear. A 

kinetic study using nAb directed towards CD81 and SR-BI indicated that these 

receptors are likely to be involved in close succession [7]. It has been proposed 

that the virus-receptor complex then relocalises to the tight junctions of 

hepatocytes, possibly mediated by CD81 signalled actin reorganisation [89], where 

claudin-1 and occludin are required for a late stage in entry [8,90]. However, a 

recent report demonstrated association of claudin-1 with CD81 at the basolateral 

membrane of polarized HepG2 cells [91]. The group determined that the half-

maximal time for antibody directed towards each of these receptors to neutralise 

HCV entry occurred within 3 minutes of each other. This would suggest that 
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claudin-1 may be involved in an earlier stage of entry than first thought (discussed 

in detail in section 1.6.4).    

Internalisation of HCV occurs via clathrin mediated endocytosis with the low 

pH of the endosome required to induce fusion between viral and cellular 

membranes for delivery of the viral nucleocapsid into target cells [11,92]. HCV 

entry cannot be efficiently induced at the plasma membrane following low pH 

exposure suggesting that entry of HCV is likely to require a specific sequence of 

events involving the various cellular factors described above [11].  

The viral fusion glycoproteins present on the surface of enveloped viruses 

mediate fusion between viral and cellular membranes. Characteristic of all fusion 

proteins is the presence of an N-terminal or internal hydrophobic peptide which is 

able to insert into target cell membranes following a specific activation trigger [56] 

such as exposure to low pH [78]. The viral fusion glycoproteins then undergo 

major conformational changes adopting a lower energy hairpin conformation that 

draws the viral and target cell membranes into close proximity [56]. The 

conformational changes are thought to release sufficient energy to drive 

reorganisation of the two lipid bilayers allowing for formation of a fusion pore 

through which the nucleocapsid can pass [93]. HCV envelope glycoproteins E1 

and E2 function as a heterodimer to mediate these events [2,3,4]. However, in the 

absence of structural information the glycoprotein rearrangements that occur 

during HCV entry are not known. 

Due to the relatedness of HCV to flaviviruses as well as additional antibody 

[94] and mutagenesis studies [95] it has been proposed that HCV uses a class II 

fusion mechanism (discussed in more detail in section 1.7.1). Data also indicates 

that E2 may represent a class II fusion protein activated by low pH and an 

additional mechanism yet to be determined.  
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Figure 1-1. Schematic representation of HCV entry into hepatocytes. HCV associated with 

VLDL/LDL (dark grey) adheres to hepatocytes via potential factors including LDLr, GAGs 

and/or L-SIGN. Virus interactions with cellular receptors SR-BI (red) and CD81 (gold) promotes 

translocation to tight junctions where claudin-1 (brown) and occludin (green) are localised. HCV 

is internalised via clathrin mediated endocytosis. Low endosomal pH drives fusion of viral and 

cellular membranes resulting in delivery of the viral nucleocapsid into the cytoplasm. 

Alternatively, following adherence to cells, HCV may associate with SR-BI, and claudin-1-CD81 

complexes at the basolateral surface of cells, followed by translocation to occludin at tight 

junctions and internalisation.  

 

1.3.2 Translation and processing 

Following delivery of the viral nucleocapsid into the target cell cytoplasm, 

virus uncoating occurs to release the viral RNA. The RNA genome of positive 

strand viruses is required for translation of viral proteins and also acts as a 

template for production of further viral genomes [96]. 
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HCV RNA lacks a 5‟ cap and therefore translation depends on an internal 

ribosome entry site (IRES) in the 5‟ non-coding region. The small subunit of 

cellular ribosome binds the HCV IRES directly then recruits eukaryotic initiation 

factor (eIF) 3 and the ternary complex of Met-tRNA–eIF2–GTP to the AUG 

initiation codon. Formation of the translationally active 80S complex is slow and 

highly dependent on IRES structure [97,98,99]. 

Translation occurs in association with ER membranes producing a ~3 000 

amino acid polypeptide that encodes 3 structural proteins at its N-terminus 

followed by 7 non-structural proteins (schematically represented in Figure 1-2). 

Structural proteins core, E1 and E2 are required for formation of functional virus 

while non-structural proteins coordinate virus replication and assembly. 

Polypeptide processing occurs both co- and post-translationally with host signal 

peptidases releasing core, E1 and E2 [100]. Signal sequences located between 

core-E1 and E1-E2 and E2-p7 direct the structural proteins co-translationally to the 

ER membrane where E1 and E2 are translocated into the ER lumen [101,102]. 

The polypeptide encodes non-structural proteins NS2 and NS3 that demonstrate 

protease activity [103,104]. NS2 undergoes autocatalytic cleavage processing at 

the junction between NS2 and NS3, allowing NS3 to release the remaining non-

structural proteins.  

Following translation, all HCV proteins (except E1 and E2 that are 

translocated to the ER lumen) appear to associate with the ER membrane with a 

cytosolic orientation [105,106,107,108,109,110] (schematically represented in 

Figure 1-3). An additional processing event by host signal peptide peptidases 

releases core from this association where it redirects to the membrane of lipid 

droplets, essential for virus assembly [111,112,113]. 
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Figure 1-2. Genomic organisation and polypeptide processing of HCV. Schematic 

representation of the 9.6 kb RNA genome (A) and proteins produced by translation and 

polypeptide processing (B). Non-coding regions of RNA are indicated. Structural proteins are 

shown in grey and non-structural proteins in pink. Black arrowheads indicate sites processed 

by host signal peptidases, black pin-head indicates the site cleaved by signal peptide 

peptidases, the grey arrowhead indicates the site cleaved by NS2/3 autocatalysis, blue 

arrowheads indicate polypeptide sites cleaved by NS3. Approximate protein sizes and protein 

functions are shown in boxes. 

 

1.3.3 RNA replication 

Until recently it was not possible to grow HCV in cell culture, therefore many 

studies on HCV replication have been performed using a self-replicating RNA 

replicon system [114]. Using this system it was possible to determine the minimal 

complex required to mediate HCV RNA replication which includes the subset of 

non-structural proteins NS3, NS4A, NS4B, NS5A and NS5B. More recent studies 

have employed full length replication competent HCV which produces infectious 

virus (HCVcc) [57,115,116]. 

Replication of HCV RNA is mediated by NS5B which is an RNA dependent 

RNA polymerase (RdRp) [117]. HCV RdRp is responsible for production of a 
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negative-strand RNA intermediate from the positive strand RNA genome. The 

negative strand RNA then serves as a template for the production of new positive-

strand viral genomes. Nascent genomes can then be translated, further replicated, 

or packaged within new virus particles.  

HCV RNA replication is dependent on the structure of 2 of 4 domains 

located in the 5‟ non-coding region of the positive strand RNA [118]. In addition, 

conserved elements in the 3‟ non-coding region have been shown to be essential 

for replication in cell culture [119,120] and in vivo [121,122]. RNA synthesis by 

NS5B in vitro can be divided into distinct steps including RNA binding, initiation, 

elongation, and termination. 

HCV replication has been shown to occur on ER-derived membrane 

structures termed a membranous web that are specifically induced by NS4B 

[123,124]. These structures have been shown to contain the majority of non-

structural proteins produced upon polyprotein processing [123], and represents the 

major site of RNA synthesis in Huh-7 cells harbouring HCV replicons [124]. 

Formation of replication complexes on cellular membranes that incorporate viral 

RNA and viral and cellular proteins is characteristic of positive-strand RNA viruses 

including flaviviruses [125,126]. 

Structural protein core has long been known to associate with cytoplasmic 

lipid droplets [111,127]. However the significance of this association in virus 

replication is only beginning to be understood. Lipid droplets are cellular 

organelles that store neutral lipids and have been shown to move throughout the 

cytoplasm associating with various other organelles including the ER [128]. After 

signal peptide peptidase cleavage core protein relocalises from the ER membrane 

to the membrane of lipid droplets. Miyanari et al. (2007) showed that this 

association was essential for the production of infectious virus and were able to 

demonstrate recruitment of non-structural proteins as well as plus and minus 

strand RNA to the lipid droplet membrane in a core dependent manner [113]. 

Therefore it is currently believed that the HCV replication complex resides on ER 

membranes in close association with lipid droplets, mediated by core.  
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1.3.4 Virion assembly and egress 

Formation of all enveloped Flaviviridae family members including HCV, is 

thought to occur by accumulation of core protein in association with viral RNA at 

ER-derived membranes followed by budding into the secretory system [129,130]. 

It is assumed that this budding process collects envelope glycoproteins that are 

retained in the ER membrane [131,132,133].  

Flaviviruses such as TBEV undergo significant maturation during transit 

through the Golgi apparatus including oligomeric reorganisation of the envelope 

glycoproteins and cleavage of the precursor envelope protein prM by furin 

[134,135,136]. While the glycans of infectious HCV appear to be modified in the 

Golgi compartment [3,137] there is no evidence for further polyprotein cleavage or 

maturation requirements for the HCV envelope glycproteins [138].   

A possible link between lipoprotein metabolism and viral assembly and 

egress has recently been proposed [139,140]. Studies suggest that HCV 

maturation may occur in a manner very similar to the formation of VLDL which is 

also assembled at the cytoplasmic surface of the ER prior to secretion [141]. In 

fact, HCV production in cell culture has been shown to be reduced by two agents 

that block VLDL assembly [139]. Furthermore, HCV maturation and assembly 

stages have been shown to be dependent on the presence of apolipoprotein B (an 

essential component of VLDL) and microsomal transfer protein (required for 

assembly of VLDL). The finding that HCV isolated from the supernatant of infected 

cell cultures has biophysical properties similar to those of particles circulating in 

infected patients supports an association between HCV and VLDL maturation 

pathways, resulting in a low-density form of HCV being produced prior to cellular 

egress [68,142].  
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1.4 Structure and Function of Non-Structural Proteins 

p7 is a small 63 amino acid protein that is essential for productive HCV 

infection in vivo [143]. While the role of p7 during the virus lifecycle is unclear, it is 

not required for RNA replication in vitro [114]. Recent data shows that virus entry 

is largely independent of p7 with the protein likely to play an important role in virus 

assembly rather than as a structural component of virus particles [144]. p7 is 

predicted to form ion channels across membranes and has been shown to conduct 

cations across artificial membranes in vitro [145,146]. This activity can be blocked 

by ion channel inhibitor amantidine [145] and imino-sugar derivatives, although 

reports of amantidine specificity are controversial [147] and may be genotype 

specific [148]. The significance of this activity and how p7 functions to promote 

virus assembly are not yet understood.  

NS2 is the first of two encoded proteases produced by the HCV polyprotein 

sequence. NS2 is not required for HCV genomic replication [114,149]. However, 

its activity is required for persistent HCV infection in chimpanzees [122]. Recent 

studies show that NS2 can be co-precipitated with structural and non-structural 

proteins indicating that NS2 may act as a scaffold to mediate virus assembly 

[150,151,152,153]. 

NS3 is the second virally encoded protease in the polyprotein and is 

essential for HCV replication [115,154], releasing the remaining non-structural 

proteins from the polyprotein [155]. NS3 folding, activity and membrane 

localisation is dependent on the incorporation of a β-strand from membrane bound 

NS4A [106,156]. NS3 additionally demonstrates RNA helicase activity which may 

promote RNA replication [157,158,159,160], and a pro-viral role interfering with 

innate immune responses [161,162].  

NS4B is a small, highly hydrophobic 27 kDa membrane bound protein 

[107,163] that is essential for HCV replication [164,165,166]. NS4B has been 

shown to specifically induce localised perturbations in the ER membrane 

producing membranous web structures that support the replication complex 
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[123,124]. Although largely studied in the context of the replicon system, these 

structures are believed to be physiologically relevant as similar membrane 

perturbations have been identified by electron microscopy analysis of the liver of 

HCV infected chimpanzees [167]. Recent studies indicate that NS4B may also 

play an additional role in virus assembly [164]. 

NS5A is a large 56-58 kDa phosphoprotein. It is essential for HCV RNA 

replication although no clear enzymatic function has been described 

[168,169,170]. The earliest reports of NS5A described the protein as an interferon 

resisting protein [171,172,173]. This may partially explain why treatment of HCV 

with PEG-IFNα is not successful in obtaining a sustained virological response in a 

number of patients [174,175].  

NS5A is predicted to be largely hydrophilic and contains no transmembrane 

domain but is instead anchored to the ER membrane by an N-terminal 

amphipathic α-helix [108]. A role as a scaffold protein in the replication complex 

has been proposed as mutations on the hydrophilic side of the α-helix that do not 

disrupt membrane association have been shown to inhibit HCV replication [169]. 

Indeed, direct associations between NS5A and NS5B have been reported 

[176,177]. Recently it was shown that NS5A associates with, and appears to 

activate, a lipid kinase required for maintenance of the membranous web and the 

HCV replication complex [178].  

NS5B is an RNA dependent RNA polymerase (RdRp) that is critical for 

HCV replication [117]. HCV RdRp is responsible for production of a negative-

strand RNA intermediate from the positive strand RNA genome. The crystal 

structure for RdRp shows a 531 amino acid catalytic domain which forms fingers, 

palm and thumb subdomains [179,180] characteristic of other polymerases [181]. 

HCV RdRp is anchored to the ER membrane by a C-terminal hydrophobic tail. 

Removal of the transmembrane domain (TMD) of RdRp does not inhibit RNA 

polymerase activity in vitro [182]. However, HCV replication is abrogated [183], 

likely due to the loss of localisation with other members of the replication complex. 
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In addition to the non-structural proteins described, an alternative reading 

frame in the gene encoding structural protein core has been identified that could 

encode a 160 amino acid protein termed F (frameshift protein) or ARF (alternative 

reading frame protein) [184]. This is likely to be expressed during infection in vivo 

as antibodies directed towards F have been detected in HCV-positive patients 

[185]. However, the relevance of this protein is unclear as it is not required for 

either in vitro or in vivo RNA replication [186]. 

 

1.5 HCV Structural Proteins 

1.5.1 Core 

Core is predicted to be a major constituent of HCV virions, oligomerising to 

encompass and protect the viral RNA and forming the viral nucleocapsid [58,59]. 

N-terminal residues of core are highly basic and are thought to bind the 5‟ end of 

viral RNA [187,188,189]. This is likely to be important for initiation of RNA 

encapsulation by core protein.  

Like other HCV proteins, core has been shown to be involved in many other 

cellular processes. Some of those described include activity as a transcriptional 

activator [190,191,192], pro- and anti-apoptotic regulator (see [193,194] for 

example), cell growth regulator [195] and immunomodulator [196].  

  

1.5.2 Envelope glycoproteins E1 and E2: biosynthesis 

Envelope glycoproteins E1 and E2 are encoded immediately after core in 

the polypeptide sequence and consist of residues 191-383 (E1; prototype strain 

H77c polyprotein numbering used throughout this study) and 384-746 (E2). E1 

and E2 form a heterodimeric complex on the surface of HCV [3,197,198,199,200] 

with both glycoproteins required to mediate membrane fusion for delivery of the 

viral nucleocapsid into target cells [2,3,4]. E1 and E2 are type 1 transmembrane 

proteins with heavily glycosylated ectodomains [197,198,199,200,201,202,203]. 

The biosynthesis of these glycoproteins is discussed in detail below. 
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Upon translation of structural proteins core and E1, the signal sequence 

located between the two proteins directs the polyprotein co-translationally to the 

ER where this sequence is cleaved by a host signal peptidase, freeing the E1 

ectodomain to translocate into the ER lumen [100,204]. The extreme C-terminal 30 

amino acids of each glycoprotein contain an additional polypeptide signal 

sequence essential for directing the glycoproteins to the ER membrane [101,102]. 

The signal sequence at the C-terminus of E1 directs the continuing polypeptide 

sequence encoding E2 towards the translocon of the ER. Cleavage of this signal 

sequence by a host signal peptidase allows the E2 ectodomain to translocate into 

the ER lumen while host signal peptidases are additionally required to release E2 

from p7.  

The C-terminal signal sequences of the two glycoproteins remain 

embedded in the ER membrane forming TMDs with the ectodomain of each 

protein facing the ER lumen. In addition to anchoring E1 and E2 to the ER 

membrane the TMDs of each glycoprotein function as ER retention signals, 

preventing the proteins from entering the secretory pathway prior to RNA 

replication and assembly of viral components. Interestingly, E1 and E2 do not 

contain classical ER retention signals such as KDEL [205] or KKXX [206] which 

cause retrieval of proteins from post-ER compartments [207]. Instead charged 

residues within the E1 and E2 TMDs prevent progression of the glycoproteins 

through the ER [132,208]. 

The TMDs have been shown to be sufficient to retain E1 and E2 in the ER, 

as attachment of the C-terminal residues of E1 or E2 to cell surface expressed 

protein CD4 causes relocalisation of CD4 to the Golgi network [102,209]. 

Furthermore, truncation of E1 at residue 311 or E2 at residue 661 induces efficient 

secretion of the glycoproteins from mammalian cells [210]. An additional sequence 

in the juxtamembrane region of E1 has also been shown to independently 

influence the localisation of E1 to the ER [211]. Although the TMDs are sufficient 

to restrict the glycoproteins to the ER this additional sequence in E1 may stabilise 

retention. Most localisation studies of E1 and E2 have been performed in 
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heterologous expression systems. Recent studies have confirmed the role of the 

E1 and E2 TMDs using replication competent HCV [133]. 

The topology of E1 and E2 TMDs has long been debated as the TMD of 

each glycoprotein consists of two C-terminal hydrophobic segments separated by 

a very short polar sequence (at least one conserved charged residue) [208]. 

Sequence analysis of the C-terminal regions of E1 and E2 led the field to believe 

that the C-terminus of the glycoproteins may span the ER membrane twice with 

the short polar sequence facing the cytosol and the ectodomain of the protein 

directed towards the ER lumen. This arrangement has been described for E2 from 

alphaviruses [212], as well as the glycoproteins from the related flaviviruses [213].  

However, further analyses using mutagenesis and epitope localisation studies 

suggest that both E1 and E2 span the ER membrane just once [214]. As such, E1 

and E2 are referred to as type 1 transmembrane proteins. Interestingly, the 

orientation of the TMDs appears to change after cleavage of signal sequences by 

signal peptidase in the ER. Epitope tagging studies suggest that the TMD of E1 

and E2 transiently adopt a hairpin like structure as the ectodomains of the 

glycoproteins translocate into the ER lumen. Following cleavage of the signal 

sequences the hairpin structures are thought to open out to relocate the most C-

terminal region of the TMDs back towards the cytosol [214]. This reorientation is 

predicted to allow the signal sequences to function in other processes more 

efficiently, such as heterodimerisation of E1 and E2 (discussed below), and is 

likely to facilitate stronger ER retention [214]. 

E1 and E2 contain 5 and 11 potential N-linked glycosylation sites, 

respectively. These are encoded by the amino acid sequence Asn-X-Thr/Ser, 

where X is any amino acid except Pro [215,216]. While the E1 sequence from all 

genotypes encodes 5 common sequons, one site is immediately followed by a Pro 

which precludes efficient modification (sequon beginning at residue 324). In 

addition, genotypes 1b and 6 encode a 6th potential N-linked glycosylation site in 

E1 (sequon beginning at residue 249) [217,218,219]. A preformed oligosaccharide 

precursor containing 14 sugar residues is immediately added to Asn residues 

within the Asn-X-Thr/Ser motif upon import of the newly synthesised protein into 
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the ER, catalysed by oligosaccharyl transferase [220]. This precursor 

oligosaccharide consists of 3 glucose, 9 mannose and 2 N-acetylglucosamine 

molecules and is the common structure added to proteins encoding an N-linked 

glycosylation site in animal cells [215]. Interestingly, it has been reported that 

glycosylation of E1 can occur up to 1 h post translation when expressed in the 

absence of E2 suggesting that association of E1 with E2 may facilitate 

oligosaccharide attachment, possibly by modulating exposure of the attachment 

sites [221].  

Immediately following attachment of the oligosaccharide precursor, the 

three glucose residues and one mannose residue are enzymatically removed 

[222]. Further modifications of attached carbohydrate can occur upon trafficking of 

glycoproteins through the cis-, medial- and trans-Golgi cisternae by glucosyl 

hydrolase and glucosyl transferase enzymes to produce high-mannose, complex 

or hybrid type glycans. In fact, specific modifications provide information about the 

trafficking process of a particular protein; proteins with high-mannose glycans are 

located in the ER or cis-Golgi compartment, while complex or hybrid glycans 

indicate the protein has progressed through the trans-Golgi network [223].  

An early study on E1E2 expression, performed using recombinant vaccinia 

virus which induces high levels of cytoplasmic transcription and translation of the 

encoded DNA, suggested that E1 and E2 were strictly retained in the ER or a cis-

Golgi compartment based on immunofluorescence and endoglycosidase H 

(Endo H) sensitivity of the E1 and E2 carbohydrate attachments [197]. In 2003, 

Drummer et al. studied expression of E1 and E2 by transient transfection of HEK 

293T cells with a plasmid encoding E1E2 driven by a cytomegalovirus promoter 

[3]. This system allows high levels of nuclear transcription of the transfected DNA, 

followed by RNA translation by host cell factors. In this system it was found that a 

proportion of E1 and E2 escapes the ER, likely due to saturation of the ER 

retention machinery, and can be incorporated into retroviral pseudotyped particles 

(HCVpp). This allowed characterisation of glycosylation on virion incorporated 

forms of the glycoproteins. It was found that E1 appeared to contain mostly high-

mannose glycans while the majority of glycans on E2 were insensitive to endo H, 
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consistent with the presence of complex/hybrid type modifications. It was therefore 

suggested that within the E1E2 heterodimer, E2 may shield E1 from further glycan 

modifications in the Golgi. Since HCV is not expected to bud from the surface 

membrane of cells this is not likely to represent the native maturation and egress 

pathway of HCV. However, given that this form is functionally active in virus entry 

it is believed to be relevant. In addition, this finding is consistent with an early 

study of the glycan content on HCV from infected patients [224]. More recently, the 

glycosylation state of E1 and E2 from full length replication competent HCV 

(HCVcc) has been reported. [137]. High-mannose glycan forms were detected on 

intracellular E1 and E2 and virion incorporated E1 consistent with studies in 

HCVpp. In this system, E2 was found to harbour a range of glycans ranging from 

completely endo H resistant (complex and/or hybrid) to completely endo H 

sensitive, indicative of high-mannose glycans. The finding that E2 from HCVpp 

contains mostly complex/hybrid type modification compared to a range of 

complex/hybrid and high-mannose forms of E2 in HCVcc, suggests that the 

different maturation processes employed by E1E2 destined for incorporation into 

HCVpp or HCVcc result in variability in the exposure of E1 and E2 to various Golgi 

glycosidases and/or glycosyl transferases. Alternatively, it is possible that the 

analysis of cell-free HCVcc was contaminated with intracellular material containing 

immature and mature glycoforms. 

N-linked glycans are large, hydrophilic attachments that comprise an 

essential functional component of HCV. There is evidence that HCV glycans can 

modulate the exposure of epitopes recognised by nAb aiding in immune evasion 

[225,226] as well as facilitating glycoprotein folding and virus entry [218,227]. 

Glycans can directly affect the folding of a protein by influencing the positioning of 

peptide sequences [228,229]. Mutagenesis studies performed on both E1 and E2 

have identified key glycosylation sites essential for correct folding and E1 and E2 

heterodimer formation [218,227]. Although reports appear to be contradictory in 

the identification of which glycans are critical for E1 and E2 folding, it is apparent 

that removal of just one glycan from either E1 or E2 is sufficient to interfere with 

production of infectious particles [217,218,227]. 
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As well as facilitating protein folding directly, N-linked glycans mediate 

interactions with ER resident lectin-chaperones such as calnexin and calreticulin 

[230]. The rate of folding and association of E1 and E2 with ER chaperones has 

been investigated by a number of groups with mixed findings, discussed below. 

Studies performed by Choukhi et al. (1998) and Dubuisson and Rice (1996) 

were performed using a vaccinia expression system for E1 and E2 which exhibits 

exceptionally high levels of cytoplasmic viral protein expression while shutting 

down host protein synthesis [231,232]. Associations were demonstrated between 

E1 and E2 and chaperone proteins BiP, calnexin and calreticulin. However, this 

expression system results in the formation of a large amount of protein 

aggregates, and it was shown that BiP and calreticulin associations occurred only 

with these high molecular weight forms of E1E2. As such, Choukhi et al. (1998) 

concluded that E1 and E2 associated with BiP and calreticulin were involved in a 

non-productive folding pathway. Calnexin was found to associate with non-

covalent forms of E1 and E2 and as such was deemed to be a relevant chaperone 

involved in facilitating productive folding of the glycoproteins. Dubuisson and Rice 

(1996) observed a fast rate of folding for E2, while a much slower folding rate for 

E1 was determined [231,232]. 

Analysis of E1 and E2 folding in an in vitro cell-free system using rabbit 

reticulocytes also determined the folding rate of E1 to be very slow (5 h) [233]. In 

contrast to earlier studies, folding of E2 was also observed to be slow, oxidising at 

a similar rate to E1. In this system it was found that E1 folding was facilitated by 

the presence of core and E2 when expressed as a polypeptide. However, E2 was 

not required for oxidation of non-covalent E1. This is distinct to the findings of a 

previous study that showed E1 lacking its TMD required the presence of E2 in 

order to fold and escape the ER for secretion [210]. Rather, in the cell-free 

expression system it was found that core was required to direct E1 oxidation. This 

may suggest that core can structurally influence ER translocation of E1 and as 

such promote correct folding of the glycoprotein. In this system, E1 was shown to 

associate with calnexin and briefly with calreticulin.  
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In an attempt to avoid potential caveats associated with protein over-

expression systems, Brazzoli et al. (2005) used a CHO cell line stably transfected 

with E1 and E2 to examine glycoprotein folding [234]. In this system E1-calnexin 

co-precipitation was demonstrated but E2 was not found in association with any 

chaperone. These experiments showed E1 to fold much faster than E2 (2 h 

compared with 6 h for E2), and found E1 to be associated with unoxidised forms of 

E2. These data suggest that E1 may function as a chaperone to facilitate E2 

folding 

These variations in folding rates and chaperone associations are likely to be 

a reflection of the different expression systems used. Over-expression systems 

generate a cell stress response that may result in impaired folding and maturation 

of proteins [235]. As a result there may be enhanced association of proteins with 

chaperones in order to retain the misfolded proteins in the ER. The observation 

that E1 associates with calnexin appears to be a consistent finding from all groups 

and is therefore likely to represent a true association in native infection.  

These studies have assessed the folding of E1 and E2 in terms of formation 

of oxidised non-covalent forms of the glycoproteins. As described above, the 

TMDs of the HCV glycoproteins are multifunctional, forming the membrane 

anchor, encoding signal sequences for ER localisation and peptidase cleavage, as 

well as encoding ER retention signals. In a true demonstration of multi-

functionality, the TMD from each glycoprotein has been shown to be an essential 

heterodimerisation determinant [236,237,238]. The E1 TMD encodes a GXXXG 

motif associated with formation of helical regions [239] as well as homo- and 

hetero-oligomerisation [240]. There have been reports of association between 

truncated forms of E1 and E2 that lack their TMDs [241,242] although whether 

these represent correctly folded forms of the glycoproteins remains controversial 

[210,242]. Whether or not E1 and E2 are capable of associating in the absence of 

their TMDs, there is evidence that disruption of the predicted α-helical 

transmembrane region by alanine insertion mutagenesis in full length E1 and E2 

results in significant disruption to E1E2 heterodimer formation [236]. This suggests 
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that the native fold of the glycoprotein TMDs is critical for correct glycoprotein 

association.  

Furthermore, a highly conserved hydrophobic heptad repeat located near 

the C-terminus of E2 (termed the membrane proximal heptad repeat; MPHR) has 

been shown to function as a heterodimerisation determinant in addition to the E1 

and E2 TMDs [95]. Although this region was not found to be sufficient to mediate 

wild-type levels of E1E2 heterodimerisation alone, disruption of the predicted α-

helical structure by Pro and Ala substitution abrogated heterodimerisation and 

formation of a functional heterodimer [95].  

The non-covalent heterodimeric form of E1E2 has long been assumed to 

represent the functional form of the glycoproteins incorporated into virus particles 

[3,131,138,197,232,243] although disulfide linked forms of the glycoproteins are 

also evident in HCVpp [138]. Recently, the first analysis of intracellular and virion 

incorporated E1 and E2 from replication competent HCV was reported [137]. It 

was shown that while the majority of intracellular glycoprotein assembled as non-

covalently associated heterodimers, once incorporated into infectious particles E1 

and E2 appeared to form large covalently linked complexes of up to, and larger 

than, 440 kDa. The group suggested that although intracellular covalently linked 

E1E2 appear to form aggregates retained in the ER, on the surface of particles 

covalent linkages may allow formation of ordered oligomers and proposed that this 

arrangement may facilitate budding during assembly. These high molecular weight 

forms were observed in protein samples prepared without boiling prior to SDS-

PAGE analysis. However, to ensure these findings are not artefacts resulting from 

extraction and SDS-PAGE processes, further analysis of HCVcc derived 

glycoproteins should be performed using a stringent biochemical approach. For 

example, alkylation of any free sulfhydryl groups prior to glycoprotein extraction, 

and analysis by native SDS-PAGE. This would prevent formation of opportunistic 

disulfide bonds and further disulfide rearrangements upon protein extraction. 

Identification of the functionally relevant oligomer of E1 and E2 is essential for 

understanding the structure of HCV as well as future development of drugs 

targeted towards the envelope glycoproteins.  
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Figure 1-3. Schematic representation of the localisation and orientation of HCV 

structural and non-structural proteins at the ER membrane. Structural proteins are shown 

in black, non-structural proteins are in grey. Membrane interactive regions are indicated. Note 

that core undergoes further cleavage by a host peptide peptidase to release a soluble form of 

core that localises to lipid droplets. 

 

1.5.3 Structural and functional determinants of E2 

E2 residues 384-746 comprise an ectodomain (residues 384-715) linked to 

the C-terminal TMD (schematically represented in Figure 1-4A). Michalak et al. 

(1997) examined expression of a soluble form of the E2 ectodomain, including 

constructs terminating at residues 661, 688, 704 and 715. Although secreted 

forms could be obtained for each of these truncated forms, only E2 residues 384-

661 retained conformational epitopes [210]. Since this finding, several groups 

have shown that this form of E2 can be efficiently expressed and secreted from 

mammalian cells and has the ability to bind cellular receptors CD81 

[2,244,245,246,247] and SR-BI [6,248]. Therefore, E2 residues 384-661 are 

considered to form an independent receptor binding domain (RBD), termed E2661 

RBD. 

Tetraspanin CD81 was first identified as an attachment factor for HCV in 

1998 [5]. CD81 has since been validated as essential for entry of HCVpp, HCVcc 

and serum derived virus into liver cells using siRNA knockdown, antibody and 

mutagenesis studies [115,249,250,251,252,253]. The function of CD81 will be 

discussed in detail in section 1.6.2. The E2 residues that are essential for the 
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interaction with CD81 have been mapped to at least four different regions within 

the E2661 RBD and include residues W420 [254], G436WLAGLFY [247], 

Y527SWGANDTD [254] and Y613RLWHY[255,256]. It is believed that the disparate 

locations of these residues are brought together by the tertiary fold of the 

glycoprotein to form the CD81 binding surface [257].  

Despite the essential requirement of CD81 for virus infectivity, it has been 

observed that the affinity of E2 for CD81 is genotype specific [255,256,258]. This 

may reflect sequence and structural variation between the HCV genotypes. 

Alternatively, the finding may be an artefact resulting from subtle conformational 

differences between recombinant soluble CD81 used in the assays, and full length 

CD81 [246,259]. In any case, it has been confirmed that all genotypes of HCV 

require CD81 to enter hepatocytes [260,261].  

Within the E2661 RBD are three regions that show high variability in amino 

acid sequence termed hypervariable regions 1, 2 and the intergenotypic variable 

region (igVR). Hypervariable region 1 (HVR1) is located at the extreme N-terminus 

of the glycoprotein and comprises polypeptide residues 384-410. This region has 

been described as immunodominant and demonstrates a high rate of mutation 

throughout the course of infection allowing for accumulation of neutralisation 

escape mutations [262]. Despite this, HVR1 appears to retain an overall positive 

charge that is important for virus entry [263,264]. It is thought that the positive 

charge of HVR1 may play an important role in coordinating SR-BI-mediated virus 

entry [252,265,266]. Recombinant, soluble forms of E2 have been shown to 

directly interact with SR-BI, while removal of HVR1 greatly reduces this interaction, 

and antibody directed towards HVR1 can out compete binding of E2661 RBD to 

SR-BI [6,248,263]. However, the relevance of the E2-SR-BI interaction remains 

unclear as it has not been replicated using virion incorporated forms of 

heterodimeric E1E2. Mechanisms by which SR-BI may influence HCV entry will be 

discussed in more detail in section 1.6.3. 

Hypervariable region 2 (HVR2) is located between polypeptide residues 

474 and 482 [246,267] and is flanked by conserved Cys residues Cys459 and 
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Cys486. While there is a large degree of sequence diversity in HVR2 across 

different genotypes, the presence of a highly conserved N-linked glycosylation site 

in most genotypes, and a G468WG motif in all genotypes indicates that various 

structural features in HVR2 are important for function. This is reflected in the 

observation that the HVR2 sequence appears to demonstrate relative stability 

throughout infections [268]. 

The igVR, consisting of polypeptide residues 570 to 580, is also flanked by 

conserved Cys residues at positions 569 and 581. This region shows significant 

sequence diversity between genotypes but is relatively conserved within 

genotypes [246].  

Each of these variable regions can be simultaneously deleted from the 

ectodomain of E2 in the context of E2661
 RBD leaving a functional form of E2 that 

can bind full length and a recombinant soluble form of CD81 (residues 113-201 of 

the large extracellular loop of CD81 expressed in fusion with maltose binding 

protein; MBP-LEL113-201). Furthermore, E2661 RBD is recognised by conformation 

sensitive monoclonal antibodies (MAbs) [246]. It is therefore predicated that these 

variable regions form mobile disulfide bonded loops that are excluded from the 

core domain of E2 in a manner analogous to the variable loops in HIV-1 gp120 

[246,269,270,271,272,273]. These may function to shield the CD81 binding site 

from neutralising antibodies. Interestingly, it was observed that removal of HVR1 

and HVR2 only, resulted in a ~50% reduction in binding of E2 to full length CD81 

suggesting a functional interplay between the variable regions that may regulate 

exposure of the CD81 binding site [246].  A recent publication has shown that 

independent deletion of HVR2 or igVR in the context of HCVpp results in a loss of 

E1E2 heterodimerisation, CD81 binding and entry competence demonstrating an 

essential role for these variable regions in heterodimer assembly [274]. In contrast, 

when HVR1 was removed E1E2 heterodimerisation and CD81 binding were 

retained but HCVpp entry was abolished. When these deletions were introduced 

into E2 in the context of HCVcc, replication proceeded at wild-type levels, although 

the infectivity of HCVcc lacking HVR2 or the igVR was abolished. By contrast, 

deletion of HVR1 alone reduced infectivity 5-10 fold. This is consistent with an 
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earlier finding that HCV lacking HVR1 was infectious but attenuated in 

chimpanzees [275]. Together these findings indicate that HVR2 and the igVR, but 

not HVR1, are essential for the formation of a functional glycoprotein complex. 

A role for several E2 N-linked glycans in virus entry has been described 

[226,276]. In one study by Falkowska et al. (2007) it was found that mutations 

preventing glycosylation at N417, N423, N448 and N556 significantly impaired 

HCVpp entry while largely retaining E1E2 heterodimerisation and incorporation 

into virus particles. This indicates that these glycans are likely to modulate virus 

attachment to cellular receptors possibly by regulating exposure of the receptor 

binding site(s). Furthermore, removal of several glycans from E2 resulted in 

significantly higher sensitivity of HCVpp to neutralisation by sera from HCV-

positive individuals. As such, glycans including, but not limited to those at N417 

and N532 may mask particular nAb epitopes.  

Structural insight into the domain organisation of E2 was achieved in a 

study by Keck et al. (2004) who used a panel of human MAbs to characterise the 

function of distinct regions in E2 [94]. The group identified three immunologically 

discrete domains within E2 incorporated into HCVpp in association with E1. Two of 

these domains contained neutralising epitopes that could block E2-CD81 binding. 

Furthermore, one domain was found to be pH sensitive, with a 40% reduction in 

epitope recognition after exposure of HCVpp to low pH, indicating that this region 

of E2 is likely to undergo a structural change after endocytosis of the virus. 

Together this data indicates that HCV E2 contains three immunogenic domains 

with distinct functions, reminiscent of the three domain architecture of other class II 

fusion proteins [277,278,279]. 

The presence of a highly conserved hydrophobic heptad repeat sequence 

located between the E2 RBD and the C-terminal TMD provides further evidence to 

suggest that E2 may represent a class II fusion protein [95]. The MPHR is 

predicted to form an α-helix and has structure similarity to the stem region of 

flavivirus glycoprotein E [280] (discussed in section 1.7.1). Mutagenesis studies 

have indicated that the MPHR region of HCV E2 is essential for E2 
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heterodimerisation with E1 as described above. In addition, the E2 MPHR may 

function in a post CD81 binding stage of entry. Mutation of the highly conserved 

MPHR residue Pro683 to Ala allowed wild-type expression of E1 and E2, 

incorporation of E1E2 heterodimers into HCVpp and E2 from these mutants bound 

recombinant CD81 at normal levels but the mutant virus was entry incompetent. 

Given that proline incorporation causes the helical axis to bend by an average of 

26° [281], it appears that interruption of the N-terminal helical region of the MPHR 

is important for HCV infectivity. The findings from this study indicate that the 

MPHR from E2 is essential for virus entry and suggests that the MPHR may 

operate in a manner analogous to the stem region of flavivirus glycoprotein E.  

In order for envelope glycoproteins to mediate entry into target cells, an 

internal or N-terminal hydrophobic fusion peptide is required to insert into the 

target cell membrane to initiate the conformational changes required for the 

merging of the two membranes [56]. The location of the fusion peptide has not 

been confirmed in either glycoprotein E1 or E2 from HCV although several 

membrane interactive sequences have been proposed. Given the apparent 

structural and functional similarities between HCV E2 and flavivirus and alphavirus 

fusion proteins E and E1, respectively, it is reasonable to predict that E2 will 

contain the fusion peptide. A variety of sequences within the E2 ectodomain have 

been proposed as membrane interactive elements. An early modelling study 

performed on E2 suggested residues 476-494 aligned with the fusion peptide of 

TBEV glycoprotein E [255]. However, the function of this region has not 

experimentally investigated. Additionally, the E2 sequence G436WLAGLFY was 

identified as having several features in common with fusion peptides from TBEV 

and dengue-2 envelope glycoproteins. Examination of this region in a mutagenesis 

study indicated that it was instead required to form hydrophobic contacts with 

receptor CD81 [247]. Sequence analysis and mutagenesis of the HCV 

glycoproteins performed by Lavillette et al. (2006) identified at least two 

hydrophobic regions in E2 that appeared to be required to mediate membrane 

fusion [282]. Residues 416-430 and 600-620 were shown to be functionally 

important during membrane fusion events as demonstrated with the use of cell-cell 

and liposome/HCVpp fusion assays.  
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The absence of a crystal structure has hampered insights into the structure 

and function of the HCV glycoproteins. Recently Krey et al. (2010) published 

circular dichroism and infrared spectroscopy analyses of recombinantly expressed 

E2 lacking the TMD (sE2) [273]. Their data indicated that this soluble form of E2 

contains approximately 28% β-sheet consistent with the expected secondary 

structure of a class II fusion protein. Using sE2 from three different genotypes, the 

group mapped the disulfide bonding arrangement within the 18 conserved cysteine 

residues of E2 using tryptic digestion followed by identification of the peptide 

fragments by mass spectrometry. Cysteines involved in eight of nine disulfides 

were unambiguously identified while the remaining two Cys residues at 597 and 

620 were assumed to be disulfide linked. Whidby et al. (2009) reported a similar 

finding for a recombinant form of E2 (residues 384-664, incorporating 17 of the 18 

conserved cysteines) whereby 16 of the Cys residues were apparently oxidised 

and unable to be modified by sulfhydryl reactive agents [283]  

By combining this information with knowledge of the residues involved in 

the composite CD81 binding site, antibody mapping studies, and apparent 

exclusion of the variable regions from the E2 core structure, Krey et al. (2010) 

were able to model the polypeptide sequence of E2 onto a class II fusion protein 

scaffold consisting of 3 domains (discussed in section 1.7.1). Domain I is predicted 

to contain 8 anti-parallel β-sheets and the majority of known CD81 binding 

determinants (Figure 1-4B). Domain II is connected to domain I via an extension of 

two β-strands and contains highly conserved hydrophobic residues 502-520, 

predicted by the group to form the fusion peptide. Confirmation of the involvement 

of this region in virus entry will require a mutagenesis study. Domain III is linked to 

domain I and is separated from the TMD via the MPHR. Domain III also includes 

part of the predicted CD81 binding site. Interestingly, with the CD81 binding site 

mapped to regions overlapping domains I and III, this model indicates that E2 will 

likely need to dissociate from CD81 prior to fusion activation assuming E2 will 

undergo domain rotation to draw the C-terminal and fusion peptide regions 

together. This information provides the first insight into the structure of HCV 

glycoprotein E2. Validation of this model will require further mutagenic and 

crystallographic studies.  
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The C-terminal residues of E2 form a TMD essential for glycoprotein 

biosynthesis as described above. This region has also been implicated with a role 

in virus entry [238]. Ciczora et al. (2007) performed tryptophan replacement 

mutagenesis on the E2 TMD to identify residues that are required for protein-

protein interactions. The group identified several residues that retained normal 

E1E2 heterodimerisation in HCVpp, indicative of correct glycoprotein folding, but 

were impaired for entry. The group predicted that the TMD may be required to 

facilitate reorganisation events between the HCV envelope glycoproteins prior to 

or during virus entry as has been described for other viruses such as the 

alphavirus, Semliki Forest virus [284]. While such events have not been described 

for HCV to date, the recent observation that E1 and E2 from HCVcc appear to 

rearrange from non-covalently linked heterodimers in intracellular glycoforms, to 

disulfide linked multimers on cell free HCVcc [137] may suggest a late maturation 

stage at which the E1 and E2 TMDs are required. Until further structural 

information is obtained for the HCV glycoproteins it will not be possible to confirm 

whether such a TMD-mediated rearrangement occurs. 
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Figure 1-4. Schematic representation of E2. A. Polypeptide numbering from prototype strain 

H77c is indicated above, as are conserved N-linked glycosylation sites (     ). Conserved Cys 

residues are represented by green vertical lines. Proposed residues involved in CD81 binding 

are indicated in blue. HVR1, HVR2 and igVR are shown in red. The MPHR is in grey shading 

and the TMD is in light grey. B. Schematic representation of the three dimensional structure of 

the E2 ectodomain predicted by disulfide mapping and molecular modelling proposed by Krey 

et al. (2010). Variable regions are shown in red, the conserved Cys residues are shown in 

yellow and the 9 intramolecular disulfides are indicated by solid lines. The proposed fusion 

peptide is represented by a black dashed line. Modified from McCaffrey et al. (2010) [274]. 
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1.5.4 Structural and functional determinants of E1 

E1 is an essential component of the HCV envelope glycoprotein complex 

that is strictly required along with E2 to facilitate entry into hepatocytes [2,3,4] 

(schematically represented in Figure 1-5). However, the precise role of E1 during 

these events is not known.  

The functions of the E1 TMD during glycoprotein biosynthesis have already 

been described. However, like E2, several mutations have been identified that 

could be introduced into the E1 TMD resulting in significantly impaired virus entry 

while retaining normal levels of E1E2 heterodimer incorporation into HCVpp [238]. 

This finding suggests that the E1 TMD may have additional roles in the virus 

lifecycle.  

The structure of polypeptide residues 350-370 within the E1 TMD has been 

solved by NMR [238]. The data strongly suggests that the TMD of E1 anchors the 

ectodomain to the ER membrane by a single transmembrane α-helix. Residues 

359-367 were shown to form a stable α-helix. The structure of residues 354-358 

was not as clear but indicated that the region had a tendency to adopt a helical 

fold. This data supports earlier studies that suggest after cleavage by host signal 

peptidases the TMD straightens out into a single membrane-spanning helix [214]. 

It should be noted that the structural detail of this region may differ in the tertiary 

arrangement of full length E1. 

E1 is not likely to be large enough to constitute a typical class II fusion 

protein. In the absence of a confirmed fusion peptide sequence in E2 the 

possibility that E1 may function as a truncated class II protein, coordinating fusion 

events with E2, has been investigated [285]. In support of this hypothesis, it was 

found that E1 also contains a conserved MPHR (polypeptide residues 330–347) 

[286]. The NMR structure of a peptide encoding polypeptide residues 314-342 

which overlaps this short MPHR has been solved [287]. Heptad repeat sequences 

typically form helical structures and consistent with this, the peptide was found to 

contain two helical sections encompassing residues 319-323 and 329-338. 
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Mutagenesis of this region in E1 found that disruption of the MPHR did not affect 

formation of E1E2 heterodimers. However, introduction of proline at hydrophobic a 

and d positions (A330, V333, L337, I340, I344 and M347), inducing a kink of 

approximately 26° in the helix [281], inhibited entry in all cases. This indicates that 

the helical region of the E1 MPHR is functionally important during virus entry [286]. 

In the absence of a crystal structure of pre and post fusion conformations of E1 

and E2 it is unclear whether the E1 MPHR is likely to function in a manner similar 

to the stem region of flaviviruses. However, given that the E1 MPHR is not 

required for heterodimerisation with E2 this does not seem likely.  

Despite several investigations into membrane interactive sequences in E1, 

identification of a fusion peptide has remained elusive. A computer modelling 

study performed by Garry and Dash (2003) identified E1 polypeptide residues 272-

281 that aligned with the well-characterised class II flavivirus TBEV glycoprotein E 

fusion peptide residues 385-396. Both the proposed TBEV glycoprotein E and 

HCV E1 fusion peptide sequences have flanking cysteine residues and consist of 

mostly aromatic and hydrophobic amino acids [285]. A subsequent study 

suggested that while this sequence showed similarities to a class II fusion peptide, 

extension of the sequence to incorporate residues 272-286 would include further 

fusion peptide elements. These include a VFLVG motif (similar to a GLFG fusion 

peptide motif in flavivirus glycoprotein E [277,288] and influenza glycoprotein HA 

[289,290]), three conserved cysteine residues (as found in TBEV [288] and Semliki 

Forest virus [291,292] fusion peptides),  and a central proline residue believed to 

be a general feature of internal fusion peptides [293]. However, mutagenesis of 

hydrophobic residues Y276, V217, F285 and L286 contained in this sequence, in 

all but one instance (F285A), had no significant effect on entry [286]. This finding 

suggests that E1 residues 272-286 are unlikely to function as a typical fusion 

peptide. Despite this, a second mutagenesis study showed that Y276F and G282A 

mutations introduced into the putative fusion peptide are important for mediating 

cell-cell fusion [282]. Furthermore, a study that investigated the membrane 

interactive regions of E1 and E2 by using a series of 18-mer peptides also 

identified E1 polypeptide residues 265-296 as highly membranotropic [294]. 

Together these studies indicate that although it is unlikely that E1 functions as a 
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truncated class II fusion protein it is possible that E1 amino acid F285 and possibly 

Y276 and G282 may supply important hydrophobic contacts to facilitate entry. 

In contrast to E2 there is no evidence for the direct involvement of E1 in 

virus attachment to cellular receptors. Despite this, neutralising antibodies have 

been described that are directed towards E1 [295,296,297]. One explanation for 

the strict requirement for E1 with E2 during entry is that E1 may facilitate 

conformational changes in the glycoprotein complex or it may act sterically to 

support and/or orientate E2. Alternatively, E1 may be required to protect E2 from 

undergoing premature fusion activation in a similar manner to envelope 

glycoprotein prM from TBEV [298].   

Other than NMR structures for the two short peptides encoding E1 

sequence described above, there is no structural information available for E1. 

Elucidation of the E1 crystal structure, including the disulfide bonding arrangement 

of 8 highly conserved Cys residues, will likely provide substantial insight into 

potential roles of E1 during virus entry by allowing structural comparisons with 

other virus envelope glycoprotein paradigms. 

 

 

Figure 1-5. Schematic representation of E1. Polypeptide numbering is indicated below. 

Conserved Cys residues are represented by green vertical lines and N-linked glycosylation 

sites that are utilised are indicated in black above (      ). A fifth site utilised in genotypes where 

a Pro does not immediately follow the sequon, is shown in light grey. A sixth N-linked 

glycosylation site that is used in genotype 1b and 6 viruses is shown in blue. The MPHR is 

shown in grey shading and the TMD is in light grey. 
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1.6 HCV Host Cell Receptors 

1.6.1 Cellular attachment factors 

Several cellular factors have been described that appear to promote 

attachment of HCV to target cells and may represent initial docking receptors for 

HCV.   

Lectin receptors DC-SIGN and L-SIGN have been shown to interact with 

high-mannose glycans on HCV envelope glycoproteins [86,87]. DC-SIGN and L-

SIGN are selectively expressed on immature dendritic cells and liver endothelial 

cells, respectively. It is possible that attachment of the virus to dendritic cells may 

facilitate transport of the virus through the blood system, concentrating the virus at 

the liver. 

Another carbohydrate binding protein asialoglycoprotein receptor (ASGP-R) 

has been proposed as a virus adhesion factor. ASGP-R was reported to 

internalise insect-derived HCV-like particles into hepatocytes [88]. However, the 

physiological relevance of this finding remains unclear as carbohydrate 

modification differs significantly between insect and mammalian cells. 

Furthermore, this finding has not been replicated using current HCV model 

systems to date. 

Several groups have investigated a potential role for heparan sulfate 

proteoglycans in virus attachment [82,85,263]. Removal of cell surface heparan 

sulfate has been shown to significantly reduce HCVpp attachment and entry into 

hepatocytes, with several residues spanning E2 shown to be required for binding 

events [83,84]. Furthermore, addition of soluble heparin (a homolog of highly 

sulfated heparan sulfate) or highly sulfated herparan sulphate itself to infection 

assays has been shown by multiple groups to inhibit HCVcc and HCVpp entry 

[7,84,299,300]. Inhibition only occurs when these factors are present at the time of 

virus addition indicating that this molecule is involved in initiating attachment of the 

virus to cells. 
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A large body of evidence supports the involvement of the LDL receptor 

(LDLr) in HCV entry [80,81]. The natural ligand for LDLr is LDL, therefore the 

involvement of this receptor in HCV-hepatocyte attachment is consistent with the 

observed association of HCV with LDL and VLDL in vitro and in vivo 

[66,67,68,81,301]. Addition of exogenous LDL has been shown to inhibit patient-

derived HCV entry into LDLr positive MOLT-4 cells, presumably by saturating 

available LDL receptor molecules [81]. In addition, siRNA knockdown of LDLr and 

anti-LDLr antibodies have also been shown to abrogate serum derived HCV entry 

[302].  

It is important to note that LDLr is not required for HCVpp entry [252,303]. 

HCVpp are produced in HEK 293T cells that are a non-VLDL producing embryonic 

kidney cell line. Furthermore, E1 and E2 destined for HCVpp incorporation escape 

through the secretory pathway, becoming incorporated into retrovirus particles at 

the plasma membrane. By contrast, HCVcc virion assembly and secretion is 

thought to be tightly linked to VLDL synthesis at ER membranes [139]. Therefore 

HCVpp are unlikely to associate with lipoproteins and use LDLr as an entry 

receptor. This would suggest that LDLr is not an essential component of the entry 

pathway. However, there has been no direct association demonstrated between 

HCV glycoproteins and LDLr and it is highly conceivable that the HCV-associated 

lipoprotein interacts with LDLr to initiate viral attachment to hepatocytes by 

inducing exposure of the glycoproteins for further interactions with cellular 

receptors. In the case of HCVpp, if there is no virus-associated lipoprotein this 

initial attachment to LDLr may not be required. Another explanation is that HCV 

entry via LDLr may represent an alternative entry pathway whereby virus 

attachment induces internalisation by LDLr-mediated endocytosis [304,305]. 

Further work is required to determine the involvement of LDLr in HCV entry.   

 

1.6.2 CD81 

 

CD81 is a member of the tetraspanin family; a large family of surface 

expressed molecules involved in cell adhesion, motility, and metastasis, as well as 

cell activation and signal transduction [306]. Tetraspanins such as CD81 are small 
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molecules characterised by four transmembrane domains linked by small and 

large extracellular loops (LEL). While the structure of the small extacellular loop is 

not known, the LEL has been shown to contain a constant region of 3 α-helices 

and a variable region that is frequently involved in protein-protein interactions 

[306]. 

CD81 has been shown by multiple groups to be an essential entry factor for 

HCV, mediated by interactions with E2 [5,247,254,255,256]. Using model systems 

such as HCVpp as well as HCVcc and serum derived virus, HCV entry into liver 

cells has been shown to be severely impaired by siRNA knockdown of CD81, anti- 

CD81 antibody, and mutagenesis of various E2 and CD81 residues 

[115,249,250,251,252,253]. Therefore it is widely accepted that a direct interaction 

between E2 and CD81 is required for HCV entry. 

CD81-LEL can be expressed in a soluble form independently from the rest 

of the molecule, assembling as a homodimer [245,259,307]. Crystallisation of this 

domain has revealed each subunit to be composed of 5 α-helices arranged in 

'stalk' and 'head' subdomains [307]. CD81-LEL contains the E2 binding residues 

which form a hydrophobic ridge that can be mapped onto the head subdomain of 

CD81-LEL [5,245,257,308,309]. 

Upon attachment to cells, HCV is thought to translocate to tight junctions 

where the virus is internalised. One study showed that binding of recombinant E2 

or E1E2 to CD81 was able to induce these relocalisation events by activation of 

Rho GTPase family members which are known to have a role in regulating the 

actin cytoskeleton [89,310]. This finding is supported by evidence that other 

tetraspanin proteins such as CD82 and CD151 are capable of activating signalling 

cascades for reorganisation of cytoskeletal proteins [311,312]. Whether this role of 

CD81 is truly representative of native events in polarised hepatocytes remains 

unclear but provides a mechanism by which receptors at the luminal surface as 

well as tight junction proteins may be involved in HCV entry. 
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Kinetic studies using an anti-CD81 MAb, JS-81, indicate that CD81 is likely 

to be involved in an early, but post-attachment stage of entry. The reported time 

for half maximal inhibition of entry occurs when the antibody is added 18 to 50 

mins following initial binding of the virus at 4°C [7,8,300]. The variation in timing 

reported by groups may be due to differences in cell lines, and/or virus type used.  

 

1.6.3 Scavenger Receptor Class B Type 1 (SR-BI) 

SR-BI (also known as Cla1) is a 509 amino acid glycoprotein that contains 

two transmembrane domains which protrude into the cytoplasm, and a highly 

glycosylated large extracellular loop [313]. SR-BI has been described as a multi-

ligand receptor, capable of binding lipoproteins including HDL, LDL and VLDL. SR-

BI plays an important role in regulating cholesterol transport via HDL. This activity 

is considered bidirectional. For example, in the liver and steroidogenic tissues SR-

BI mediates selective uptake of cholesteryl ester from lipoproteins, while in 

macrophages SR-BI mediates cholesterol efflux to HDL 

[314,315,316,317,318,319,320]. 

The function of SR-BI during HCV entry remains unclear. Several studies 

have demonstrated its role as an essential virus entry factor using siRNA 

knockdown and antibody inhibition studies [7,252,261]. The reliance of HCV on 

SR-BI during entry is somewhat genotype specific although all 6 HCV genotypes 

show reduced entry in response to siRNA knockdown of SR-BI [261]. Like CD81, it 

is predicted that SR-BI is required for an early but post-attachment stage in virus 

entry. Antibody directed to SR-BI can inhibit HCVcc entry when added 60 min after 

virus binding [7,321]. 

SR-BI was initially proposed to function in HCV entry by binding E2 and 

HVR1 of E2 has been identified as an important SR-BI binding determinant [6]. 

Soluble and HCVpp-incorporated E2 that lack HVR1 demonstrate impaired binding 

and entry into human hepatoma cells, respectively, while MAbs directed towards 

HVR1 also prevent E2 binding to cell surface SR-BI [6,252]. Despite these 

observations a direct interaction between SR-BI and virion incorporated 
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heterodimeric E1E2 has not been demonstrated. Furthermore, entry of HCVcc can 

still occur, although attenuated, when HVR1 is removed [274]. Therefore the 

physiological relevance of HVR-1 association with SR-BI remains unclear.  

Natural SR-BI ligands including VLDL [322] and oxidised LDL [323], have 

been shown to significantly inhibit serum-derived HCV and HCVpp/cc cell entry via 

SR-BI, respectively. Given that HCVpp are not associated with lipoproteins this 

finding indicates that either the binding site for E2 on SR-BI is no longer available 

in the presence of oxidised LDL, or oxidised LDL alters the activity of cellular 

factors required for HCV entry. High density lipoprotein (HDL) is also a natural 

ligand of SR-BI and a recent publication indicated that distinct regions of SR-BI are 

involved in soluble E2 and HDL binding [321]. This would suggest that the two 

binding events are independent. HDL has been shown to enhance HCVpp and 

HCVcc entry [7,266]. A possible explanation for HDL-enhanced HCV entry is that 

HDL binding may up-regulate SR-BI activity, potentially resulting in increased 

cholesterol content in cellular membranes [324]. This is supported by one 

publication which has shown a reduction in HCV entry following cholesterol 

depletion [325].  

Whether a direct association of HCV with SR-BI is required, or whether 

binding of SR-BI by HCV-associated lipoprotein stimulates entry, or even a 

combination of these events remains to be determined. 

  

1.6.4 Claudin-1 and occludin 

Claudin-1 and occludin have recently been identified as HCV entry factors 

and have been shown, together with CD81 and SR-BI, to be sufficient to allow 

several non-permissive cell lines including mouse NIH3T3 cells to support HCV 

entry [10]. 

Claudin-1 and occludin are components of tight junction complexes that are 

involved in cell-cell adhesion and maintenance of cell polarity [326]. Both proteins 

contain 4 membrane spanning regions and have two extracellular loops [327]. All 
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claudins (except claudin-12) have intracellular C-terminal PDZ-binding motifs that 

interact with PDZ domains in cytoplasmic scaffold proteins such as ZO-1, 2, and 3 

amongst others [328]. It is thought that this function is essential for maintaining 

ordered arrangement of claudin proteins at tight junctions [329]. Occludin is 

predicted to play significant roles in cellular signalling with half of the C-terminal 

residues localised in the cytoplasm. This C-terminal region is important for 

interactions with the ZO family proteins as well as membrane trafficking protein 

VAP33 [330].  

As has been observed for CD81 and SR-BI, siRNA knockdown of occludin 

and claudin-1 abrogates HCV entry [8,10]. Neither protein has been shown to bind 

directly to HCV glycoproteins, however the first extracellular loop of claudin-1 

which contains a W-GLW-C-C motif (a defining characteristic of claudin family 

members) has been identified as a functional determinant in controlling HCV entry 

[8]. Two groups have shown that other claudin isoforms, 6 and 9, are also 

functional entry cofactors [9,331]. Sequence homology does not explain this 

redundancy in function, and it is therefore suggested that they may share a 

common three dimensional motif [331].  

Interestingly, Ploss et al. (2009) found that murine forms of claudin-1 and 

SR-BI support HCVpp infection at least as well as the human proteins [10]. Murine 

claudin-1 and SR-BI demonstrate 90% and 80% identity with their respective 

human forms. This finding is consistent with a role for these proteins as entry 

cofactors rather than as direct binding partners for HCV envelope proteins.   

There have been mixed reports regarding when claudin-1 is required in the 

entry cascade relative to CD81. The seminal study that identified claudin-1 as an 

HCV entry factor indicated a late involvement of this receptor, post-CD81 

interactions [8]. However, in the absence of antibody directed towards claudin-1 

the group engineered a FLAG tag into a claudin-1 construct to analyse 

neutralisation of HCV entry in claudin-1-negative cells transfected with claudin-1-

FLAG. A more recent study, using antibody targeted towards native claudin-1 in 

Huh-7 hepatoma cells, indicated that CD81 and claudin-1 are likely to be involved 
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at a similar time during entry [300]. The group attributed the differences in timing to 

possible changes in claudin-1 trafficking due to introduction of the FLAG tag. 

A publication by Harris et al. (2010) determined that claudin-1 could be 

detected in association with CD81 at the basolateral membrane of polarised 

hepatocytes whereas very little tight junction-localised claudin-1 was associated 

with CD81 [91,332]. In addition they found that CD81-claudin-1 association was 

mediated through the first extracellular loop of claudin-1 and that their association 

was essential for HCV entry [91]. The first extracellular loop also appeared to be 

important for mediating co-localisation of claudin-1 with occludin at tight junctions. 

It is possible that claudin-1 from this CD81-claudin-1 receptor complex is the 

functional form that facilitates HCV entry, rather than the tight junction form of the 

receptor.  

Although no studies have been performed with anti-occludin antibodies to 

determine the timing of involvement of this receptor, one group has shown that 

siRNA knockdown of occludin still allows HCVcc attachment to Huh-7 cells despite 

abrogation of entry [90]. This suggests that like CD81, SR-BI and claudin-1, 

occludin is required for a post-binding stage in virus entry.  

HCV enters the liver via the sinusoidal blood and therefore the virus will first 

encounter receptors expressed on the basal surface of hepatocytes. The 

possibility that both basolateral and tight junction localised proteins are required to 

mediate infection would suggest that HCV entry involves carefully coordinated 

events at both regions of the cell. A similar translocation event has been described 

for Coxsackievirus B. Coxsackievirus B first binds to its main receptor at the 

luminal surface of epithelial cells followed by transfer of the receptor–virus 

complex to tight junctions where it interacts with a second receptor in an occludin-

dependent fashion to initiate virus uptake [333,334]. 

Further work is required in order to link the roles of these various receptors, 

to determine their temporal involvement as well as to verify the involvement of tight 

junction proteins in HCV entry. It is still possible that other critical entry factors are 
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yet to be identified which may be ubiquitously expressed in the cell types tested to 

date. Identification of these factors will be essential for understanding the 

molecular basis for HCV infection. 

 

1.7 Virus-Cell Membrane Fusion 

1.7.1 Structure and function of viral fusion proteins 

In addition to defining cellular interactions, fusion proteins present on the 

surface of enveloped viruses are required to mediate merger of the viral and 

cellular membranes for delivery of the viral nucleocapsid into the target cell 

cytoplasm. All fusion proteins identified to date have two membrane interactive 

sequences including a C-terminal TMD that anchors the fusion protein to the virus 

membrane, and an N-terminal or internal hydrophobic fusion peptide. The fusion 

peptide is sequestered within the prefusion conformation but a virus-specific 

trigger activates conformational changes in the envelope protein complex that 

exposes the fusion peptide, projecting it towards the cellular membrane. This is 

followed by major conformational changes in the fusion protein complex such that 

the C-terminal membrane anchor of the fusion protein folds back towards the site 

of fusion peptide insertion forming a highly stabilised, elongated hairpin structure 

[56]. The energy that is released during these conformational changes is 

considered sufficient to mediate merger of the viral and cellular membranes. 

Reorganisation of the virus-cell membranes during virus fusion occurs by a 

sequence of defined events. Firstly, contact of the fusion peptide with the cellular 

membrane is thought to cause a localised dehydration event that destabilises the 

outer leaflet of the viral and cellular membranes, resulting in lipid mixing 

(hemifusion). Formation and expansion of a fusion pore occurs as the fusion 

proteins adopt the stabilised hairpin conformation, apposing the viral and cellular 

membranes, as described above. Pore expansion ensues upon completion of 

these conformational changes which then allows delivery of the viral nucleocapsid 

into the cellular cytoplasm [93,335] (Figure 1-6).  
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Figure 1-6. Virus-cell membrane fusion. A. Virus envelope glycoproteins mediate attachment 

to target cells. B. A specific trigger activates the fusion protein to insert its hydrophobic fusion 

peptide into the cellular membrane. C. Conformational rearrangements in the fusion protein 

draws the viral and cellular membranes into close proximity causing the outer leaflets of the 

lipid bilayers to merge. D. The lowest energy conformation of the fusion proteins is obtained 

and a fusion pore is formed through which the viral nucleocapsid (shown in grey) can pass. 

Note that a single fusion monomer is shown for simplicity.  

Three dimensional structures of viral fusion proteins allow their 

classification into one of three distinct classes. Despite significant structural 

differences between fusion proteins from each class, the post fusion 

conformations all display a typical hairpin arrangement with the C-terminus of the 

protein located at the same end of the molecule as the membrane-inserted fusion 

loop.  

 Class I fusion proteins are predominantly α-helical and are arranged as 

trimers, projecting as spikes from the surface of the virus [56,336]. Fusion proteins 

in this class have a trimeric arrangement in both the pre and post fusion 

conformations. Influenza virus HA is an example of a well characterised class I 

fusion protein [337,338,339,340]. HA is expressed as an inactive precursor, H0, 

that is cleaved by host cell proteases into HA1, which has a receptor binding 

function, and the HA2 fusion protein. HA1 has a large globular fold while HA2 

forms a long α-helical coiled-coil [340]. The hydrophobic fusion peptide is 

contained within the N-terminal residues of HA2 [289,339,341] (a hallmark of most 
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class I fusion proteins) and remains sequestered at the metastable trimer interface 

until fusion is activated by low pH-induced dissociation of the HA1 trimer [339]. 

Subsequent conformational changes in HA2 include extension of the central α-

helical coiled coil region and insertion of the fusion peptide into the target cell 

membrane, such that HA2 is now embedded in both the viral and cellular 

membranes. This conformational state has been termed the pre-hairpin 

intermediate [342]. The C-terminal TMD then reorientates towards the membrane-

inserted fusion peptide, allowing HA2 to adopt a low energy hairpin structure, 

referred to as the trimer of hairpins. This conformation is stabilised by the 

membrane proximal region of HA2 which packs into a groove within the N-terminal 

trimeric coiled coil [339]. 

 

Class II fusion proteins typically contain three sub-domains consisting 

predominantly of β-sheet secondary structure [343]; the central domain (I), domain 

III which is connected to the transmembrane region via the stem region, and 

domain II (schematically represented in Figure 1-7). In the prefusion state, class II 

fusion proteins may arrange as homodimers on the surface of the virus, as is the 

case for the flavivirus E glycoproteins [62,63], or as heterodimers with a partner 

envelope protein, as described for alphavirus E1 [344]. This arrangement 

sequesters the fusion peptide which is located within an internal sequence at the 

tip of domain II at the dimer interface.  Cryo-EM and X-ray crystallography studies 

reveal that the class II fusion proteins of the flaviviruses lie flat on the viral surface, 

compared to the spike arrangement described for class I fusion proteins [62,63]. 

By contrast, the envelope proteins on the surface of the alphavirus chikungunya 

virus are arranged as protruding spikes [279,345]. 

The prefusion structures for class II fusion proteins from flaviviruses (TBEV 

[277] and dengue virus [346,347]) and alphaviruses (Semliki Forest virus [348,349] 

and chikungunya virus [279]) have been determined. These structures reveal a 

highly conserved fold across the three domains. Domain I forms the central 

domain that contains the N-terminus of the polypeptide. It is rich in β-sheet with an 

„up and down‟ topology. Domain II extends from a connecting region between 

adjacent β-strands from domain I, and forms the “fusion domain”. Domain III has 
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an immunoglobulin-like fold and is adjacent to the membrane proximal stem region 

[56].  

Activation of the fusion potential of class II fusion proteins induces 

dissociation of the metastable envelope protein hetero- or homodimer, followed by 

homotrimerisation of the fusion protein. Cryo EM of dengue virus together with the 

post fusion crystal structures of the class II flaviviral glycoprotein E obtained at low 

pH have provided insight into the conformational changes of this fusion protein 

during low pH induced entry [62]. Mature dengue virus particles display 90 

glycoprotein E dimers on the surface in an icosahedral arrangement, with three E 

monomers per icosahedral asymmetric unit. Low pH is thought to induce transition 

of glycoprotein E homodimers to a homotrimer arrangement, facilitating 

interdomain rotation of each glycoprotein E monomer. These events do not appear 

to alter the fold of the E sub-domains, but cause the C-terminus of the ectodomain 

to rotate ~30-40 Å towards the membrane-inserted N-terminal fusion peptide 

[350,351]. It is predicted that the stem region may pack into a channel formed by 

intersubunit contacts between domain II from trimeric glycoprotein E, that extends 

towards the fusion peptide. In fact, the stem region has been shown to promote 

trimerisation of glycoprotein E [280], consistent with a role in stabilising a fusion 

activated conformation of the glycoprotein. 

 



65 
 

 

Figure 1-7. Schematic representation of a class II fusion protein pre and post fusion 

activation. A and B. Dengue virus glycoprotein E domain organisation and dimeric 

arrangement in the prefusion structure is shown as viewed from above (A) or from the side (B). 

The fusion peptide in yellow is sequestered at the dimer interface. The stem region is shown in 

light blue. The double transmembrane anchor is shown in grey. Polar head groups of the 

phospholipid bilayer are shown in royal blue. C. Fusion activated, hairpin structure of trimeric 

glycoprotein E. The fusion peptide (in yellow) is embedded in the membrane adjacent to the 

transmembrane anchor. The stem region (in light blue) is packed into the hydrophobic grove 

along domain II. 
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Class III fusion proteins contain features in common with class I and II 

fusion proteins [352]. Only a small number of fusion proteins have been assigned 

to this class and indeed vesicular stomatatis virus protein G (VSVg) is the only one 

for which the pre and post fusion conformations have been solved. VSVg is 

comprised of 5 domains and in both states the protein is arranged as a trimer 

[353,354]. The N-terminal residues of VSVg form domain IV. Extensions within this 

domain form domain III, which in turn contains an extension that forms domain II, 

which again contains an extension that forms domain I. Domain V is C-terminal to 

domain IV, adjacent to the transmembrane region. VSVg domains I, II and IV 

largely consist of β-sheet structure, reminiscent of class II fusion proteins. The 

predicted fusion peptide for VSVg is contained within an internal sequence of 

domain I (formed by 2 fusion loops), also similar to a class II fusion protein 

[353,355,356]. However, domain III of VSVg and other class III fusion proteins, 

has a long central α-helix with a trimeric coiled coil structure formed with helices 

from the other two protomers; a hallmark of class I fusion proteins.  

In the prefusion structure, VSVg trimers appear as compact spikes with the 

fusion peptide (domain I) located near the virus membrane. Low pH activation 

induces an extremely large reorientation event whereby domain I dissociates from 

the C-terminus of the protomer and rotates 94° relative to domain II. The central 

helix of domain III is extended during these events, allowing stabilisation of the 

fusion activated conformation by intermolecular contacts mediated by an α-helical 

region in domain V. The resulting fusion activated form of VSVg appears as an 

extended hairpin conformation. 

As discussed in section 1.5.3, it is predicted that HCV glycoprotein E2 may 

function as a class II fusion protein. Three dimensional structures of E1 and E2 pre 

and post fusion activation will be essential for validation of E2 as a class II fusion 

protein as well as for understanding how the glycoproteins function during entry.  
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1.7.2 Fusion activation triggers 

Fusion proteins on the surface of enveloped viruses are expressed as 

inactive precursors such that the hydrophobic fusion peptide is sequestered. A 

specific trigger is required to release the fusion protein from this metastable 

conformation, exposing the fusion peptide for insertion into the target cell 

membrane. Consequently the fusion protein adopts a more stable fusion active 

conformation, mediating merger of the viral and target cell membranes as 

described above. Activation of fusion proteins prior to cellular attachment renders 

the virus inactive and thus delivery of the activation trigger must be carefully timed. 

The trigger that induces these rearrangements is specific for each virus. 

Exposure of influenza virus to low pH is sufficient to induce irreversible 

conformational changes in the fusion protein HA, associated with fusion activation 

[78]. Avian sarcoma and leukosis retrovirus fusion activation requires priming of 

the fusion protein by virus-receptor binding followed by low pH exposure [357]. 

Ebola virus also requires exposure to low endosomal pH, however, the fusion 

proteins must additionally undergo cleavage by cathepsin B and/or L to induce 

activation [358]. Fusion activation of retroviruses murine leukaemia virus (MLV) 

and human T cell leukaemia virus type 1 (HTLV-1) requires reduction of a 

constraining disulfide bond between receptor binding glycoprotein SU, and the 

fusion protein TM, induced by a catalytic thiol within the glycoprotein complex 

[359,360].  

For HCV, entry into hepatocytes is dependent on an initial attachment event 

with glycosaminoglycans [83,361] followed by cellular receptors CD81, SR-BI, 

claudin-1, 6 or 9 and occludin [5,6,8,9,10,252,331]. RNA knockdown of clathrin 

heavy chain or treatment of cells with agents which raise the endosomal pH is 

sufficient to inhibit HCV entry indicating the virus undergoes clathrin mediated 

endocytosis following receptor engagement [92]. However, HCV displays acid-

resistance indicating that exposure to low pH is insufficient to induce fusion 

activation [11]. Furthermore, low pH does not efficiently induce virus entry at the 

plasma membrane of cells treated with the endosomal neutralising agent, 
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bafilomycin [92]. Together, these findings indicate that a series of stepwise events 

is likely to be required in order to prime the HCV fusion proteins for activation upon 

endocytic uptake. 
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1.8 Hypotheses and Aims 

The HCV glycoproteins E1 and E2 operate as a heterodimer to facilitate 

HCV fusion and entry. Both covalently associated and non-covalently associated 

heterodimers have been described on the surface of virions. Recent evidence 

suggests that all 18 Cys residues are involved in 9 intramolecular disulfide bonds 

in monomeric E2 [273]. However, direct examination of HCVcc particles reveals 

that E1 and E2 may exist as multimers indicative of intermolecular disulfide 

bonding arrangements [137]. Therefore, the oxidation state of E1 and E2 on 

functional heterodimers remains unclear.  

Our examination of 389 E1 sequences deposited in the Los Alamos 

database reveals the presence of a conserved C226V/LPC motif in E1, similar to the 

CXXC motif observed in thioredoxin domains. Thioredoxin family proteins regulate 

disulfide bonding arrangements. The N-terminal cysteine is typically in a reduced 

state and forms mixed disulfides with target proteins that are resolved by the 

second cysteine, leaving the target protein in a reduced state and free to adopt its 

lowest energy conformation.  

Regulation of the oxidation state of retroviruses MLV and HTLV-1 has been 

shown to be essential in the formation of functional envelope protein complexes 

and in initiating fusion activation of these viruses [359,360]. In these cases, the 

receptor binding protein SU contains a CXXC motif that forms a labile disulfide 

with a free thiol group in the TM fusion protein. Receptor binding and calcium 

displacement triggers activation of the CXXC motif that reduces the labile disulfide, 

allowing the TM protein to mediate membrane fusion. 

It is hypothesised that the oxidation state of E1 and E2 is an important 

determinant of virus entry competence and that the C226V/LPC motif in E1 is critical 

for the formation of functional E1E2 heterodimers. It is further hypothesised that 

regulation of disulfide bonding rearrangement within E1 and/or E2 is one of the 

fusion activation triggers for HCV entry. 
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The aims for this study are to: 

1. Investigate the oxidation state of E1E2 in HCVpp and HCVcc during virus 

entry. 

 

2. Investigate the role of the C226V/LPC motif in E1E2 assembly and virus 

entry. 

 

3. Express recombinant E1 to examine the domain organisation and 

determine whether E1 has reducing activity in vitro. 
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2. Chapter 2 – Materials and Methods 

2.1 Construction of pE1E2H77c Encoding HCV Envelope 

Glycoproteins 

Construction of pE1E2H77c has been described previously [3]. Briefly, this 

construct is based on the cytomegalovirus (CMV) immediate early promoter-driven 

expression vector pCDNA4HisMax (Invitrogen, California, USA). The regions 

encoding E1 (191-383) and E2 (384-746) from the full-length infectious clone pCV-

H77c (genotype 1a) were cloned into EcoRI and XbaI restriction sites within the 

multiple cloning site of pCDNA4HisMax (Invitrogen, California, USA). This 

construct was used to express wild-type E1E2 and as a template for site directed 

mutagenesis within E1E2. 

In vitro mutagenesis of the pE1E2H77c vector was carried out using 

standard overlap extension PCR (see section 2.6.2). The sequence of E1E2 was 

confirmed using Big Dye terminator chemistry (see section 2.6.4; Applied 

Biosystems, California, USA) and analysed using ClustalX software. 

 

2.2 Construction of Full Length HCV Vector 

pJC1FLAG2(p7-NS-GLUC2A) 

The vector pJC1FLAG2(p7-NS-GLUC2A), was a kind gift from Charles Rice 

(Rockefeller Institute, New York, USA). pJC1FLAG2(p7-NS-GLUC2A) comprises 

the structural region (core-p7) of HCV-J6 (genotype 2a) and the non-structural 

region (NS2A-NS5B) of JFH1 (genotype 2a) [362]. The plasmid encodes a FLAG 

epitope tag at the N-terminus of E2 and gaussia luciferase which is secreted from 

infected or transfected cells. This vector was used to produce wild-type virus and 

as a template for site-directed mutagenesis of E1E2. In vitro mutagenesis was 

performed using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene, 

California, USA; see section 2.6.3). The sequences of E1E2 were confirmed using 

Big Dye terminator chemistry (Applied Biosystems, California, USA; see section 
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2.6.4) and analysed using ClustalX software. In some instances a subfragment 

encoding the E1E2 region was subcloned into wild-type pJC1FLAG2(p7-NS-

GLUC2A) via unique restriction sites EcoRI and BsiWI.   

   

2.3 Construction of pMBP-E1 

Construction of the modified maltose binding protein (MBP) expression 

vector has been described previously [363]. Briefly, this vector is based on pMAL-

c2 (New England Biolabs, Ipswich, USA) encoding Escherichia coli (E. coli) MBP. 

This vector was modified to encode a rigid tri-alanine linker sequence for 

production of chimeric MBP proteins. E1 from pE1E2H77c was amplified with 

primers containing flanking 5‟-NotI and 3‟-PstI restriction sites (See Table 2-1). 

Glycoprotein E1 amplicons with C-terminal extensions of the ectodomain were 

ligated into the template vector following digestion with NotI and PstI restriction 

enzymes. 

The sequence of E1 inserts was confirmed using Big Dye terminator 

chemistry (see section 2.6.4; Applied Biosystems, California, USA) and analysed 

using ClustalX software. 

Table 2-1. pMBP-E1 primers. Restriction sites are underlined, stop-codons are in bold. 

Construct Sense primer Anti-sense primer 

pMBP-E1191-259 5‟-cgcgcggccgcctaccaagtgcgcaattcctcg 5‟ gcctgcagttaacgtcgaagctgcgttgt 

pMBP-E1191-329 As above 5‟-cgcctgcagttacgtaggggaccagttcatcat 

pMBP-E1191-340 As above 5‟-cgcctgcagttagatccggagcagctgagctac 

pMBP-E1191-351 As above 5‟-cgcctgcagttaagcaccagcgatcatgtccat 

 

2.4 Construction of pcE1myc 

Construction of the pcE1myc plasmid is based on the pcE2661myc 

expression vector which directs the expression of soluble E2661 RBD of the H77c 

isolate [245]. This construct incorporates an N-terminal tissue plasminogen 

activator leader sequence which translocates the E2661 RBD protein into the lumen 
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of the endoplasmic reticulum. Briefly, E1 from pE1E2H77c was amplified with 

primers containing a flanking 5‟-NheI restriction site, a 3‟-XbaI restriction site and a 

3‟ myc epitope tag [364] (see Table 2-2). Glycoprotein E1 amplicons with C-

terminal extensions were ligated into the template vector following digestion with 

NheI and XbaI restriction enzymes. The sequence of E1 inserts was confirmed 

using Big Dye terminator chemistry (see section 2.6.4; Applied Biosystems, 

California, USA) and analysed using ClustalX software. 

Table 2-2. pcE1myc primers. Restriction sites underlined, stop-codons in bold, myc tag in 

 capital letters. 

Construct Sense primer Anti-sense primer 

pcE1myc191-259 5‟- 

cgcgctagctaccaagtgcgcaatt

cctcg 

5‟-

cgctctagattaCAGATCCTCTTCTGAGATGAGTTT

TTGTTCAGTACTacgtcgaagctgcgttgtggg 

pcE1myc 191-329 As above 5‟- 

cgctctagattaCAGATCCTCTTCTGAGATGAGTTT

TTGTTCAGTACTcgtaggggaccagttcatcat 

pcE1myc 191-340 As above 5‟-

cgctctagattaCAGATCCTCTTCTGAGATGAGTTT

TTGTTCAGTACTgatccggagcagctgagctac 

pcE1myc 191-351 As above 5‟- 

cgctctagattaCAGATCCTCTTCTGAGATGAGTTT

TTGTTCAGTACTagcaccagcgatcatgtccat 

 

2.5 Additional Plasmids 

The HIV-1 luciferase reporter vector pNL4-3.LUC.R-E- was obtained from 

Dr. N. Landau through the NIH AIDS Research and Reference Reagent Program 

[365].  

Plasmid pHEF-VSVg encoding VSVg was obtained from Dr. Lung-Ji Chang 

though the NIH AIDS Research and Reference Reagent Program [366]. 

Plasmid pET-32a(+) encoding bacterial thioredoxin and a C-terminal 6 x His 

tag was purchased from Novagen (Merck, Darmstadt, Germany). 
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2.6 Cloning Procedures 

2.6.1 Restriction digestion of DNA 

All restriction enzymes used for DNA digestion were used according to the 

manufacturer‟s instructions. Restriction enzymes used in this project include: 

BamHI, BsiWI, EcoRI, NheI, NotI, PstI and XbaI (New England Biolabs, Ipswich, 

USA).  

 

2.6.2 Site directed mutagenesis by overlap extension PCR 

Overlap extension mutagenesis was used to introduce single site mutations 

within the plasmid pE1E2H77c. In the first round of PCR,  a fragment 5‟ to the site 

of mutagenesis (PCR 1) was obtained using a positive sense primer 

complimentary to the N-terminus of E1, incorporating an EcoRI restriction site 

(underlined); 5‟- ggtggaattctggcaacagggaaccttcctgg. The antisense primer was 

complimentary to a region of DNA 21 nucleotides in length directly 5‟ to the site of 

mutagenesis (see Table 2-3). The 3‟ fragment was amplified (PCR 2) using a 

positive sense primer 54 nucleotides in length which incorporated the mutation to 

be introduced and overlapped with the antisense primer from PCR 1 (see Table 

2-3). The antisense primer in PCR 2 was complimentary to the C-terminus of E2 

and incorporated an XbaI restriction site and a stop codon (5‟-

ggctctagattacgcctccgcttgggatat).   

PCR reactions 1 and 2 contained 100 nM primer (sense and antisense), 

100 pg pE1E2H77c template DNA, 250 nM dNTPs, 1 x Expand High Fidelity 

Buffer (containing 15 mM MgCl2; Roche, Indianapolis, USA) and 3.5 U Expand 

High Fidelity enzyme (Roche, Indianapolis, USA). For cycle conditions see Table 

2-4. 

PCR reactions 1 and 2 were purified using UltraClean® PCR Clean-Up Kit 

(Mo Bio, Carlsbad, USA) as per the manufacturer‟s instructions, with 1 µl of each 
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reaction forming the template DNA for PCR 3. The positive sense primer 

complimentary to the N-terminus of E1 and anti-sense primer complimentary to the 

C-terminus of E2 used are described above. dNTPs, buffer and enzyme were 

used as described for PCRs 1 and 2. 

PCR products containing the entire E1E2 sequence (1.7 kb) produced by 

PCR 3 were isolated by agarose gel purification using UltraClean® GelSpin® DNA 

Extraction Kit (Mo Bio, Carlsbad, USA) as per the manufacturer‟s instructions. 

Purified PCR products and pE1E2H77c (wild-type) vector were digested 

sequentially with EcoRI and XbaI. Digested pE1E2H77c was treated with alkaline 

phosphatase (Roche, Indianapolis, USA) according to the manufacturer‟s 

instructions. Digested PCR products and digested, de-phosphorylated pE1E2H77c 

were isolated by agarose gel purification using UltraClean® GelSpin® DNA 

Extraction Kit (Mo Bio, Carlsbad, USA) as per the manufacturer‟s instructions. 

PCR products containing the mutant E1E2 were ligated into the digested and de-

phosphorylated pE1E2H77c at a ratio of 10:1 using T4 DNA Ligase (0.1 U; Roche, 

Indianapolis, USA) in 1 x T4 DNA Ligase buffer (Roche, Indianapolis, USA), 

overnight at 4°C. 

Ligation reactions were precipitated by addition of a 1/10th volume of 3 M 

sodium acetate (pH 5.2), 2.5 volumes of 100% ethanol and 3 µl tRNA 

(precipitation aid) at -80°C for 30 min. DNA was pelleted at 13 000 rpm in a 

microfuge at 4°C for 15 min. DNA pellets were washed twice with 70% ethanol, re-

suspended in 5 µl H2O then transformed by electroporation into electrocompetent 

DH10β E. coli (see section 2.6.7). 

Colonies obtained were screened for the presence of DNA encoding E1E2 

by mini-prep (see section 2.6.8) and digestion with EcoRI and XbaI. Site directed 

mutagenesis was confirmed by sequencing the E1E2 region using Big Dye 

terminator chemistry (see section 2.6.4; Applied Biosystems, California, USA) and 

analysis using ClustalX software. 
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Table 2-3. Primers used for site directed mutagenesis of pE1E2H77c. Mutation is shown in 

capital letters. 

Construct Sense primer Anti-sense primer 

pE1E2H77c

-AVPC 

5‟-

gccatcctgcacactccggggGCTgtcccttgcgttcgcgagggtaac

gcctcg 

 

5‟-ccccggagtgtgcaggatggc 

pE1E2H77c

-CVPA 

5‟-

gccatcctgcacactccggggtgtgtccctGCCgttcgcgagggtaac

gcctcg 

 

As above 

pE1E2H77c

-AVPA 

5‟-

gccatcctgcacactccggggGCTgtccctGCCgttcgcgagggta

acgcctcg 

 

As above 

pE1E2H77c

-CMPC 

5‟-

gccatcctgcacactccggggtgtATGccttgcgttcgcgagggtaacg

cctcg 

 

As above 

pE1E2H77c

-CLPC 

5‟-

gccatcctgcacactccggggtgtCTCccttgcgttcgcgagggtaacg

cctcg 

 

As above 

pE1E2H77c

-CIPC 

5‟-

gccatcctgcacactccggggtgtATCccttgcgttcgcgagggtaacg

cctcg 

 

As above 

pE1E2H77c

-CAPC 

5‟-

gccatcctgcacactccggggtgtGCCccttgcgttcgcgagggtaac

gcctcg 

 

As above 

pE1E2H77c

-CEPC 

5‟-

gccatcctgcacactccggggtgtGAGccttgcgttcgcgagggtaac

gcctcg 

 

As above 

pE1E2H77c

-CVAC 

5‟-

gccatcctgcacactccggggtgtgtgGCGtgcgttcgcgagggtaac

gcctcg 

 

As above 
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Table 2-4. PCR cycle conditions for reactions 1, 2 and 3 of overlap extension PCR. 

PCR Temperature Time Number of cycles 

PCR 1 + 2 95°C 5 min 1 

 92°C 30 sec  

30  55°C 30 sec 

 72°C 2 min 

 72°C 10 min 1 

PCR 3 95°C 5 min 1 

 92°C 30 sec  

30  55°C 30 sec 

 72°C 4 min 

 72°C 10 min 1 

 
 

2.6.3 Site directed mutagenesis by QuikChange II Site-Directed 

Mutagenesis Kit 

Site directed mutagenesis of pJC1FLAG2(p7-NS-GLUC2A) was performed 

using Quikchange XL II mutagenesis kit (Stratagene, California, USA) according to 

the manufacturer‟s instructions. DNA was transformed into XL10-Gold® 

Ultracompetent Cells (Stratagene, California, USA). Primers are described below 

(mutation in capital letters). 

  



78 
 

Table 2-5. Quikchange primers used for site directed mutagenesis of 

 pJC1FLAG2(p7-NS-GLUC2A). Mutation is shown in capital letters. 

Construct Sense primer Anti-sense primer 

pJC1FLAG2(p7-

NS-GLUC2A)- 

AVPC 

5‟-ccacgtccccgggGCCgtcccgtgcgag 5‟-

ctcgcacgggacGGCcccggggacgtgg 

pJC1FLAG2(p7-

NS-GLUC2A)-

CVPA 

5‟-gggtgcgtcccgGCCgagaaagtgggg 5‟-ccccactttctcGGCcgggacgcaccc 

pJC1FLAG2(p7-

NS-GLUC2A)-

CMPC 

5‟-

cacgtccccgggtgcATGccgtgcgagaaagtg 

 

5‟-

cactttctcgcacggCATgcacccggggac

gtg 

pJC1FLAG2(p7-

NS-GLUC2A)- 

CAPC 

5‟-

cacgtccccgggtgcGCCccgtgcgagaaagtg 

 

5‟-

cactttctcgcacggGGCgcacccggggac

gtg 

pJC1FLAG2(p7-

NS-GLUC2A) -

CEPC 

5‟-

cacgtccccgggtgcGAGccgtgcgagaaagtg 

5‟-

cactttctcgcacggCTCgcacccggggac

gtg 

 
 

2.6.4 DNA cycle sequencing 

DNA isolated by miniprep (see section 2.6.8) was sequenced using BigDye 

Terminator chemistry (Applied Biosystems, California, USA). Each 20 µl reaction 

was set up with 400 ng of DNA, 1 µl BigDye Premix (v3.1), 1x BigDye Terminator 

Reaction Buffer and 166 nM sequencing primers spanning E1 and E2. PCR cycle 

conditions are shown in Table 2-6. 

Reactions were precipitated by addition of 3 μl 3 M sodium acetate pH 5.2, 

62.5 μl 100% ethanol, addition of H2O to 100 μl, and incubation for 15 min at room 

temperature. Precipitated DNA was pelleted at 13 000 rpm in a microfuge for 

30 min, then washed once with 70% ethanol. Samples were air dried then stored 

at 4°C and protected from the light until analysis by 3730S Genetic Analyser 

(Applied Biosystems, California, USA). 
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Table 2-6. BigDye Terminator cycle sequencing conditions. 

Temperature Time Number of cycles 

96°C 1 min 1 

96°C 10 sec  

30 50°C 5 sec 

60°C 4 min 

 

2.6.5 Agarose gel electrophoresis of DNA  

Agarose gels (0.8%) were prepared in TAE buffer (40 mM Tris-acetate, 

1 mM EDTA). SYBR® Safe Gel Stain (Invitrogen, California, USA) was added to 

molten agarose and DNA visualized under ultra-violet light.  

 

2.6.6 Preparation of competent cells 

Electrocompetent cells were prepared by growing a single colony of DH10β 

E. coli in 10 ml of Luria Bertani broth (LB; 10 g tryptone, 5 g yeast extract, 10 g 

NaCl per litre) broth overnight at 37°C. Fourteen hours later 1 L of LB broth was 

inoculated with the 10 ml overnight culture and incubated with shaking until an 

OD600 of 0.6 was reached. The culture was chilled on ice for 30 min and then 

pelleted at 5 000 xg for 15 min. 

Pellets were washed twice in cold, sterile H2O then once in cold, sterile 10% 

glycerol. Cells were resuspended in 3 ml cold 10% glycerol then snap frozen in 

40 µl aliquots. Cells were stored at -80oC.  

 

2.6.7 Plasmid transformation into competent cells 

Transformation of plasmids produced by Quikchange XL II mutagenesis kit 

(Stratagene, California, USA)  were carried out in heat shock XL10-Gold® 

Ultracompetent Cells (Stratagene, California, USA) according to the 

manufacturer‟s instructions. All other transformations were carried out in DH10β 

E. coli  prepared as described above using standard electroporation techniques 
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[367]. Transformants were grown on LB agar containing selective antibiotics 

ampicillin (100 µg/ml) or kanamycin (50 µg/ml). 

2.6.8 Small scale plasmid purification (mini-prep)  

All small scale plasmid preparations were carried out using UltraClean® 6 

Minute Mini Prep Kit (Mo Bio, Carlsbad, USA) according to the manufacturer‟s 

instructions. 

 

2.6.9 Large scale plasmid purification (midi-prep) 

All large scale plasmid preparations were carried out using Plasmid Midi Kit 

or Plasmid Maxi Kit (QIAGEN, Hilden, Germany) according to the manufacturer‟s 

instructions. 

 

2.7 RNA Transcription 

Wild type and mutated HCV RNA was transcribed in vitro from XbaI-

linearised pJC1FLAG2(p7-NS-GLUC2A) DNA using AmpliscribeTM T7 High Yield 

Transcription Kits (Epicentre Biotechnologies, Wisconsin, USA) for 4 h according 

to the manufacturer‟s instructions. Reactions were treated with 1 U of DNase for 

30 min at 37°C to remove template DNA. RNA was purified, either by standard 

phenol/chloroform extraction and ethanol precipitation [367], or using the RNeasy 

Mini Kit (QIAGEN, Hilden, Germany). Purified RNA was stored at -80°C. 

 

2.7.1 RNA gel electrophoresis 

All RNA gel electrophoresis was performed under reducing conditions. Five-

hundred mg of agarose was dissolved in 36 ml of nuclease-free H2O then cooled 

to 60°C. Five ml of 10X MOPS running buffer (0.4M MOPS, pH 7.0, 0.1M sodium 

acetate, 10 mM EDTA), 18 ml 37% formaldehyde (12.3 M) and 1X SYBR® Safe 

Gel Stain (Invitrogen, California, USA) were added to the molten agarose. RNA 

samples were heated to 60°C with 1X Gel Loading Buffer II (Ambion, Texas, USA) 

for 10 min prior to electrophoresis followed by visualisation under ultra-violet light. 
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2.7.2 RNA quantification by quantitative reverse transcriptase PCR (qRT-

PCR) 

In order to normalise RNA concentrations for transfection and production of 

mutant and wild-type HCVcc, qRT-PCR was performed using TaqMan® One-Step 

RT-PCR Master Mix Reagents Kit (Applied Biosystems, California, USA). This kit 

allows reverse transcription of viral RNA to cDNA followed by amplification in a 

single reaction. The kit employs FAMTM dye-labeled TaqMan probe technology 

(Applied Biosystems, California, USA) with the custom FAMTM probe 

complementary to a conserved region of core (5‟-ctgcggaaccggtgagtacac) in 

between the binding sites of sense and anti-sense primers. Displacement of this 

probe as amplification of the cDNA occurs gives rise to a fluorescent signal which 

can be followed in real time.  Primers to conserved regions of the core gene were 

used; 5‟-cgggagagccatagtgg (sense) and 5‟-agtaccacaaggcctttcg (anti-sense).  

Briefly, duplicate RNA samples were diluted 104 and 105 in nuclease free 

H2O. Ten µl of each sample was added to a master mix containing 1X AmpliTaq 

Gold® DNA Polymerase mix (containing AmpliTaq Gold® DNA Polymerase, dNTPs 

with dUTP, and optimized buffer components; Applied Biosystems, California, 

USA), 1X reverse transcriptase enzyme mix (containing MultiScribe™ Reverse 

Transcriptase and RNase Inhibitor; Applied Biosystems, California, USA), 200 nM 

sense and anti-sense primers, 150 nM FAMTM probe, and nuclease free H2O to 

25 µl. PCR reactions were performed on an Mx3000PTM Real-Time PCR System 

(Stratagene, California, USA). Cycle conditions are shown in Table 2-7. RNA 

concentrations were normalised to the sample containing the lowest concentration 

of RNA prior to transfection of Huh-7.5 cells (see section 2.9.2). 

Table 2-7. Cycle conditions for quantitative real-time RT PCR. 

Temperature Time Number of cycles 

48°C 30 min 1 

95°C 8 min 30 sec 1 

95°C 15 sec 40 

62°C 1 min 
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2.8 Antibodies 

Monoclonal antibodies (MAb) A4, H53 and H52 [131,197] were a kind gift 

from Dr. Jean Dubuisson (Institut Pasteur de Lille, Lille, France). Monoclonal 

antibodies CBH 4D, CBH 7 and CBH 11 [94,368] were a kind gift from Professor 

Steven Foung (Stanford University School of Medicine, Stanford, USA). 

GP1 is polyclonal serum raised to the H77c E2661His protein in guinea pigs. 

MAb 24 is a neutralising MAb raised in mice against E2661His protein. It 

recognises a linear epitope (residues 411-428) adjacent to HVR1.  

Immunoglobulin G (IgG14) was purified from the plasma of HIV-1 infected 

individuals using protein G sepharose (Amersham Pharmacia Biotech, 

Buckinghamshire, UK). The anti-HIV-1 capsid MAb 183 was obtained from the 

AIDS Research and Reference Reagent Program [369,370].  

Anti-FLAG M2 is a commercial MAb available from Sigma (St Louis, USA).  

MAb 9E10 which recognises a linear epitope within human c-Myc was 

purified from the cell line MYC 1-9E10.2 using protein G sepharose (Amersham 

Pharmacia Biotech Buckinghamshire, UK). 

 

2.9 Cell Lines and Transient Transfections 

All cell lines were maintained in a Thermo Direct Heat CO2 Incubator at 

37oC with 5% CO2. 

Human embryonic kidney 293T (HEK 293T), Chinese hamster ovary K1 

(CHO-K1), Lec-8 and Human hepatoma-7 (Huh-7) cells were maintained in 

Dulbecco‟s minimal essential medium (DMEM; Invitrogen, California, USA) with 
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10% fetal calf serum and 2 mM L-glutamine (DMF10). Human hepatoma-7.5 (Huh-

7.5) cells were a kind gift from Professor Charles Rice. These cells were 

maintained in DMF10 supplemented with 0.1 mM nonessential amino acids 

(DMF10NEA). Antibiotics gentamycin (80 μg/ml) and minocyline (1 μg/ml) were 

added to DMF10 and DMF10NEA to limit contamination events. 

2.9.1 FuGene-6 DNA transfection 

HEK 293T cells were seeded in 6 well plates (Nunc, Roskilde, Denmark) 

either 5 or 18 h prior to transfection (cell densities and seeding times are specified 

for each experiment). Optimem (Invitrogen, California, USA) and FuGene-6 

(Roche, Indianapolis, USA) were used at room temperature. Optimem (97 µl) was 

mixed with 3 µl of FuGene-6 (per µg DNA) and incubated for 5 min at room 

temperature. The Optimem-FuGene-6 mix was added to DNA for 15 min then 

added dropwise to HEK 293T cells. 

 

2.9.2 DMRIE-C RNA transfection 

Huh-7.5 cells were seeded at 350 000 cells/well in 6 well plates (Nunc, 

Roskilde, Denmark) 18 h prior to transfection in antibiotic-free DMF10NEA. 

Transfection mix consisting of 1 ml Optimem, 8 µl of DMRIE-C reagent (Invitrogen, 

California, USA) and 6 µg of RNA were prepared in polystyrene tubes. Cells were 

washed once with Optimem followed by addition of the transfection mix. Four h 

post-transfection the medium was removed and replaced with DMF10NEA. 

Seventy two h later, virus in the tissue culture supernatant was filtered (0.45 µm) 

and stored at -80°C until further use.  

For HCVcc used in infectivity assays in the presence of 4-(N-

Maleimido)benzyl-α-trimethylammonium iodide (M135; Toronto Research 

Chemicals Inc., Ontario, Canada), fresh Optimem was added to cells 4 h post-

transfection. Seventy-two h later virus in the tissue culture supernatant was filtered 

(0.45 µm) and buffer exchanged via ultrafiltration (MWCO 100 kDa; Amicon,  

Massachusetts, USA) into TN-Ca2+ (14 mM Tris, 12 mM HEPES, 150 mM NaCl, 



84 
 

1.8 mM Ca2+, pH 6.8) in order to diminish sulfhydryl containing contaminants. Virus 

was stored at -80°C until further use. 

2.10 Protein Analysis 

2.10.1  Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

Proteins isolated from transformed bacteria, transiently expressed in HEK 

293T, CHO-K1 or Lec-8 cells. or isolated from HCVpp, were subjected to SDS-

PAGE for visualisation. Cell or viral lysates or purified protein were denatured at 

95°C for 5 min in 2.5X reducing or non-reducing sample buffer (sample buffer for 

tris-glycine gels: 30 mM tris, 5% glycerol, 2.5% SDS, 0.03% bromophenol blue; 

sample buffer for tricine gels: 150 mM tris pH 7, 3% SDS, 30% glycerol, 0.05% 

Coomassie G-250). For reducing gels, 3% or 6% β-mercaptoethanol was added to 

each sample (tris-glycine and tricine respectively). Boiled samples and a 

prestained broad range marker (Biorad; California, USA) were then loaded onto 

either a 10-15% gradient tris-glycine gel, a 10% tricine gel or a 10-16% gradient 

tricine gel and run in an Apollo vertical electrophoresis device (CLP, California, 

USA) at 120 V for 2 h.  

For radiolabelled samples, gels were dried on to filter paper using a heated 

vacuum drier for 1 h followed by phosphorimage analysis. 

For Coomassie stained gels, gels were immediately stained with 

Coomassie blue [0.1% (w/v) Coomassie brilliant blue R-250, 5% glacial acetic acid 

(v/v), 50% methanol (v/v)] for 18 h, followed by sequential washes with destain 

solution (10% methanol and 10% acetic acid) until the gel background was clear. 

Destained protein gels were scanned on an Odyssey Infrared Imaging System at 

700 nm (LI-COR). 

 For  Western blotting, proteins were transferred using an Apollo tank 

electroblotter (CLP, California, USA) onto nitrocellulose membrane (0.22 uM, 

Amersham Biosciences, Buckinghamshire, UK) in transfer buffer [20 mM tris-HCl, 
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200 mM glycine, 20% (v/v) methanol] at 100 V for 1 h at 4oC. The membrane was 

rinsed in phosphate buffered saline (PBS) and blocked in 1x PBS + 5% skim milk 

for 1 h to prevent non-specific binding. Primary antibody dilutions were prepared in 

1x PBS + 0.05% Tween-20 (PBST) + 2.5% skim milk and incubated with the 

membrane for 1 h with rocking. After four 5 min washes with PBST, membranes 

were incubated with  Alexa Fluor 680 goat anti-mouse (Invitrogen, California, USA) 

antibody diluted 1:2000 in PBST + 2.5% skim milk. Excess secondary antibody 

was removed by four 5 min washes with PBST and the blot imaged using an 

Odyssey Infrared Imaging System at 700 nm (LI-COR). 

 

2.10.2  Radio-immunoprecipitation (RIP) 

Radioimmunoprecipitations (RIP) were performed as previously described 

[3]. For analysis of intracellular E1E2 or E1-myc, HEK 293T cells were seeded at 

500 000 cells/well in 6 well plates 18 h prior to transfection with 2 ug DNA using 

FuGene-6 (see section 2.9.1). Cells were starved in methionine and cysteine-

deficient DMF10 (MP Biomedicals, California, USA) for 30 min followed by labeling 

with 150 µCi Trans-35S-label in methionine and cysteine-deficient DMF10 for 

15 mins, 30 mins or 4 h, as indicated. Cells were chased in DMF10 (times 

specified for each reaction).  

For analysis of HCVpp, HEK 293T cells were seeded at 350 000 cells/well 

in 6 well plates 18 h prior to co-transfection with wild type, mutant pE1E2H77c or 

cDNA4 empty vector and pNL4-3.LUC.R-E-, using FuGene-6 (see section 2.9.1). 

Thirty h post-transfection cells were labeled with 75 µCi Trans-35S-label in 

methionine and cysteine-deficient DMF10 for 16h. Tissue culture fluid was clarified 

by filtration (0.45 µm) then radiolabeled viruses were pelleted by centrifugation at 

14 000 xg for 2 h at 4°C.  

Radiolabled virions or cell lysates were lysed in RIP lysis buffer (0.6 M KCl, 

0.05 M tris pH 7.4, 1 mM EDTA, 0.02% sodium azide, 1% triton X-100) and 

cleared overnight at 4°C with BSA-sepharose in the presence of MAb H53, MAb 

H52, MAb 24, MAb A4, polyclonal GP1, MAb 183 or IgG14. Antibody-bound 
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proteins were precipitated by protein G-sepharose (Amersham Pharmacia Biotech, 

Buckinghamshire, UK) for 1 h at room temperature, prior to SDS-PAGE and 

phosphorimage analysis (see section 2.10.1). 

In assays where glycoproteins were treated with sulfhydryl alkylating agent 

N-Ethylmaleimide (NEM; Sigma, St Louis, USA) prior to lysis, HCVpp were 

produced and radiolabelled with Trans-35S-label as described above. HCVpp were 

pelleted by centrifugation at 14 000 xg for 2 h at 4°C then incubated in PBS 

containing 5 mM NEM for 10 min at room temperature. Particles were then lysed 

in NP-40 buffer (50 mM tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% NP-40) 

containing 5 mM NEM. Immunoprecipitations were performed as described above.  

 

2.10.3  Deglycosylation of mammalian expressed, secreted proteins 

CHO-K1 or Lec-8 cells were seeded at 500 000 cells/well in a 6 well plate. 

Five h later, cells were transfected with 2 µg pcE1myc constructs using FuGene-6 

(see section 2.9.1). Twenty-four h post transfection cells were radiolabelled with 

150 µCi Trans-35S-label/well as described in section 2.10.2. Cells were chased in 

DMF10 for 18 h. Cellular supernatants were filtered (0.45 µm) and added to 1x 

RIP lysis buffer. Samples were cleared for 1 h at room temperature with BSA-

sepharose in the presence of MAb A4. Antibody-bound proteins were precipitated 

by protein G-sepharose (Amersham Pharmacia Biotech, Buckinghamshire, UK) for 

1 h at room temperature. Deglycosylation assays using Endo H (New England 

Biolabs, North Dakota, USA) and PNGase F (New England Biolabs, North Dakota, 

USA) were performed under reducing conditions according to the manufacturer‟s 

instructions. Following deglycosylation, protein from each sample was precipitated 

by standard methanol/chloroform precipitation [367], prior to resuspension in 2.5 X 

tricine sample buffer. Proteins were run on 10-16% tricine SDS-PAGE and 

phosphorimaged (see section 2.10.1). 
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2.10.4  Biotinylation of E1E2 

HEK 293T cells were seeded at 500 000 cells/well in a 6 well plate. Five h 

later cells were co-transfected with 1 µg of wild type, mutant pE1E2H77c or 

cDNA4 empty vector along with 1 µg of pNL4-3.LUC.R-E- using FuGene-6 (see 

section 2.9.1). Seventy-two h post-transfection culture supernatants were filtered 

(0.45 µm). HCVpp were pelleted by ultracentrifugation (SW 41 rotor, 25 000 rpm, 

4°C, 2 h) over a 25% sucrose cushion. Pelleted particles were resuspended in 

1.25 mM EZ-Link Maleimide-PEG2-Biotin (Thermo Scientific, Massachusetts, 

USA) or Sulfo-NHS-LC-Biotin (Thermo Scientific, Massachusetts, USA) and 

incubated at room temperature for 30 min. Reactions were quenched with 100 mM 

cysteine or glycine, respectively, for 30 min at room temperature. Particles were 

pelleted by centrifugation (14 000 xg, 2 h, 4°C) then lysed in Western lysis buffer 

(1 % triton X-100, 1 mM EDTA, 0.02 % sodium azide, in PBS). For reduced 

samples, 100 mM DTT was added to particle lysates. A fraction of sample was 

then diluted in RIP lysis buffer and applied to High Capacity Streptavidin Agarose 

Resin (Thermo Scientific, Massachusetts, USA) to isolate biotinylated proteins. 

Samples were run on reducing or non-reducing SDS-PAGE and Western blotted 

with MAbs H52, A4 and 183 (see section 2.10.1). 

  The expression and purification of a chimera composed of maltose-binding 

protein linked to CD81 large extracellular loop residues 113-201 (MBP-LEL113-201) 

has been described previously [245]. In maleimide biotinylation assays where 

HCVpp were pre-bound to CD81, 500 μg wild type or F186S mutant MBP-LEL113-

201 [245] were added to particles and incubated at room temperature for 1 h prior 

to ultracentrifugation and labeling as described above. Alternatively, HCVpp were 

pre-bound to heparin sodium salt (from porcine intestinal mucosa, 1mg/ml; Sigma, 

St Louis, USA) for 1 h at room temperature prior to ultracentrifugation and labeling. 

 

2.10.5  Solid phase E1E2-CD81 binding assay  

Maxisorb enzyme linked immunosorbent assay plates (Nunc, Roskilde, 

Denmark) were coated with 5 µg/ml of dimeric MBP-LEL113-201 in PBS at 4°C 
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overnight, followed by blocking of unoccupied sites with bovine serum albumin (10 

mg/ml in PBS) for 1 h. The plates were washed four times with PBST. 

Radiolabelled HCVpp were produced as described in section 2.10.2 and pelleted 

from tissue culture medium by centrifugation at 14 000 xg for 2 h. The virions were 

lysed in RIP lysis buffer and a fraction of each lysate subjected to H53-

immunoprecipitation, non-reducing SDS-PAGE and phosphorimaging (see 

sections 2.10.1 and 2.10.2). The E2 content of each lysate was determined by 

densitometry. Viral lysates were normalized according to E2 content then applied 

to MBP-LEL113-201 coated plates, serially diluted and incubated at room 

temperature for 2 h. After washing, bound E2 was detected with MAb H53 and 

rabbit-anti-mouse immunoglobulin-horse radish peroxidase conjugate (Dako, 

California, USA). The plates were developed with tetramethylbenzidine substrate 

according to the manufacturer‟s recommendations (Sigma, St Louis, USA). Plates 

were read at 450 nm and the background absorbance at 620 nm subtracted. 

In assays where M135 treated HCVpp were used, HCVpp were produced 

and partially purified as described in section 2.10.4. HCVpp were incubated with 0-

5 mM M135 in TN-Ca2+ for 30 min at room temperature prior to quenching with 

100 mM cysteine for 30 min. Particles were pelleted by centrifugation (14 000 xg, 

2 h, 4°C) then lysed in Western lysis buffer for SDS-PAGE analysis. A fraction of 

each sample was further diluted in RIP lysis buffer and applied to MBP-LEL113-201 

coated plates as described above.   

2.11 E1E2-Pseudotyped HIV-1 Particle Entry Assay  

Pseudotyped particle (pp) entry assays were performed as described 

previously [3]. Briefly, HEK 293T cells were seeded at 350 000 cells/well in 6 well 

plates (Nunc, Roskilde, Denmark). Eighteen h later cells were co-transfected with 

1 µg of wild type pE1E2H77c, mutant pE1E2H77c, pHEF-VSVg, or cDNA4 empty 

vector along with 1 µg of pNL4-3.LUC.R-E- using FuGene-6 (see section 2.9.1). 

Seventy-two h post-transfection culture supernatants were filtered (0.45µm) and 

added to Huh-7 or Huh-7.5 cell monolayers for 4 h. Cells were then washed with 

PBS and fresh DMF10 (Huh-7) or DMF10NEA (Huh-7.5) added. Luciferase activity 



89 
 

in the cell lysates was measured 72 h later with a Fluostar (BMG Lab 

Technologies, Offenburg, Germany) fitted with luminescence optics, using the 

Firefly luciferase reagent system (Promega, Wisconsin, USA). 

For HCVpp infectivity assays performed in the presence of sulfhydryl 

alkylating agent M135 (Toronto Research Chemicals Inc., Ontario, Canada), 

HCVpp were produced as described above. Seventy-two h post-transfection 

culture supernatants were filtered (0.45 µm) then clarified by ultracentrifugation 

(SW 41 rotor, 10 000 rpm, 4°C, 10 min). To diminish sulfhydryl containing 

contaminants particles were pelleted (SW 41 rotor, 16 000 rpm, 4°C, 2 h) then 

resuspended in TN-Ca2+. Partially purified HCVpp were alkylated with 0 to 5 mM 

M135 for 50 min at 37°C. Reactions were quenched by addition of DMF20NEA. 

Alkylated virus was applied to cells at 37°C for 2 h. Cells were washed once with 

TN-Ca2+ and fresh DMF10NEA added. 

For assays where alkylation was performed after virus was bound to cells, 

HCVpp were produced and partially purified as above then bound to cells for 2 h at 

4°C. Unbound virus was removed and cells were washed once with TN-Ca2+ prior 

to addition of 0 to 5 mM M135 in TN-Ca2+. Alkylation was performed for 50 min at 

37°C. Cells were washed once with TN-Ca2+ then fresh DMF10NEA added. For 

both alkylation assays luciferase activity in the cell lysates was assayed 72 h later 

as described above. 

For assays where HCVpp were pre-incubated with heparin sodium salt, 

HCVpp were produced as above. Seventy-two h post-transfection culture 

supernatants were filtered (0.45 µm) then directly incubated with 1 mg/ml of 

heparin sodium salt (from porcine intestinal mucosa; Sigma, St Louis, USA) for 1 h 

at room temperature prior to incubation with Huh-7.5 cells for 4 h at 37°C. 

Luciferase activity in the cell lysates was assayed 72 h later as described above. 
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2.12 HCVcc Quantification 

2.12.1  HCVcc TCID50/ml 

The 50% Tissue Culture Infectious Dose (TCID50) is the dilution of virus that 

infects 50% of replicating cells. This was calculated for wild-type pJC1FLAG2(p7-

NS-GLUC2A) virus stocks. Huh-7.5 cells were seeded at 6 000 cells/well in a 96 

well format (Nunc, Roskilde, Denmark). Eighteen h later 10 fold serial dilutions of 

HCVcc were prepared from 101 to 1011 and added to 6 replicate wells. An 

uninfected control row was also included. Four h post infection the virus was 

removed and fresh DMF10NEA added. 

Seventy-two h later media was removed and cells washed twice with PBS. 

Cells were fixed with 100% methanol at -20°C overnight then washed once with 

PBS prior to permeabilisation with PBS containing 0.1% tween-20. To prevent 

non-specific antibody binding, cells were blocked with 2% horse serum in PBS for 

1 h at room temperature. To block endogenous peroxidase activity cells were 

treated with 3% H2O2 in PBS for 5 min. Cells were washed once with PBS and 

once with PBST. Cellular infection was detected by anti-Flag M2 MAb (Invitrogen, 

California, USA) diluted in PBST for 1 h at room temperature. Cells were washed 

once with PBS and once with PBST then primary antibody binding was detected 

using Impress peroxidase conjugated anti-mouse Ig (Vector Laboratories, 

California, USA) for 1 h at room temperature and developed using 3-3′-

diaminobenzidine tetrahydrochloride (DAB; Sigma, St Louis, USA) at the 

recommended concentration for 5 min at room temperature. Cells were washed 

once with PBS and once with PBST then stored in PBS for visualization. Wells 

were scored for positive staining and the TCID50/ml determined using the Reed 

and Muench Calculator [371]. 

 

2.12.2  Core ELISA assay 

Because many of the mutant HCVcc viruses produced were not entry 

competent it was not possible to normalise virus levels for infection assays using 

TCID50. Therefore the concentrations of virus produced from transfected Huh-7.5 
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cells were determined by quantifying core protein levels using the ORTHO® HCV 

Antigen ELISA Test Kit (In Vitro Diagnostics, Tokyo, Japan) according to the 

manufacturer‟s instructions. 

 

2.13 HCVcc Infection 

Huh-7.5 cells were seeded at 30 000 cells/well in a 48 well plate format 

(Nunc, Roskilde, Denmark). Twenty-four h later virus stocks of wild-type 

pJC1FLAG2(p7-NS-GLUC2A) and mutant pJC1FLAG2(p7-NS-GLUC2A) were 

adjusted to 218 fmol core/L (the lowest concentration of core detected) and 

incubated with Huh-7.5 cell monolayers for 4 h at 37°C. Cells were washed once 

with PBS then 300 µl of DMF10NEA per well was added. Luciferase activity in the 

tissue culture supernatant (associated with virus release) was assayed 72 h later 

using the Renilla luciferase kit (Promega, Wisconsin, USA) and quantified on a 

Fluostar Optima fitted with luminescence optics (BMG Lab Technologies, 

Offenburg, Germany). 

For HCVcc infectivity assays performed in the presence of sulfhydryl 

alkylating agent M135 (Toronto Research Chemicals Inc., Ontario, Canada), 

partially purified HCVcc was diluted to 1210 TCID50/ml in TN-Ca2+ then alkylated 

with 0 to 1 mM M135, quenched and applied to cells as described for HCVpp. 

Luciferase activity in the tissue culture supernatant was assayed 72 h later using 

the Renilla luciferase kit (Promega, WI, USA) and quantified on a Fluostar Optima 

fitted with luminescence optics (BMG LABTECH, Offenburg, Germany). For 

assays where alkylation was performed after virus was bound to cells, partially 

purified HCVcc (1210 TCID50/ml) was bound to Huh-7.5 cells at 4°C for 2 h. 

Unbound virus was washed off and 0 to 5 mM M135 in TN-Ca2+ was added to cell-

bound virus for 50 min at 37°C. Cells were washed and fresh DMF10NEA added. 

Luciferase activity in the tissue culture supernatant was assayed 72 h later as 

described above. 

For assays where DTT was added to alkylated HCVcc, cell free virus was 

alkylated as described above, prior to cellular binding. Virus was then applied 
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directly to Huh-7.5 cells for 2 h at 4°C. Unbound virus was washed off and DTT in 

TN-Ca2+ was added to cells for 1 h at 37°C. Luciferase activity in cell culture 

supernatants were measured 72 h later as described above. 

 

2.14 Huh-7.5 Viability Assays 

To determine toxicity effects of M135 and DTT reagents on Huh-7.5 cells, a 

trypan blue exclusion assay was employed. Cells were seeded at 30 000 cells/well 

in a 48 well plate format. Twenty-four h later cells were incubated with 0 to 5 mM 

M135 for 2 h at 37°C, washed once with TN-Ca2+ and fresh DMF10NEA added. 

Alternatively, cells were incubated with 0 to 10 mM DTT for 1 h at 37°C, followed 

by washing and addition of fresh DMF10NEA. Seventy-two h later cells were 

washed and removed from the plates by trypsin-versene, resuspended in 

DMF10NEA and stained with trypan blue. Cells were examined for trypan blue 

exclusion and the total number of viable cells/well was determined using a 

haemocytometer. 

 

2.15 Bacterial Protein Expression 

A single colony of E. coli strain BL21(DE3) transformed with pMBP-E1 was 

grown for 16 h in 15 ml of terrific broth (TB; 12 g tryptone, 24 g yeast extract, 4 ml 

glycerol, 17 mM KH2PO4, 72 mM K2HPO4 per litre) at 37°C with shaking, and used 

to  inoculate 1.5 L of TB the following day. This culture was grown to an OD600 of 

1.8, and protein expression induced by addition of 0.2 mM isopropyl-β- -

thiogalactopyranoside (IPTG) for 5 h.  

Bacterial cells were pelleted at 5 000 xg for 15 min then washed twice in 

ice-cold PBS. Bacterial pellets were snap frozen in liquid nitrogen and stored at     

-80°C overnight.  

To harvest proteins from the soluble fraction, bacterial pellets were 

resuspended in S-buffer (0.1 M Tris, 0.3 M NaCl, 1 mM EDTA, 0.02% sodium 
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azide, pH 8) for MBP-tagged proteins, or His protein binding buffer (20 mM 

Na3PO4, 500 mM NaCl, 5 mM imidazole, 0.02% sodium azide, pH 7.4) for His-

tagged proteins, containing protease inhibitors phenylmethanesulfonylfluoride 

(PMSF; 1 mM) and A-protenin (5 µg/ml). Bacterial pellets were sonicated five 

times for 1 min on ice using a Branson Sonifier 250 (output control: 6; Duty cycle: 

60%) then clarified for 1 h at 20 000 xg, 4°C. 

 

2.15.1  Small scale purification of MBP tagged proteins 

For small scale purifications of MBP tagged proteins, 1 ml of clarified 

supernatant from sonicated bacteria was added to 25 µl of amylose agarose slurry 

(New England Biolabs, Ipswich, USA) equilibrated in S-buffer. Samples were 

incubated with mixing for 1 h at room temperature. Beads were washed 3 times 

with S-buffer, then once with PBS to remove excess salt. Protein was eluted from 

beads by addition of sample buffer followed by boiling for 10 min then examined 

by Western blotting and/or Coomassie stained SDS-PAGE (see section 2.10.1). 

 

2.15.2  Large scale purification of MBP-tagged proteins 

MBP-fusion proteins were affinity purified over an amylose agarose column 

(New England Biolabs, Ipswich, USA) equilibrated in S-buffer as recommended by 

the manufacturer. Proteins were additionally purified by gel-filtration 

chromatography using a Superdex 75 (HiLoad 16/60) or Superdex 200 (HiLoad 

26/60) column equilibrated in S-buffer followed by visualisation by SDS-PAGE and 

Western blotting and/or Coomassie staining (see section 2.10.1). 

2.15.3  Large scale purification of His-tagged proteins 

His-tagged proteins were affinity purified over a Profinity IMAC nickel 

agarose column (Bio-Rad, California, USA) equilibrated in His protein binding 

Buffer, as recommended by the manufacturer. Five hundred mM imidazole in His 

protein binding buffer was used for elution of His-tagged proteins from the resin. 

Proteins were additionally purified by gel-filtration chromatography using a 



94 
 

Superdex 75 (HiLoad 16/60) equilibrated in His protein binding buffer followed by 

visualisation by SDS-PAGE and Western blotting and/or Coomassie staining (see 

section 2.10.1). 

 

2.16 Limited Proteolysis of MBP-E1259 

Resistance to cleavage by chymotrypsin provides an indication of 

secondary structure in a substrate protein. To determine the resistance of MBP-

E1259 to proteolysis, purified protein was incubated with increasing concentrations 

of chymotrypsin. Briefly, chymotrypsin was added to 7 µg of MBP-E1259 in a total 

of 14 µl 100 mM ammonium bicarbonate pH 8 and incubated at 37°C for 10 min. 

The digest was stopped by addition of 10 mM PMSF. Samples were run on 10-

16% tricine SDS-PAGE then stained with Coomassie as described in section 

2.10.1. For samples subjected to mass spectrometry analysis, reactions were 

quenched with 0.1% trifluoroacetic acid instead of protease inhibitor. 

 

2.17 Insulin Reduction Assay 

To test the redox activity of recombinantly expressed E1, an insulin 

reduction assay was employed [372]. Briefly, a 10 mg/ml stock of insulin (Sigma, 

St Louis, USA) was prepared by dissolving insulin in 50 mM tris-HCl pH 7.5. The 

pH was adjusted to 3 with 1 M HCl to dissolve the insulin completely then rapidly 

titrated back to pH 7.5 with 1 M NaOH. 

Protein samples were assayed at 4 µM and 8 µM concentrations. Protein 

was reduced by addition of 20 mM DTT to purified protein. The reaction was 

started by addition of 0.1 M sodium phosphate pH 7.4, 1 mM EDTA pH 8 and 

1 mg/ml insulin. Reduction of insulin was detected by formation of a precipitate 

measured spectrophotometrically at 650 nm for 30 min.  
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3. Chapter 3 – Oxidation State of HCV Envelope 

Glycoproteins E1 and E2  

3.1 Introduction 

The structure and stability of a protein can be strongly influenced by the 

presence of cysteine (Cys) residues. A pair of Cys residues with a distance of 

< 5 Å between the α-carbon atoms may be joined by a disulfide bond assuming 

angular limitations are met. Cys residues that do not meet the necessary 

constraints to disulfide bond with another Cys may be free in a reduced state. 

Disulfide bonds define conformational constraints of a protein while free Cys 

residues may provide a protein with redox activity directing disulfide reduction or 

isomerisation events in a target protein. The oxidation state of fusion proteins 

present on the surface of enveloped viruses can influence conformational changes 

associated with fusion activation [359,360,373,374,375,376]. For example, a free 

sulfhydryl group within the receptor binding envelope protein from retroviruses 

MLV and HTLV-1 has been shown to catalyse a disulfide reduction event within 

the glycoprotein complex that is essential for virus entry [359,360].    

In heterologous expression systems HCV envelope glycoproteins E1 and 

E2 exist as both non-covalent and disulfide linked heterodimers. Conformation 

dependent, but non-neutralising antibody directed towards E2 (MAb H53) 

immunoprecipitates predominantly non-covalent forms of E1E2 heterodimers from 

retroviral pseudotype particles (Supplementary Figure 3-1A). However, when the 

same precipitations are performed with a neutralising MAb directed towards a 

linear epitope in E2 (MAb 24), high molecular weight disulfide linked forms of the 

glycoproteins are predominantly detected with little non-covalently associated E1 

and E2 evident (Supplementary Figure 3-1B). From recombinant expression 

studies and studies performed using retroviral particles incorporating E1 and E2 

(HCVpp), the non-covalent heterodimeric form of E1E2 has long been assumed to 

represent the functional species incorporated into virus particles 

[3,131,138,197,232,243]. Recently the first analysis of E1 and E2 from infectious 
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cell culture derived HCV was reported [137]. The group observed that intracellular 

forms of the glycoproteins largely assembled as non-covalently associated 

heterodimers. However, once incorporated into infectious particles, although some 

non-covalently linked E1 and E2 was evident, the majority of E1 and E2 appeared 

to form high molecular weight disulfide linked complexes. E1 and E2 contain 8 and 

18 highly conserved Cys residues, respectively, therefore this would suggest that 

free sulfhydryl groups are likely to be maintained in the virion incorporated form of 

the glycoproteins.  

Several groups have examined the oxidation state of recombinantly 

expressed, soluble E2 [273,283,377]. In each instance it was reported that this 

form of E2 is likely to be completely oxidised. Krey et al. (2010) expressed the 

entire ectodomain of E2 (E2e) and using trypsin digestion and mass spectrometry, 

mapped the disulfide bonding arrangement within a monomeric form of E2e [273]. 

The study reported that E2e is completely oxidised. The location of cysteines 

involved in 7 of 8 possible disulfide bonds in E2e was determined and although the 

final disulfide bond (Cys597 and Cys620) was not conclusively identified, it was 

assumed to form. This would appear to contradict the observation that full length 

glycoproteins are disulfide linked in mature virus particles. However, it should be 

noted that Krey et al. (2010) excluded higher molecular weight forms of E2e from 

their studies. There are no reports on the oxidation state of E1 or full length virion 

incorporated E2, nor is it clear whether non-covalently associated E1E2 or 

disulfide linked E1E2 represents the functional form of the glycoprotein complex. 

The aim of this chapter was to determine the oxidation state of full length 

heterodimeric E1 and E2 on infectious virus particles and to determine the 

significance of the glycoprotein oxidation state in virus entry. 

 

3.2 Results  

3.2.1 E1E2 contain free sulfhydryl groups that are essential for HCV entry 

The significance of the redox state of E1 and E2 in virus entry was 

investigated in the context of full length, replication competent cell culture derived 
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virus which incorporates a luciferase reporter gene, JC1FLAG2(p7-NS-GLUC2) 

(HCVcc; genotype 2a) [362] as well as retroviral pseudotyped particles bearing 

E1E2 from the prototype strain H77c (HCVpp; genotype 1a) [3]. 

To examine whether the redox state of E1 and E2 is a determinant in virus 

entry, partially purified HCVcc and HCVpp were treated with increasing 

concentrations of the membrane impermeable sulfhydryl alkylating agent 4-(N-

Maleimido)benzyl-α-trimethylammonium iodide (M135). The reactions were 

quenched by addition of DMF20NEA and alkylated virus particles were then 

applied to Huh-7.5 cells for 2 h at 37°C. Seventy-two h post infection the level of 

virus entry was quantified by measuring luciferase activity in the tissue culture 

supernatant (HCVcc) or cell lysate (HCVpp). 

Reaction of HCVcc or HCVpp with M135 resulted in a dose dependent 

reduction in virus entry (Figure 3-1A and B, respectively). For HCVcc a significant 

decrease in entry was observed when treated with 0.2, 0.5 and 1 mM M135 

(p<0.05, Student‟s t-test) compared to untreated virus controls. Complete inhibition 

of HCVcc entry occurred at 0.5 and 1 mM M135. Similar results were obtained in 

the HCVpp system although virions appeared to be more resistant to M135 

alkylation. Entry of HCVpp was significantly reduced when treated with 0.5, 1, 2 

and 5 mM M135 (p<0.05, Student‟s t-test). Entry was reduced by approximately 

80% following treatment with 5 mM M135.  

Vesicular stomatitis virus (VSV) is a member of the enveloped 

Rhabdoviridae family.  VSV envelope protein G (VSVg) provides the fusion activity 

for the virus, undergoing extensive structural reorganisation to adopt a typical 

fusion-activated hairpin conformation upon exposure to low pH. VSVg contains 12 

Cys residues engaged in 6 disulfide bonds which are evident in both the pre and 

post fusion structures of VSVg [353,354]. Consistent with the absence of free thiol 

groups, pseudotype particles bearing VSVg (VSVg pp) remained unaffected 

following incubation with up to 5 mM M135 (Figure 3-1B) indicating that inhibition 

of HCVpp and HCVcc is specific. The embedded Western blot probed with MAb 
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183 for HIV-1 structural protein p24 confirms that similar amounts of pseudotype 

particles were introduced into the HCVpp and VSVg pp reactions.  

When HCVcc was titrated into the alkylation reaction (1 mM M135) it was 

found that high concentrations of virus overcame the inhibitory effect of M135 

indicating that when M135 is saturated with excess virus the unalkylated virus in 

the reaction remains entry competent (Figure 3-1C). In this assay the HCVcc-

M135 mix was added directly to Huh-7.5 cells without quenching.  Importantly, this 

shows that M135 is specifically reacting with viral proteins and the inhibition effect 

is not due to alkylation of a cellular factor.  

To confirm that the inhibitory effect of M135 on virus entry was not due to 

cellular toxicity, Huh-7.5 cells were incubated with increasing concentrations of 

M135 for 2 h at 37°C. Seventy-two h later cell viability was determined by trypan 

blue staining of the cells. It was found that incubation of Huh-7.5 cells with up to 

5 mM M135 had no affect on cell survival (Figure 3-1D). This indicates that entry 

inhibition of HCVcc after incubation with up to 1 mM M135, and HCVpp with up to 

5 mM M135 is due to specific modification of the virus rather than cellular toxicity. 

CD81 is an essential attachment factor required for HCV infection into liver 

cells [5]. Direct binding between E2 and CD81 has been demonstrated by many 

groups [95,247,254,255,256,273]. To determine whether M135 alkylation of HCV 

glycoproteins has affected the ability of virus to engage the CD81 receptor, a 

direct CD81 binding assay was used. This assay employs recombinant dimeric 

CD81 consisting of the large extracellular loop (LEL) of CD81 (residues 113-201) 

N-terminally fused to maltose binding protein (MBP-LEL113-201). This construct has 

been used extensively to characterise CD81-E2 interactions 

[95,245,246,247,259,378], demonstrates binding to virion incorporated E2 

[247,286], and is thought to mimic the native form of CD81 by interacting with 

claudin-1 [91].  

Due to the low titre of HCVcc produced, CD81 binding analyses were 

performed with HCVpp only. It was found that incubation of partially purified 
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HCVpp with up to 5 mM M135 had no affect on the ability of HCVpp-derived E2 to 

bind MBP-LEL113-201 (Figure 3-1E). Addition of an equivalent concentration of 

particles to the binding assay was confirmed by Western blot analysis using MAb 

directed towards E1, E2 and HIV-1 structural protein p24 (A4, H52 and 183 

respectively; Figure 3-1F).This indicates that abrogation of HCV entry following 

incubation with M135 is not likely to be due to an inability of alkylated virus to bind 

CD81. Furthermore, M135 alkylation of E2 does not appear to significantly alter 

the structure of E2 with respect to the formation of the CD81 binding region. 

Together, these results demonstrate that free sulfhydryl groups are present 

on the envelope glycoproteins of both HCVcc and HCVpp infectious virions, and 

these free sulfhydryl groups are essential for virus entry. 
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Figure 3-1. HCV entry is dependent on the presence of free sulfhydryl groups. A and B. 

Partially purified HCVcc (A) HCVpp and VSVg pp (B) were alkylated with M135. Reactions 

were quenched then virus was added to Huh-7.5 cells. Luciferase activity (RLU) was measured 

72 h later. Data are the mean and standard error of 4 (A) or 3 (B) independent experiments 

each consisting of six (A) or four (B) replicates. Asterisks indicate significantly different entry 

activity relative to untreated virus (p<0.05, Student‟s t-test). Similar levels of HCVpp (H) and 

VSVg pp (V) input virus was confirmed by Western blot analysis using MAb 183 directed 

towards HIV-1 capsid protein p24 (B, inset). C. Increasing concentrations of HCVcc were 

incubated with 0 (●) or 1 mM M135 (×) and directly added to cells. Luciferase activity (RLU) in 

the culture supernatant was measured 72 h later. Data shown are a representative assay with 

each point the average of quadruplet wells. D. Huh-7.5 cells were incubated with increasing 

concentrations of M135 for 2 h at 37°C. Cell viability was determined 72 h later by trypan blue 

staining. E. The ability of E1E2 incorporated into HCVpp (H77c) to bind CD81 following M135 

alkylation was determined by a direct binding immunoassay using recombinant CD81 MBP-

LEL
113-201 

(representative assay). F. Equivalent input of E1, E2 and HIV-1 structural protein 

pr55 Gag were determined by Western blot for each sample applied to the binding assay 

(probed with MAbs A4, H52 and 183 respectively). 
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3.2.2 Free sulfhydryl groups are present on HCVpp incorporated forms of 

E1 and E2 

The low virus titre produced by the HCVcc system prevents extensive 

biochemical analyses of glycoproteins derived from replication competent virus. 

Therefore, experiments to visualise free sulfhydryl groups on E1 and E2 were 

performed in the context HCVpp. The HCV glycoproteins present on retroviral 

particles have been extensively characterised, and both HCVpp and HCVcc are 

known to utilise the same cellular receptors in virus entry and mediate entry in a 

pH dependent manner [3,10,243,295,303]. Furthermore, free sulfhydryl groups 

were deemed to be essential for both HCVcc and HCVpp entry in the previous 

section.  

HCVpp were partially purified through a 25% sucrose cushion then labelled 

with membrane impermeable sulfhydryl biotinylating agent, EZ-Link Maleimide-

PEG2-Biotin (maleimide-biotin). As a control, HCVpp were also labelled with the 

amine biotinylating agent Sulfo-NHS-LC-Biotin (NHS-biotin). Partially purified 

HCVpp were lysed followed by reduction with 100 mM dithiothreitol (DTT) to 

separate heterodimeric forms of E1E2. Biotinylated proteins were isolated by high 

capacity streptavidin agarose resin and analysed under reducing conditions on 

SDS-PAGE.  

Streptavidin-precipitated biotinylated forms of both E1 and E2 were 

detected in separate Western blots using monoclonal antibodies directed towards 

E1 (MAb A4), and E2 (MAb H52) [131,197]  (Figure 3-2A). To confirm equal input 

of particles expressing equivalent amounts of E1 and E2 in each reaction, Western 

blot analysis of HCVpp lysate prior to streptavidin agarose precipitation was 

performed using monoclonal antibodies directed towards HIV-1 structural protein 

p24 (MAb 183), E1 (MAb A4) and E2 (MAb H52) (Figure 3-2A, lower panel).  

 The results demonstrate that free sulfhydryl groups can be detected in both 

E1 and E2 in mature HCVpp. To verify that maleimide-biotin was reacting 

specifically with sulfhydryl groups, HCVpp were pre-incubated with M135 prior to 
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biotinylation. It was found that incubation with M135 inhibited labelling of E1 and 

E2 with maleimide-biotin, while NHS-labelling of E1 and E2 remained unaffected 

(Figure 3-2A). Quantitation of biotinylated glycoproteins by densitometry showed 

that pre-incubation of particles with increasing concentrations of M135 reduced 

maleimide-biotin labelling of E2 (Figure 3-2B, crosses) and E1 (Figure 3-2C, 

crosses) by 86% and 83%, respectively, when compared to E2 and E1 labelled in 

the absence of M135. Pre-incubation of virions with M135 did not decrease the 

amount of glycoprotein E2 labelled with amine reactive NHS-biotin (Figure 3-2B, 

circles). For E1, a 19% decrease in the amount of E1 labelled with NHS-biotin was 

observed for HCVpp pre-incubated with 500 nM M135. However, this change is 

not likely to be significant as there was no dose dependent effect (Figure 3-2C, 

circles). These data indicate that biotinylation events occur specifically at the 

respective reactive groups in substrate proteins and demonstrate that both E1 and 

E2 contain free sulfhydryl groups when incorporated into mature HCVpp. 
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Figure 3-2. Free sulfhydryl groups are present on both E1 and E2 in mature virus 

particles. A. Partially purified HCVpp or no envelope control particles (empty) were labelled 

with maleimide-biotin or NHS-biotin. Particles were lysed and reduced by addition of DTT prior 

to capture of biotinylated proteins by streptavadin agarose. For M135 treated samples, partially 

purified HCVpp were incubated with 1 mM M135 followed by labelling with maleimide-biotin or 

NHS-biotin. Samples were run on reducing SDS-PAGE and examined in Western blotting with 

anti-E2 and anti-E1 MAbs H52 and A4, respectively. Blots were imaged using an Odyssey 

Infrared Imaging System at 680 nm (LI-COR). Molecular weight markers are shown to the left. 

Equivalent input of E1, E2 and HIV-1 capsid protein p24 were determined by Western blot 

(probed with MAbs A4, H52 and 183, respectively) for each sample prior to streptavadin 

agarose pull-down. B and C. Quantification of Western blot analyses of E2 (B) and E1 (C) 

labelled by maleimide-biotin (×) or NHS-biotin (●) following incubation with 5-500 nM M135 

(representative assay).  
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3.2.3 E1 and E2 are not linked via a labile disulfide bond 

Both HCVpp and HCVcc comprise high molecular weight disulfide linked 

forms of E1E2 (represented by E1/E2) in addition to non-covalently associated 

forms of E1E2 (see Supplementary Figure 3-1A and B) [3,131,137,243]. It is not 

clear which oligomer represents the functional form. In addition, it has been 

reported that extraction of viral proteins by detergent lysis can disrupt labile 

disulfide bonds if free thiol groups are not first stabilised by alkylation [360]. 

To examine whether E1 and E2 are linked via a labile disulfide bond, 

HCVpp were produced in HEK 293T cells. Thirty h post-transfection cells were 

labeled with 35S-Met/Cys in methionine and cysteine-deficient DMF10 for 16 h. 

Radiolabelled HCVpp were pelleted by centrifugation then incubated in PBS 

containing sulfhydryl alkylating agent N-Ethylmaleimide (NEM; 5 mM) prior to lysis 

(also in the presence of 5 mM NEM). Particle lysates were immunoprecipitated 

with a neutralising MAb directed towards a linear epitope in E2 (MAb 24) then run 

on reducing or non-reducing SDS-PAGE and phosphorimaged.  

Extraction of glycoproteins from HCVpp in the presence or absence of NEM 

did not appear to alter the amount of monomeric or high molecular weight forms of 

E1 and E2 precipitated by MAb 24 as would be expected if they were linked 

through a labile disulfide bond (Figure 3-3). This suggests that the mixture of 

covalent and non-covalent forms of E1 and E2 detected in HCVpp is real and not 

an artefact arising from disulfide reduction during lysis. Therefore, it is not likely 

that mature, virion incorporated forms of E1 and E2 are linked via a labile disulfide 

bond. 
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Figure 3-3. E1 and E2 are not linked via a labile disulfide bond. HCVpp produced in HEK 

293T cells were metabolically labelled with 
35

S-Met/Cys. HCVpp were pelleted by centrifugation 

then lysed in the presence or absence of NEM. Immunoprecipitations were performed using a 

neutralising MAb directed towards a linear epitope in E2 (MAb 24). Samples were run on non-

reducing SDS-PAGE and phosphorimaged. Molecular markers are shown to the left of the 

gels.  

 

3.2.4 Non-covalent E1 and E2 contain free sulfhydryl groups in mature 

HCVpp 

The study of Krey et al. (2010) reported that monomeric soluble E2 lacking 

its transmembrane domain, and not associated with E1, has nine disulfide bonds 

and suggests that no free sulfhydryl groups are available. We therefore 

investigated which heterodimeric form of E1E2 contains free sulfhydryl groups. 

HCVpp were labelled with NHS-biotin or maleimide-biotin then subjected to 

streptavidin agarose pull down in the presence (reduced) or absence (non-

reduced) of DTT. Reduced samples were run on SDS-PAGE under reducing 

conditions while non-reduced samples were run under non-reducing conditions, 

followed by Western blot analysis with H52 and A4. Equivalent input of E1, E2 and 

p24 was determined as described in section 3.2.2 (run under reducing conditions).  
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When run under non-reducing conditions, non-biotinylated E1 and E2 from 

HCVpp appear mostly in a non-covalent form. However, a smear of high molecular 

weight forms of the glycoproteins is evident (Figure 3-4A). This laddering is lost 

when the samples are run under reducing conditions. 

Maleimide-biotin reacted with free sulfhydryl groups present in both virion 

incorporated disulfide-linked forms (reduced) and non disulfide linked forms (non-

reduced) of E2 and E1 (Figure 3-4B and C, respectively). It is important to note 

that since heterodimerisation is maintained between E1 and E2 when subjected to 

streptavidin agarose pull down in the absence of DTT, it is not possible to 

determine which glycoprotein (E1 or E2, or both E1 and E2) has reacted with 

biotin as one will coprecipitate the other. Although it remains unclear which 

heterodimeric form is the functional form, these results indicate that there is at 

least one free sulfhydryl group maintained on non-covalent E1E2 heterodimers 

and at least one free sulfhydryl group on both E1 and E2 in high molecular weight 

forms of the glycoproteins.    
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Figure 3-4. Non-covalent and multimeric oligomers of HCVpp incorporated E1 and E2 

contain free sulfhydryl groups. A. Lysed HCVpp or no envelope control particles (empty) 

were run under reducing or non-reducing conditions and Western blotted with monoclonal 

antibodies towards E1 and E2 (A4 and H52, respectively). B and C. Partially purified HCVpp 

were labelled with maleimide-biotin or NHS-biotin and subjected to streptavidin precipitation in 

the presence (reduced) or absence (non-reduced) of DTT. Biotinylated proteins were run under 

reducing or non-reducing conditions and probed for E2 using MAb H52 (B) or E1 with MAb A4 

(C). Equivalent input of E1, E2 and HIV-1 capsid protein p24 were determined by Western blot 

(probed with MAbs A4, H52 and 183 respectively) for each sample prior to streptavadin 

agarose pull-down. Blots were imaged by LI-COR. Molecular weight markers are shown to the 

left. 
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3.2.5 HCVpp but not HCVcc remains sensitive to M135 labelling following 

attachment to cells 

To examine whether a change in oxidation state occurs in the HCV 

envelope glycoproteins after cellular attachment, partially purified HCVcc or 

HCVpp were bound to Huh-7.5 cells at 4°C for 2 h to allow virus binding to cells 

but not internalisation. M135 was then added and the temperature raised to 37°C 

to allow entry events to proceed.  

Addition of M135 to cell bound HCVcc had no effect on virus entry 

indicating an absence of free cysteine residues available for alkylation (Figure 

3-5A). In contrast, entry of cell-bound HCVpp was significantly reduced when 

treated with 2 or 5 mM M135, with a 61% reduction in entry observed for virus 

treated with 5 mM M135 compared to untreated virus (p<0.05, Student‟s t-test) 

(Figure 3-5B). Entry of cell-bound VSVg pp remained unaffected by treatment with 

M135 indicating that inhibition of HCVpp entry is specific. The embedded Western 

blot probed with MAb 183 directed towards HIV-1 structural protein p24 

demonstrates that similar amount of particles were introduced into the HCVpp and 

VSVg pp reactions. 

HCVcc sulfhydryl alkylation experiments indicate that prior to cellular 

attachment surface glycoproteins on mature virus particles contain at least one 

free cysteine residue essential for entry. However, after receptor attachment 

reduced cysteine residues are no longer available for alkylation. Such a result is 

consistent with a change in oxidation state of the glycoproteins from a reduced 

state to an oxidised state. Given that HCVpp entry is reduced by 61% when M135 

is added following cellular attachment, this would suggest that the envelope 

glycoproteins still contain available free sulfhydryl groups that are required for 

entry. Furthermore, this finding indicates that 5 mM M135 is sufficient to induce a 

specific effect on virus bound to cells. It is possible that HCVpp surface 

glycoproteins may undergo a change in oxidation state following events that occur 

at 37°C, compared to glycoproteins expressed on HCVcc that appear to become 

oxidised at 4°C. 
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Figure 3-5. HCVpp but not HCVcc remains sensitive to M135 labelling following 

attachment to cells. HCVcc (A), HCVpp or VSVg pp (B) were bound to Huh-7.5 cells for 2 h at 

4°C prior to addition of M135 for 50 min at 37°C. Luciferase activity (RLU) was determined 72 h 

later. Data are the mean and standard error of 4 (A) or 3 (B) independent experiments each 

consisting of six (A) or four (B) replicates. (B) Asterisks indicate significantly different entry 

activity relative to untreated virus (p<0.05, Student‟s t-test). Equivalent input of HCVpp and 

VSVg pp was confirmed by Western blot using MAb 183 directed towards HIV-1 capsid protein 

p24. 

 

3.2.6 DTT does not rescue entry of alkylated virus 

The finding that free thiol groups are available for alkylation on HCVcc prior 

to, but not following cellular attachment, indicates the glycoproteins may undergo a 

change in redox state following receptor engagement. If free thiol groups in E1 

and/or E2 are acting as redox regulators catalysing isomerisation of disulfide 

bonds within the glycoproteins during HCV entry it is likely that alkylation of these 

residues by M135 induces an entry incompetent, isomerisation arrested state. It 

was therefore tested whether the infectivity of M135-treated virus could be 

restored after attachment to cells by replacing the reducing activity of the alkylated 

thiols with exogenous reducing agent. Alkylated HCVcc was added to Huh-7.5 

cells at 4°C for 2 h. Excess virus was washed off and DTT was added to the cells 

at increasing concentrations for 1 h at 37°C. Luciferase activity in the cell culture 

supernatant was determined 72 h post infection. It was found that addition of DTT 

did not significantly restore entry of alkylated HCVcc (Figure 3-6A).  
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To ensure that DTT did not have a toxic effect on Huh-7.5 cells, cells were 

incubated with increasing concentrations of DTT for 1 h at 37°C. Seventy-two 

hours later cell viability was determined by trypan blue staining. It was found that 

there was no significant difference in cell viability following incubation with 2 mM 

DTT compared to the untreated control (Figure 3-6B, p=0.10, Student‟s t-test). 

However, cell viability following incubation with 10 mM DTT was calculated to be 

43% compared to untreated cells indicating that this concentration of DTT is toxic. 

This finding suggests that exogenous reducing agents cannot rescue the 

isomerisation-arrested state of E1 and/or E2 induced by M135 alkylation of 

HCVcc. Such a result is consistent with an isomerisation event occurring within the 

glycoproteins whereby M135-alkylated sulfhydryl groups are required to participate 

in new disulfide bonds at fusion activation. 
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Figure 3-6. DTT treatment of alkylated HCVcc does not rescue HCVcc entry. A. M135 

alkylated HCVcc were bound to cells for 2 h at 4°C, followed by incubation with DTT at 37°C. 

Luciferase activity (RLU) in the tissue culture supernatant was assayed 72 h later. Data shown 

are the mean and standard error of 4 independent experiments each performed with 6 

replicates. Asterisks indicate significantly different entry activity to untreated HCVcc (p<0.05, 

Student‟s t-test). B. Huh-7.5 cells were incubated with increasing concentrations of DTT for 1 h 

at 37°C. Cell viability was determined 72 h later by trypan blue staining. Data are the mean and 

standard error of 3 independent experiments each performed with 4 replicates. 
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3.2.7 Characterisation of free sulfhydryls in E1 and E2 post CD81 binding 

HCVcc glycoproteins appear to transition from a reduced to oxidised state 

immediately following cellular binding, therefore receptor engagement is likely to 

trigger these events. CD81 represents a possible candidate as it is known to be 

involved in an early stage of entry and has been shown by several groups to 

directly interact with E2 [5,247,254,255,256]. Recombinantly expressed dimeric 

CD81 (MBP-LEL113-201) was shown to specifically bind HCVpp-derived E2 in a 

direct binding assay in Figure 3-1E. 

To investigate the effect of receptor binding on the oxidation state of E1 and 

E2, HCVpp were incubated with MBP-LEL113-201 or the mutant MBP-LEL113-

201F186S that shows reduced binding to E2 [245], prior to labelling with maleimide- 

or NHS-biotin.   

It was found that pre-incubation of HCVpp with MBP-LEL113-201 did not 

significantly alter the amount of E1 or E2 labelled with either maleimide- or NHS-

biotin (Figure 3-7 and Table 3-1). To confirm equal input of particles expressing 

equivalent amounts of E1 and E2 in each reaction, Western blot analysis of 

HCVpp lysate prior to streptavidin agarose precipitation was performed using 

monoclonal antibodies directed towards HIV-1 pr55 Gag (MAb 183), E1 (MAb A4) 

and E2 (MAb H52) (Figure 3-7, lower panel).  

This result suggests that either there is no net change in the number of free 

sulfhydryl groups in E1 or E2 after CD81 binding, or that CD81 binding is not 

sufficient to induce a change in the oxidation state of the HCV glycoproteins and 

that other HCV entry receptors are required to trigger this event. 
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Figure 3-7. E1 and E2 contain free sulfhydryl groups post CD81 binding. HCVpp were 

incubated with dimeric MBP-LEL
113-201

 or mutant MBP-LEL
113-201

F186S prior to purification and 

labelling with maleimide- or NHS-biotin. Particles were lysed and reduced by addition of DTT 

prior to streptavidin capture of biotinylated proteins. Samples were run on reducing SDS-PAGE 

and Western blotted with anti-E2 and anti-E1 MAbs (H52 and A4, respectively). Blots were 

imaged by LI-COR. Molecular weight markers are shown to the left. Equivalent input of E1, E2 

and HIV-1 Gag was determined by Western blot (probed with MAbs A4, H52 and 183 

respectively) for each sample prior to streptavadin agarose pull-down.  

 

Table 3-1. Quantification of free sulfhydryl groups in E1 and E2 post CD81 binding. 

Ratio of Maleimide-biotin and NHS-biotin labelling was calculated for E1 and E2 ± CD81 MBP-

LEL
113-201

 or CD81 MBP-LEL
113-201

F186S by densitometry from 3 independent experiments (mean 

± standard error). 

 E2 biotinylation 

(– CD81:+ CD81) 

E1 biotinylation 

(– CD81:+ CD81) 

NHS-biotin 1 1 

NHS-biotin + MBP-LEL
113-201

 0.69 ± 0.05 0.91 ± 0.11 

NHS-biotin + MBP-LEL
113-201

F186S 1.22 ± 0.40 1.21 ± 0.15 

Maleimide-biotin 1 1 

Maleimide-biotin + MBP-LEL
113-201

 0.96 ± 0.04 1.08 ± 0.32 

Maleimide-biotin + MBP-LEL
113-201

F186S 1.37 ± 0.36 1.39 ± 0.37 
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3.2.8 Characterisation of free sulfhydryls in E1 and E2 post heparin binding 

It has been proposed that CD81 is involved in an early, but post-attachment 

stage of HCV entry as antibody directed towards CD81 can block infection when 

added 18 to 50 mins following cellular binding of the virus at 4°C [7,8,300]. It is 

possible that an earlier attachment factor triggers the apparent oxidation changes 

in E1 and/or E2.    

 Several factors have been described that promote HCV-cellular 

attachment. Here, the effect of heparan sulfate on HCV glycoprotein oxidation was 

examined. Addition of soluble heparin (a homolog of highly sulfated heparan 

sulfate) or highly sulfated herparan sulphate itself to virus at the time of infection 

has been shown by multiple groups to inhibit HCVcc and HCVpp entry 

[7,84,299,300]. 

To determine whether heparin binding induces a change in HCV 

glycoprotein oxidation, HCVpp were incubated with heparin sodium salt prior to 

purification and labelling with maleimide- or NHS-biotin.  

It was found that there was no clear difference in the amount of E1 and E2 

detected by maleimide- and NHS-biotin following pre-incubation of HCVpp with 

heparin (Figure 3-8A). Equal input of particles into each reaction was confirmed by 

Western blot analysis of a fraction of each HCVpp lysate prior to streptavidin 

precipitation as described above (Figure 3-8A, lower panel).  

To confirm that this form of heparin is capable of binding HCVpp, an 

infection assay was performed with HCVpp pre-incubated with heparin. HCVpp 

produced in HEK 293T cells were incubated with heparin sodium salt for 1 h at 

room temperature. The HCVpp-heparin mix was then added directly to Huh-7.5 

cells for 4 h at 37°C. Luciferase activity in the cell lysate was determined 72 h post 

infection.  
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It was found that incubation of HCVpp with heparin sodium salt reduced 

HCVpp entry in a dose dependent manner. When HCVpp were incubated with 

1 mg/ml of heparin, entry was reduced by 88% compared to untreated control 

particles (Figure 3-8B). This finding demonstrates that this form of heparin is able 

to bind HCVpp and prevent virus entry into Huh-7.5 cells. 

Together, these results suggest that heparin binding to HCVpp, in this 

context, is not sufficient to induce a change in the oxidation state of the HCV 

glycoproteins. 
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Figure 3-8. E1 and E2 contain free sulfhydryl groups post heparin binding. A. HCVpp 

were incubated with heparin then partially purified and labelled with maleimide- or NHS-biotin. 

Particles were lysed and reduced by addition of DTT prior to streptavidin capture of biotinylated 

proteins. Samples were run on reducing SDS-PAGE and Western blotted with anti-E2 and anti-

E1 MAbs (H52 and A4, respectively). Molecular weight markers are shown to the left. 

Equivalent input of E1, E2 and HIV-1 capsid p24 was determined by Western blot (probed with 

MAbs A4, H52 and 183 respectively) for each sample prior to streptavadin agarose pull-down. 

Blots were imaged by LI-COR B. HCVpp were incubated with heparin sodium salt then directly 

applied to Huh-7.5 cells. Infection was determined by luciferase activity (RLU) in the cell lysate 

72 h later. Data are the mean and standard deviation of 4 replicate wells (representative 

assay).  
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3.3 Discussion and Conclusions 

This project examined for the first time, the oxidation state of full length 

heterodimeric, virion incorporated E1 and E2. The results demonstrate that virion 

incorporated forms of both E1 and E2 maintain at least one free sulfhydryl group 

each. In addition, chemical blockade of these free sulfhydryl groups abrogates 

virus entry in a dose dependent manner indicating that these free sulfhydryls play 

an essential role in virus entry.  

Previous investigations into the redox state of the HCV glycoproteins have 

been carried out using recombinantly expressed, soluble forms of E2 (E2e) lacking 

the E2 TMD and E1 [273,377]. Krey et al. (2010) reported that monomeric E2e is 

completely oxidised [273]. There have been reports that E1 and E2 may influence 

the folding of each other [231,232,234], therefore the group expressed E2e as a 

polyprotein in fusion with full length E1 in an attempt to ensure the correct folding 

of E2e. However, in the absence of the E2 TMD (membrane anchor, ER retention 

signal and major E1E2 heterodimerisation determinant) it is likely that E2e would 

be rapidly trafficked from the ER and targeted for secretion. In this case native 

E1E2 associations are unlikely to be retained thereby preventing any influence of 

E1 on the folding of E2 outside the ER. 

In another study, Fenouillet et al. (2008) also expressed a recombinant form 

of E2e then used a sulfhydryl biotinylating agent, 3-(N-maleimidylpropionyl) 

biocytin to quantitate the number of free sulfhydryl groups. The group concluded 

that E2e contained <0.5 free sulfhydryl groups per E2e molecule and that all 18 

Cys residues were engaged in 9 disulfide bonds. Alternatively, this finding may 

suggest a mixture of reduced and oxidised forms of E2e were present and the 

results reflect an average oxidation state.  

Here, full length E1 and E2 were coexpressed and native forms of the intact 

heterodimeric glycoproteins as found in infectious viral particles were examined. 

Free sulfhydryls were identified in E1 and E2 and were found to play an essential 

role in virus entry, indicating that free sulfhydryl groups are maintained on a 
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functionally relevant form of the glycoproteins. This appears to be a conserved 

feature of HCV as entry of both genotype 2a (HCVcc) and genotype 1a (HCVpp) 

viruses were inhibited when free sulfhydryl groups were blocked. It is possible that 

non-covalent E2e represents an alternative conformational state of E2 such as a 

fusion intermediate or an endpoint of the fusion reaction. 

The investigation by Fenouillet et al. (2008) reported that HCVpp and 

HCVcc infectivity is not affected by sulfhydryl alkylating agents [377]. However, the 

group did not describe depletion of sulfhydryl containing contaminants prior to 

labelling, which was found to be essential in this study in order to achieve specific 

labelling of E1E2 thiol groups. In addition, it was shown here that increasing the 

ratio of HCVcc:M135 above 1210 TCID50/ml reduced the effectiveness of M135, 

presumably by saturating the sulfhydryl reactive agent. M135 at 1 mM was 

sufficient to inhibit HCVcc entry only when virus titres below 1210 TCID50/ml were 

used. It is possible that the amount of virus used in the study by Fenouillet et al. 

(2008) was saturating and did not allow the effect of alkylating agents to be 

detected. As the virus concentration was not stated it is not possible to determine 

if this was the case.   

Understanding the higher order arrangements of E1 and E2 on the surface 

of HCV particles is essential for determining how the glycoproteins function during 

virus entry. A cell culture system for growing replication competent HCV has been 

made available only recently, therefore many studies on full length E1 and E2 

have been carried out in the context of HCVpp. In HCVpp, the majority of 

glycoprotein incorporated into HCVpp is non-covalent E1E2 heterodimer with high 

molecular weight forms also evident. However, the apparent predominant 

oligomeric form of E1E2 detected in a protein preparation derived from HCVpp is 

highly dependent on the MAb used in detection (Supplementary Figure 3-1A and 

B). A recent publication demonstrated Western blot analysis of E1E2 from cell 

culture derived virus for the first time and reported that cell free HCVcc contains 

only a small amount of non-covalent heterodimer with the majority forming a 

smear of high molecular weight disulfide linked oligomers [137]. These high 

molecular weight forms could be immunoprecipitated by conformation sensitive 
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monoclonal antibodies and were shown to selectively bind human CD81, 

indicating that they represent functional forms of the glycoproteins. However, it is 

important to note that these studies were performed under standard SDS-PAGE 

conditions. Although the group stated that the same oligomeric forms were 

observed even when samples were heated to just 37°C prior to SDS-PAGE, 

further studies are required to confirm these results by native PAGE. This would 

allow analyses of protein oligomerisation without boiling and in the absence of 

denaturing agents within the gel such as sodium dodecyl sulfate (SDS) which may 

influence disulfide bonding arrangements. Labelling of free sulfhydryl groups prior 

to glycoprotein extraction is also essential to ensure disulfide bond isomerisation 

events do not occur during sample preparation. Furthermore, to ensure antibody 

bias is not occurring in Western blot and/or immunoprecipitation reactions 

characterisation of the oligomeric state of E1E2 in HCVcc should be performed 

using other neutralising monoclonal and polyclonal antibodies. In this study 

attempts to visualise biotinylated forms of HCVcc-derived E1 and E2 by Western 

blot failed as it was not possible to isolate HCVcc at a sufficient concentration.  

 While it remains unclear which oligomer represents the functional form in 

infectious virus, it was found here that free sulfhydryl groups are functionally 

relevant and can be detected on E1E2 in both non-covalent and high molecular 

weight forms of the glycoproteins in HCVpp. Given that both glycoproteins contain 

an even number of conserved cysteine residues there are several scenarios that 

could result in reduced cysteines being maintained. Firstly, E1 and E2 could be 

disulfide linked to each other, leaving one free sulfhydryl group present on each 

glycoprotein. Secondly, E1 and E2 may form disulfide linked homodimers, again 

resulting in one free sulfhydryl group being maintained. This would further require 

associations between E1 and E2 homodimers given that E1 and E2 can be co-

precipitated. A third possibility is that non-covalent E1E2 heterodimers comprise 

the functional form with each glycoprotein containing 2 free cysteine residues. 

Identification of the functional oligomer is required in order to determine which of 

these situations occurs on the surface of the virus. The possibility that a 

combination of covalent and non-covalently linked forms of E1 and E2 are required 

to comprise a functional virus should not be excluded. 
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Free sulfhydryl groups are significant not only because they influence the 

structure of a protein, but also because in redox active proteins such as 

thioredoxin, reduced cysteines demonstrate catalytic activity capable of reducing 

existing disulfide bonds [379]. As discussed in Chapter 1, receptor binding 

envelope protein SU from retroviruses MLV and HTLV-1 contains a free, redox 

active thiol that reduces a constraining disulfide bond linking SU and fusion protein 

TM. Receptor binding by SU activates the catalytic thiol which reduces the linking 

disulfide, triggering fusion activation of TM [359,360]. The redox activity of the free 

thiol in SU is essential for virus infectivity.  

Investigations into the mechanism controlling thiol isomerisation in the MLV 

and HTLV-1 glycoproteins have shown that the catalytic thiol is contained within a 

highly conserved CXXC thiol isomerisation motif in SU. The C-terminal cysteine 

residue in the motif is disulfide linked to a CX6CC motif within TM. Alkylation of the 

active thiol in SU inhibits entry. However, entry can be restored by chemical 

reducing agents that can replace the activity of the blocked catalytic thiol. This 

would suggest that fusion activation requires disulfide reduction only, with no new 

structurally significant disulfides forming during fusion activation.  

Disulfide reduction has also been described as an essential component of 

HIV glycoprotein fusion activation [374,375,376]. Azimi et al. (2010) demonstrated 

that reduction of a disulfide bond formed between Cys296 and Cys331 in variable 

loop 3 of receptor binding protein gp120 is catalysed by cell surface thioredoxin. 

The group found that binding of gp120 to chemokine receptor CD4 enhanced 

reduction and proposed that this activity may promote subsequent co-receptor 

selection [373]. 

For HCV, although free thiol group(s) are essential for mediating virus entry, 

these are unlikely to be located on a protein other than the viral glycoproteins as 

incubation reactions containing M135 and HCVcc/pp were quenched with Cys 

containing DMF20NEA prior to addition of the virus to cells. This would prevent 

any active M135 from reacting with cellular components. Furthermore, when an 

excess of HCVcc was added to the alkylation reaction then applied directly to Huh-
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7.5 cells without quenching, it was found that the virus remained largely entry 

competent. This finding demonstrates that the Huh-7.5 cells were still able to 

support infection events for the unalkylated virus in the reaction.  

For HCVcc, alkylation of free thiol groups within E1E2 resulted in 

abrogation of entry only when alkylation was performed prior to virus attachment to 

cells. The inability to block entry after cell-binding indicates a loss of availability of 

free sulfhydryl groups. Such a finding is consistent with a transition from a reduced 

to oxidised state occurring in the glycoproteins upon attachment to cells. The 

finding that entry of M135-alkylated HCVcc could not be rescued by addition of 

exogenous DTT is further consistent with a disulfide isomerisation reaction, 

whereby the alkylated sulfhydryl groups are required to participate in new disulfide 

bonds during the entry process. Together, these results suggest that free thiol 

groups in HCV operate in a manner distinct to that previously identified for the 

retroviruses. 

Interestingly it was found that HCVpp remained somewhat sensitive to 

sulfhydryl alkylation immediately following cellular attachment. In contrast to 

HCVcc which are thought to occur by budding events from the ER [129,130], 

HCVpp are produced by budding of retroviral particles from the cell surface 

membrane which incorporates a portion of cell surface localised E1 and E2 [3]. It 

is therefore likely that the arrangement of E1 and E2 on the surface of HCVpp will 

be similar to HIV-1 where 8-10 glycoprotein trimers are evident per virus particle 

[380]. This is in contrast to the native HCVcc glycoprotein arrangement which is 

predicted to be similar to flaviviruses [60,61] where a lattice of highly ordered 

glycoproteins is evident [62,63]. These organisational differences in E1 and E2 

may cause conformational changes that occur during entry to take place more 

rapidly in HCVcc than HCVpp. Alternatively, it is possible that glycoprotein 

recruitment to the site of receptor attachment is required for HCVpp during virus 

entry as has been described for HIV-1 [381]. Given that relocalisation of 

glycoproteins through the viral membrane will not occur at 4°C, the finding that 

HCVpp remain sensitive to M135 immediately following cellular attachment while 

HCVcc do not, may be due to a delay in recruitment and subsequent 
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conformational changes in HCVpp glycoproteins. As such, resistance to M135 

may occur later for HCVpp than HCVcc. Future experiments may include time 

course analyses of HCVpp-M135 sensitivity. Performing these experiments side 

by side with MAbs directed towards the HCV receptors may provide an insight in 

to the sequence of events required to mediate conformational changes in the viral 

glycoproteins during virus entry.  

Differences in the glycoprotein arrangement on HCVcc and HCVpp may 

explain the finding that HCVcc appeared to be more sensitive to M135 alkylation 

than HCVpp prior to cellular attachment. The finding that HCVcc entry was 

abrogated by treatment with just 1 mM M135 compared to 5 mM M135 for HCVpp 

may additionally be due to differing concentrations of virus-associated protein in 

the two systems. It is not impossible to normalise virus concentrations between 

HCVpp and HCVcc systems as HCVpp consist of retroviral particles displaying 

HCV envelope proteins and do not contain HCV RNA. Furthermore, the envelope 

proteins from HCVcc and HCVpp used in these assays are different genotypes 

preventing normalisation of virus concentrations by Western blotting. In this case, 

HCVpp assays may have been performed using a higher concentration of virus 

than HCVcc. This would potentially mean that there are more titratable groups 

present to consume excess M135 on HCVpp. Alternatively, the decreased 

sensitivity of HCVpp to M135 prior to cellular binding may be attributed to 

conformational differences between genotype 2a (HCVcc) and genotype 1a 

(HCVpp) viruses. Both genotypes appear to require free sulfhydryl groups to 

mediate entry. However, it is possible that in HCVpp these residues are not as 

accessible to alkylation. 

HCVpp and HCVcc also differ significantly in lipoprotein association. While 

serum derived virus and HCVcc are well recognised to associate with lipoprotein, 

HCVpp are produced in a non-VLDL producing cell line and therefore virus is free. 

It is possible that HCVcc-associated lipoprotein may occlude free sulfhydryl groups 

following cellular attachment preventing alkylation events. Given that cell-free 

HCVcc is also associated with lipoprotein, yet remains sensitive to M135, this does 

not seem a likely explanation. 
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At which stage the free thiol group(s) are required during HCV entry is 

unclear. HCV entry into hepatocytes requires the presence of receptors CD81 [5], 

scavenger receptor B1 (SR-B1) [6,7] and tight junction proteins claudin-1, 6 or 9 

[8,9] and occludin [10] as well as initial attachment factors that may include LDL 

receptor (LDLr) [80,81], heparan sulfate, [82,83,84,85], lectin receptor L-SIGN [86] 

and the asialoglycoprotein receptor (ASGP-R) [88]. Following attachment, HCV 

undergoes clathrin mediated endocytosis and membrane fusion within the early 

endosome [92,382]. Formation of new disulfides would not occur in the low pH of 

the endosome therefore it is likely that an isomerisation event would occur during 

the early stages of entry. This is consistent with the finding that HCVcc is no 

longer sensitive to M135 immediately following cellular binding. This project 

investigated CD81 and heparin as potential activation triggers for thiol 

isomerisation. However, no net change in the number of free sulfhydryl groups 

could be detected in E1 or E2 post binding. To determine whether an 

isomerisation reaction has occurred would require analysis of the glycoproteins by 

mass spectrometry to determine whether different sulfhydryl groups are being 

labelled by the maleimide-biotin after receptor binding. The observation that 

HCVcc is no longer sensitive to M135 following cellular attachment indicates that 

an isomerisation event resulting in complete oxidation of the glycoproteins has 

occurred, which is not the case following CD81 or heparin binding only. 

Given that HCVcc-M135 insensitivity occurs immediately following cellular 

attachment, this would suggest that a change in oxidation state has been triggered 

by association of the viral glycoproteins with an attachment factor involved in a 

very early stage of entry. Antibody directed towards CD81, SR-B1 and claudin-1 

receptors can inhibit HCV entry when added to cells 18-60 mins after virus 

attachment to cells [7,8,300,321]. As such, these receptors are unlikely to be 

catalysts for activating the free thiol group(s) in HCV consistent with the finding 

that CD81 does not affect the oxidation state of E1 or E2. By contrast, data 

suggests that heparan sulfate proteoglycans are likely to be involved in an early 

virus attachment stage, as HCVcc/pp entry can be inhibited by soluble heparan 

sulfate homologs only if these factors are present at the time of virus addition to 

cells [7,84,299,300]. The finding that HCVpp-heparin binding does not alter the 
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availability of Cys residues for maleimide-biotin reaction in E1 or E2 indicates that 

heparin alone is not able to induce a change in glycoprotein oxidation. It is 

possible that another attachment factor is responsible for triggering the change in 

oxidation state. Alternatively, these factors may need to be present in their native, 

full length forms in a cellular context. Indeed it is possible that a combination of 

binding events may be required to induce glycoprotein oxidation.  

To thoroughly examine the changes in glycoprotein oxidation in the context 

of HCVcc and HCVpp, a more efficient, high titre virus system is required. Thiol 

labelling of HCVpp and HCVcc following cellular binding and subsequent whole 

cell lysis was attempted in this study. However, sufficient HCVcc could not be 

obtained for analysis by Western blot even following large scale concentration of 

virus. Furthermore, specific binding of HCVpp to Huh-7.5 cells could not be 

achieved (data not shown). No-envelope control particles and HCVpp were found 

to bind Huh-7.5 cells equally well. Ultimately, validation of the oxidation and/or 

conformational changes that occur during HCV entry will require crystal structures 

of the viral glycoproteins in pre and post fusion conformations.  

Tscherne et al. (2005) reported that HCVcc demonstrates resistance to 

acid, suggesting that exposure to low pH alone is not sufficient to induce the 

irreversible conformational changes usually associated with glycoprotein fusion 

activation [11]. The group also observed that endosomal neutralisation by the H+ 

pump inhibitor bafilomycin A1 followed by immediate exposure of the cells to low 

pH was not sufficient to induce fusion of HCV at the plasma membrane as is the 

case for other viruses that undergo fusion within endosomes such as avian 

sarcoma and leukosis virus [357]. However, when HCVcc were bound to 

bafilomycin A1 treated Huh-7.5 cells then treated with low pH buffer after 1 h 

incubation at 37°C, significant, albeit low levels, of infection could be detected. 

This suggests that a specific sequence of events must occur at the plasma 

membrane during HCV entry in order to induce fusion activation of the 

glycoproteins. It is possible that disulfide rearrangements within E1 and E2 must 

occur upon attachment to cells in order to allow downstream associations with 
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other receptors, and/or to prime the glycoproteins to undergo the conformational 

changes associated with fusion activation once exposed to low pH. 

HCV together with pestiviruses and flaviviruses comprise the Flaviviridae 

family. While there have been no reports of thiol isomerisation within flaviviruses, 

there is evidence for thiol isomerisation occurring during virus entry for the more 

closely related pestivirus, bovine viral diarrhoea virus (BVDV) [383]. BVDV 

expresses 3 envelope glycoproteins on its surface including Erms, E1 and E2. 

These form complex arrangements of disulfide linked homo- and heterodimers 

[384,385,386,387]. Krey et al. (2005) confirmed the entry route of BVDV via 

clathrin dependent endocytosis but found that exposure of the virus to low pH was 

not sufficient to inactivate the virus, as is observed for HCV [383]. When BVDV 

was exposed to reducing agent DTT followed by low pH, significant inactivation of 

the virus was observed. The group concluded that destabilisation of the disulfides 

was required to prime the glycoproteins for fusion activation at low pH. It is 

noteworthy that it is not possible to tell from these data whether inactivation of the 

virus is due to induction of fusion activation or a result of destabilisation of 

structurally critical disulfide bonds. However, it is interesting that fusion at the 

plasma membrane could be induced at low levels for BVDV when cells were 

treated with the endosomal neutralising agent bafilomycin A1, followed by low pH 

exposure and addition of 10 mM DTT. This effect was not observed in the absence 

of DTT, and suggests that disulfide bond destabilisation is an essential component 

of entry for BVDV. It is possible that a similar mechanism to HCV is in place here, 

and maybe a time course assay whereby BVDV is exposed to low pH at various 

times following attachment to bafilomycin A1 treated cells, may induce more 

efficient entry. Thiol reduction or isomerisation within the envelope glycoproteins 

requires the presence of a catalytic thiol, therefore it should be possible to induce 

disulfide destabilisation within the BVDV envelope glycoprotein complexes in the 

absence of DTT – with either the virus or a cellular thioredoxin family protein 

providing the catalytic thiol. In any case, the results still suggest that BVDV 

envelope glycoproteins require destabilisation of disulfide bonds prior to fusion 

activation. It is possible that BVDV and HCV may have co-evolved a disulfide bond 
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reduction and/or isomerisation priming step as an essential component of the entry 

cascade prior to fusion activation at low pH. 

Like the retroviruses MLV and HTLV-1 which undergo thiol reduction during 

fusion activation, HCV also contains a highly conserved CXXC motif within the 

envelope glycoprotein complex. This motif forms the active site of redox active 

thioredoxin proteins and has been shown to provide the active thiol which 

catalyses reduction/isomerisation of disulfide bonds in target proteins [379]. In 

HCV this motif is located near the N-terminus of E1 and its role in HCV entry will 

be the focus of investigations in the next chapter.  

This project has identified the presence of functionally significant free thiol 

groups on both E1 and E2 glycoproteins incorporated into virus particles. The 

results obtained are consistent with an isomerisation reaction occurring within the 

glycoproteins at an early stage in entry. In addition, it appears that the free thiol 

groups function using a mechanism distinct to that previously identified for 

retroviruses. In the following chapter, the role of the E1 CXXC motif in assembly 

and virus entry will be explored.  
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3.4 Supplementary Data 

To investigate antibody bias towards various oligomeric forms of 

heterodimeric E1E2, HCVpp displaying E1E2 from prototype strain H77c were 

produced in HEK 293T cells. Thirty h post-transfection cells were labeled with 

75 µCi Trans-35S-label in methionine and cysteine-deficient DMF10 for 16h. 

Radiolabeled virus was pelleted by centrifugation then lysed and 

immunoprecipitated with MAbs directed towards E2 (conformation sensitive, non-

neutralising H53 or neutralising MAb 24 that binds a linear epitope) and protein G-

sepharose, prior to SDS-PAGE and phosphorimage analysis. 

Immunoprecipitation of HCVpp-derived heterodimeric E1 and E2 using MAb 

H53 reveals that E2 containing the H53 conformational epitope largely exists as a 

non-covalently associated heterodimer with E1 when run under non-reducing 

conditions (Supplementary Figure 3-1A). The band of high molecular weight 

protein disappears when the same samples are run under reducing conditions 

indicating that these high molecular weight species are likely to be disulfide linked 

forms of E2 or E1E2. By contrast, immunoprecipitations carried out using non-

conformational, neutralising MAb 24 show the majority of the protein is high 

molecular weight forms (non-reducing; Supplementary Figure 3-1B). When the 

samples are run under reducing conditions these high molecular weight forms are 

no longer evident, but the bands of non-covalent E2 and E1 are significantly 

enhanced, indicating that these high molecular weight forms are disulfide linked 

E2 or E1E2. 

These immunoprecipitations were performed on the same preparations of 

HCVpp therefore this finding suggests that although a variety of oligomeric forms 

of the glycoproteins are present in a single preparation, some forms are more 

readily detected than others by particular MAbs. 
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Supplementary Figure 3-1. Immunoprecipitation of E1E2 from HCVpp using 

conformation sensitive and neutralising MAb directed towards E2. HCVpp were 

metabolically labelled with 
35

S-Met/Cys prior to lysis followed by immunoprecipitation with 

conformation sensitive, non-neutralising anti-E2 MAb H53 (A) or neutralising MAb 24 that binds 

a linear epitope (B). Proteins were separated by non-reducing or reducing SDS-PAGE as 

indicated and phosphorimaged. The positions of molecular weight markers are shown to the 

left of the gel. 
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4. Chapter 4 – Characterisation of a Conserved 

CXXC Thiol-Disulfide Exchange Motif in E1  

4.1 Introduction 

Thioredoxin family proteins such as protein disulfide isomerase (PDI) 

regulate protein folding by catalysing changes in the disulfide bonding 

arrangement of target proteins. For most thioredoxin family proteins this redox 

activity is regulated by a characteristic CXXC motif located at the protein‟s active 

site. The N-terminal cysteine in this motif typically has a lower pKa that allows its 

deprotonation at physiological pH [388]. When this Cys is in a reduced state, 

deprotonation induces the active thiol to randomly form mixed disulfides with a 

target protein. Resolution of the mixed disulfide by the second Cys in the motif 

leaves the target protein reduced and the CXXC motif oxidised in an 

intramolecular disulfide bond. Once reduced, the target protein can adopt its native 

disulfide bonding arrangement allowing the lowest energy conformation to be 

obtained. 

 PDI and other redox active proteins provide an essential control point 

during protein biosynthesis in the endoplasmic reticulum, catalysing the refolding 

of misfolded proteins (for review see [389]). In the context of virus entry, the viral 

envelope glycoproteins of MLV and HTLV-1 contain a conserved CXXC motif 

which catalyses disulfide bond reduction within the envelope glycoprotein complex 

in order to induce the conformational changes required for fusion of viral and 

target cell membranes [359,360]. 

In Chapter 3 free cysteine residues were identified in virion incorporated E1 

and E2 that were essential for HCV entry. Furthermore, it was determined that the 

HCVcc glycoproteins appear to undergo a change in oxidation upon cellular 

attachment consistent with a disulfide isomerisation reaction. To determine 

whether E1 or E2 contain a CXXC motif that may regulate the oxidation state of 
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the HCV glycoproteins, sequence analysis of E1 and E2 from the 6 HCV 

genotypes was performed. Alignment of 389 non-redundant E1 sequences 

identified the presence of a highly conserved C226V/LPC thioredoxin-like motif [390] 

located near the N-terminus of E1 (Figure 4-1). In all but genotype 6 the motif 

sequence is CVPC.  

In order to determine the significance of the E1 C226V/LPC motif, its function 

during glycoprotein biosynthesis and virus entry was examined. Note that because 

genotype 1a and 2a constructs have been used for all experiments this motif will 

be referred to as C226VPC for simplicity. 

 

 

Figure 4-1. Schematic representation of E1 and Clustal X alignment of prototype strains 

representative of each HCV genotype. H77c (AF011751) 1a, Con-1 (AJ238799) 1b, pJ6CF 

(AF1770363) 2a, BEBE1 (D50409) 2c, NZL1 (D17763) 3a, ED43 (Y11604) 4a, SA13 

(AF064490) 5a and euhk2 (Y12083) 6a. Residues that are identical (*), conserved (:), or similar 

(.) across the genotypes are indicated. The highly conserved C
226

V/LPC motif is located near 

the N-terminus of E1 and is highlighted in green in the alignment. Schematic representation of 

E1 shows the conserved MPHR in grey shading, the TMD in grey hatching, and conserved 

cysteine residues are represented by vertical green lines. 
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4.2 Results - Role of C
226

VPC Cys Residues in 

Glycoprotein Biosynthesis and Virus Entry 

To assess the role of the C226VPC motif in glycoprotein biosynthesis and 

virus entry, site directed mutagenesis was performed in the context of the 

prototype strain H77c using the CMV promoter driven E1E2 expression vector, 

pE1E2H77c [3].  Each cysteine within the motif was replaced with alanine to 

remove the disulfide bonding activity at this position. This was done for each Cys 

residue individually and in combination; C226A (AVPC), C229A (CVPA) and 

C226A/C229A (AVPA). 

  

4.2.1 Expression of E1 and E2 containing C226VPC Cys to Ala mutations 

To determine the effect of cysteine mutagenesis on E1 and E2 expression, 

cell lysates of transfected HEK 293T cells were analysed. Cells transfected with 

pE1E2H77c were lysed 24 h post-transfection and lysates run directly on reducing 

SDS-PAGE. Western blot analysis was performed with non-conformation 

dependent MAbs directed towards E1 (A4) and E2 (H52) to determine E1 and E2 

expression levels. The results show that by 24 h post transfection, total E1 and E2 

expression in the cell lysate is similar for CVPC-wt, AVPC and CVPA (Figure 4-2). 

This suggests that mutation of Cys226 and Cys229 in E1 does not significantly 

affect the total E1 or E2 produced at the level of cell lysate. When both Cys 

residues were mutated in combination (AVPA) the total level of E1 in the cell 

lysate appeared slightly reduced compared to CVPC-wt. This suggests that when 

E1 contains the AVPA mutations the protein may undergo some level of 

degradation probably due to misfolding and removal by the proteosome. E2 

expression remained normal for each mutant. 
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Figure 4-2. Expression of E1 and E2 containing C
226

VPC Cys to Ala mutations. HEK 293T 

cells transfected with pE1E2H77c were lysed 24 h post transfection and lysates subjected to 

reducing SDS-PAGE. E1 and E2 expression was detected by non-conformational MAbs A4 

and H52 respectively. Blots were imaged using an Odyssey Infrared Imaging System at 

680 nm (LI-COR). Positions of the molecular weight markers are shown to the left of the gel. 

 

4.2.2 Heterodimerisation of E1E2 containing E1 Cys to Ala mutations 

To assess whether mutagenesis of the C226VPC Cys residues to Ala 

affected formation of E1E2 heterodimers, HEK 293T cells were transfected with 

pE1E2H77c and radiolabelled with 35S-Met/Cys for 30 min prior to lysis of cells. 

MAb H53, directed towards a conformational epitope in E2, was used to 

immunoprecipitate E2 and any associated E1. Mutagenesis of each of the Cys 

residues within the C226VPC motif, individually or in combination, resulted in a 

complete loss of non-covalent heterodimerisation between E1 and E2 (Figure 4-3). 

It should be noted that high molecular weight forms of E2 or E1E2 oligomers 

(represented as E1/E2) were observed for both wild type and mutant forms. This 

suggests that mutagenesis of Cys226 or Cys229 causes a folding defect, at least 

in monomeric E1, such that it fails to properly associate with E2. Alternatively it is 

possible that the conformation of E2 outside the H53 epitope has been altered in 

such a way that E2 is no longer able to form heterodimers with mutant E1. 
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Figure 4-3. Heterodimerisation of E1E2 containing C
226

VPC Cys to Ala mutations. HEK 

293T cells transfected with pE1E2H77c were metabolically labelled with 
35

S-Met/Cys prior to 

cell lysis. Immunoprecipitation was performed with conformation sensitive anti-E2 MAb H53 

followed by separation of the proteins by non-reducing SDS-PAGE and phosphorimaging. The 

positions of molecular weight markers are shown to the left of the gel. 

 

4.2.3 HCVpp incorporation of conformational and non-conformational E1E2 

for E1 Cys to Ala mutants 

To determine the effect of mutagenesis of the C226VPC cysteine residues 

on E1E2 maturation and incorporation into virions, HCVpp produced in HEK 293T 

cells and were metabolically labelled with 35S-Met/Cys prior to lysis. The ability of 

mutant E1E2 from HCVpp to form non-covalent heterodimers was assessed by 

immunoprecipitation using conformation-sensitive anti-E2 MAb H53 or non-

conformational anti-E2 polyclonal antibody GP1. Samples were subjected to non-

reducing (Figure 4-4A and B) or reducing (Figure 4-4C) SDS-PAGE followed by 

phosphorimaging.  

Immunoprecipitation by H53 detected monomeric E2 from each mutant at 

similar levels to CVPC-wt. However, E1 was not co-precipitated with E2 from 

AVPC, CVPA or double cysteine mutant AVPA, indicating a loss of H53 reactive 

non-covalently associated heterodimers (Figure 4-4A). The same result was 
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obtained when HCVpp were lysed in the presence of cysteine reactive NEM (data 

not shown). This finding reflects the earlier result which demonstrated a loss of 

intracellular non-covalently associated heterodimers for these mutants. To ensure 

equivalent amounts of HCVpp were assayed for each construct, HIV-1 capsid 

protein p24 was immunoprecipitated by a MAb directed towards p24 (MAb 183, 

Figure 4-4A lower panel).  

To determine whether alternative conformational forms of heterodimeric 

E1E2 were incorporated into HCVpp, immunoprecipitations were performed using 

non-conformational polyclonal anti-E2 antibody GP1. By using polyclonal serum all 

forms of E2 incorporated into HCVpp should be precipitated without 

conformational bias, allowing examination of the total E2 glycoprotein expressed 

on HCVpp for each mutant. When run under non-reducing conditions E2 

precipitated by GP1 was detected at wild-type levels for each of the cysteine 

mutants. However, non-covalent heterodimerisation was absent in all cases 

(Figure 4-4B). This indicates that mutagenesis of either or both of the Cys residues 

within the C226VPC motif prevents formation of non-covalently associated E1E2 

heterodimers. 

To determine whether covalent forms of heterodimeric E1E2 were 

incorporated into mature HCVpp, E1E2 immunoprecipitated by GP1 were run 

under reducing conditions. While equivalent amounts of E2 were detected in 

mature HCVpp for each mutant, only very low levels of E1 were co-precipitated 

(Figure 4-4C). Equal input of HCVpp was confirmed by HIV-1 capsid protein p24 

immunoprecipitation as described above (Figure 4-4B, lower panel). This suggests 

that mutagenesis of Cys226 or Cys229 causes a folding defect in E1 such that it 

fails to properly associate with E2 and mature through the secretory pathway for 

incorporation into HCVpp. Or, as suggested above, it is possible that the 

conformation of E1 may have been altered in such a way that it is no longer able 

to heterodimerise efficiently with E2. The absence of E1 when run under reducing 

conditions indicates that the high molecular weight forms detected when the 

mutants were run under non-reducing conditions are likely to be largely comprised 

of disulfide linked E2. 
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Figure 4-4. HCVpp incorporation of conformational and non-conformational E1E2 

containing C
226

VPC Cys to Ala mutations. HCVpp were metabolically labelled with 
35

S-

Met/Cys prior to lysis followed by immunoprecipitation with conformation sensitive anti-E2 MAb 

H53 (A) or non-conformation sensitive polyclonal anti-E2 antibody GP1 (B). Proteins were 

separated by non-reducing (A and B) or reducing (C) SDS-PAGE and phosphorimaged. The 

positions of molecular weight markers are shown to the left of the gel. Incorporation of HIV-1 

capsid protein p24 into each HCVpp mutant was determined by immunoprecipitation with MAb 

183. For B, samples were split after E2 immunoprecipitation therefore a single MAb 183 

immunoprecipitation was performed.  
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4.2.4 Expression of E1 and E2 containing C226VPC Cys to Ser mutations 

In order to more closely examine the requirement of the C226VPC Cys 

residues in E1 and E2 biosynthesis, each cysteine was replaced with serine in the 

context of pE1E2H77c, producing mutants C226S (SVPC) and C229S (CVPS). 

Replacement of Cys with Ser retains the length of the carbon side chain while the 

hydroxyl group on the Ser side chain promotes hydrogen bond formation in place 

of the native disulfide bond activity provided by Cys. As such, serine is more likely 

to facilitate native intermolecular interactions than alanine substitution. 

To investigate the effect of C226VPC Cys to Ser mutagenesis on E1 and E2 

expression, HEK 293T cells were transfected with CVPC-wt and mutant 

pE1E2H77c. Twenty-four h post transfection cell lysates were run directly on SDS-

PAGE and analysed by Western blot. Detection of E1 and E2 using non-

conformational MAbs A4 and H52, respectively, determined equal levels of 

glycoprotein expression in SVPC and CVPS mutants compared to CVPC-wt 

(Figure 4-5). This suggests that replacement of Cys with Ser at these positions 

allows normal intracellular expression of E1 and E2. 

  



138 
 

 

Figure 4-5. Expression of E1 and E2 containing C
226

VPC Cys to Ser mutations. HEK 293T 

cells transfected with pE1E2H77c were lysed 24 h post transfection and lysates subjected to 

reducing SDS-PAGE. E1 and E2 expression was detected by non-conformational MAbs A4 

and H52, respectively. Blots were imaged by LI-COR. Positions of the molecular weight 

markers are shown to the left of the gel. 

 

4.2.5 Heterodimerisation of E1E2 containing C226VPC Cys to Ser mutations 

To determine whether introduction of Ser at Cys226 or Cys229 affected the 

ability of E1 and E2 to form non-covalent heterodimers, HEK 293T cells 

transfected with pE1E2H77c were radiolabelled with 35S-Met/Cys for 30 min 

followed by chase in DMF10 and cell lysis. Conformation sensitive MAb H53 was 

used to immunoprecipitate E2 and any associated E1.  

Despite Western blot analysis indicating WT levels of E1 and E2 expression 

for both SVPC and CVPS, no E1 was co-precipitated with H53-reactive E2 for 

either mutant (Figure 4-6). This indicates that similar to the Cys to Ala mutations, 

replacement of C226VPC Cys residues with Ser alters the fold of E1E2 in such a 

way that native heterodimerisation is abolished. The observation that WT levels of 

E2 were precipitated by conformational MAb H53 for each mutant indicates that 

this epitope has formed correctly despite the absence of non-covalently associated 

E1. 



139 
 

 

Figure 4-6. Heterodimerisation of E1E2 containing C
226

VPC Cys to Ser mutations. HEK 

293T cells transfected with pE1E2H77c were metabolically labelled with 
35

S-Met/Cys prior to 

cell lysis. Immunoprecipitation was performed with conformation sensitive anti-E2 MAb H53 

followed by separation of the proteins by non-reducing SDS-PAGE and phosphorimaging. The 

positions of molecular weight markers are shown to the left of the gel. 

 

4.2.6 HCVpp incorporation of conformational E1E2 containing Cys to Ser 

mutations 

To determine whether the loss of non-covalent E1E2 heterodimers in 

transfected cell lysates observed for the C226VPC Cys to Ser mutants reflected the 

incorporation of E1 and E2 into virus particles, HCVpp were metabolically labelled 

with 35S-Met/Cys prior to lysis. The ability of mutant E1E2 from HCVpp to form 

non-covalent heterodimers was assessed by immunoprecipitation using 

conformation-sensitive anti-E2 MAb H53.  

It was found that replacement of either Cys within the C226VPC motif with 

Ser resulted in a loss of non-covalent H53-reactive heterodimeric E1E2 (Figure 

4-7). This result is consistent with what was observed for the Cys to Ala mutants 

and indicates that the hydrogen bonding activity provided by Ser is not sufficient to 

allow formation of non-covalent E1E2 heterodimers. As such, these data indicate a 
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strict requirement for the Cys residues within the C226VPC motif for correct E1E2 

biosynthesis. 

 

 

 

Figure 4-7. HCVpp incorporation of conformational E1E2 containing C
226

VPC Cys to Ser 

mutations. HCVpp were metabolically labelled with 
35

S-Met/Cys prior to lysis followed by 

immunoprecipitation with conformation sensitive anti-E2 MAb H53. Proteins were separated by 

non-reducing SDS-PAGE and phosphorimaged. The positions of molecular weight markers are 

shown to the left of the gel. Incorporation of HIV-1 capsid protein p24 into each HCVpp mutant 

was determined by immunoprecipitation with MAb 183. 

 

4.2.7 Pulse chase analysis of AVPC and CVPA mutants 

In order to examine the effect of Cys226 and Cys229 in E1E2 biosynthesis, 

pulse chase analysis was performed on AVPC and CVPA mutants. HEK 293T 

cells transfected with pE1E2H77c were metabolically labelled with 35S-Met/Cys for 

15 min followed by chase in DMF10 for the indicated time (maximum chase time 

20 h). Cell lysates were subjected to immunoprecipitation with MAb H52 which 

recognises a linear epitope in E2, conformational anti-E2 MAb H53, or MAb A4 

which recognises a linear epitope in E1 (Figure 4-8A, B and C respectively). MAb 
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9E10 which recognises a linear epitope within human c-Myc protein, was used as 

an irrelevant MAb to immunoprecipitate the longest chase time for each construct. 

Immunoprecipitation was performed with MAb H52 to visualise total 

intracellular E2 at each chase time. For CVPC-wt and mutants AVPC and CVPA, 

monomeric forms of glycoprotein E2 and E1, but not E1E2 heterodimers, were 

immunoprecipitated with MAb H52 and A4, respectively, following the 15 min 

pulse. Equivalent amounts of E2 and E1 were detected in the pulse period for 

CVPC-wt, AVPC and CVPA mutants indicating comparable cellular transfection 

and expression levels.  

For CVPC-wt, a decrease in the amount of monomeric E2 

immunoprecipitated with H52 was observed over the 20 h chase period. By 

contrast, the amount of non-covalently associated E1 co-precipitated with E2 using 

MAb H52 steadily increased over the 20 h chase period. High molecular weight 

forms of CVPC-wt E2 or E1 associated with E2 (represented as E1/E2) were 

detected in the pulse but steadily decreased in intensity during the chase period. 

Non-covalently associated CVPC-wt E1E2 heterodimers were also detected with 

conformation sensitive MAb H53 following 1 h chase. The levels remained 

constant throughout the chase period to 8 h with a decrease observed at 20 h 

indicative of degradation. It is important to note that a protein species migrates just 

above monomeric E2 and is immunoprecipitated with the irrelevant antibody 9E10. 

This species should be excluded from the interpretation of these results.  

MAb A4 specific to E1 was found to immunoprecipitate monomeric CVPC-

wt E1 in the pulse period as well as high molecular weight forms of E1 or E1/E2, 

including a species that migrates at ~ 70kDa. This band is only precipitated by 

anti-E1 MAb A4 and is likely to represent dimeric E1 as the band is no longer 

evident when samples are run under reducing conditions (data not shown). At 

least three distinct molecular mass forms of monomeric E1 were detected in the 

pulse period. These are likely to be various glycoforms as they migrate similarly on 

reducing SDS-PAGE (as observed in Figure 4-2). The amount of high molecular 

weight E1 or E1/E2 steadily decreased during the chase period. 



142 
 

The formation of non-covalently associated E1E2 heterodimers was 

severely impaired in the mutant AVPC. Non-covalently associated E1 was not co-

precipitated with E2 from this mutant using MAbs H52 or H53 at any time point 

(Figure 4-8A and B). Instead, large amounts of high molecular weight oligomers of 

E2 or E1/E2 were precipitated during the pulse period and these were maintained 

throughout the chase period up to 8 h detected by H52 and A4. At 20 h chase, the 

amount of high molecular weight material detected with H52, H53 and A4 

decreased, indicative of degradation. Despite this accumulation of aggregate 

forms from the AVPC mutant, monomeric E2 appeared at similar levels to CVPC-

wt throughout the chase for both H52 and H53 immunoprecipitations. 

The defects in E1E2 folding did not appear to be as severe for mutant 

CVPA as compared to mutant AVPC, but the formation of E1E2 heterodimers was 

not similar to wild-type. Non-covalently associated E1 was co-precipitated with E2 

using MAb H52 with small amounts detected in the pulse period, increasing 

following 1 h chase and maintained throughout the chase period. Given that no 

non-covalent heterodimerisation was detected for CVPA E1E2 incorporated into 

HCVpp when immunoprecipitated with polyclonal serum GP1 directed towards E2 

(Figure 4-4 B and C), it is unlikely that this heterodimeric form matures into virions. 

This is supported by the absence of non-covalent heterodimers detected with 

conformation sensitive MAb H53. Instead, E2 alone was detected with H53 up to 

8 h. Levels declined after 20 h chase, suggestive of degradation and consistent 

with what was observed for CVPC-wt. Using MAb A4 specific to E1, three 

glycoforms of monomeric E1 were detected in the pulse and maintained 

throughout the chase period. In addition, high molecular weight forms of E1 or 

E1/E2 were immunoprecipitated with A4 in the pulse and chase periods. 

These results suggest that the mutation AVPC alters E1E2 biosynthesis 

such that covalently associated E1 and disulfide linked forms of E1 associated 

with E2 are stabilised and prevent the formation of non-covalently associated 

E1E2 heterodimers. Mutant CVPA causes a similar biosynthetic defect but does 

not appear to be as severe, as a non-covalent form of E1E2 is detected with a 

conformation insensitive antibody. However, non-covalent heterodimer cannot be 
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detected with a conformation sensitive antibody and is not incorporated into 

HCVpp suggesting it has a severe folding defect. It is possible that mutagenesis of 

the Cys residues within the C226VPC motif traps the glycoproteins in high 

molecular weight disulfide linked folding intermediates possibly mediated by the 

single remaining Cys within the C226VPC motif. 

These results show that mutagenesis of Cys226 and Cys229 within the 

C226VPC motif induces folding defects that prevent formation of non-covalent 

E1E2 heterodimers.  
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Figure 4-8. Pulse chase analysis of CVPC-wt, AVPC and CVPA mutants. HEK 293T cells 

were transfected with pE1E2H77c. Twenty four h post transfection cellular proteins were 

metabolically labelled with 
35

S-Met/Cys for 15 min. Cells were lysed at the indicated time points 

then immunoprecipitated using non-conformation sensitive anti-E2 MAb H52 (A), conformation 

sensitive anti-E2 MAb H53 (B), or non-conformation sensitive anti-E1 MAb A4 (C). 

Immunoprecipitation of the 20 h chase with irrelevant MAb 9E10 is included for each construct. 

Samples were run on non-reducing SDS-PAGE and phosphorimaged. Molecular markers are 

shown to the left of the gels. Asterisks represent non-specific bands. 
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4.2.8 Pulse chase analysis of AVPA mutant 

The high molecular weight forms of E1E2 detected for AVPC and CVPA 

mutants in Figure 4-8 suggest that mutation of either Cys residue traps E1 and/or 

E2 in a disulfide linked state. To determine whether these disulfide bonds occur 

via the single (free) remaining Cys residue in the C226VPC motif in each mutant, 

pulse chase analysis of the double Cys to Ala mutant (AVPA) was performed. HEK 

293T cells transfected with pE1E2H77c were metabolically labelled with 35S-

Met/Cys for 15 min and chased in DMF10 as described in section 4.2.7. 

Immunoprecipitation of the cell lysate by MAbs H52 or A4 that recognise 

linear epitopes in E2 and E1, respectively, detected similar levels of monomeric E2 

and monomeric E1 at the pulse and throughout the chase for CVPC-wt and AVPA 

(Figure 4-9A and C). However, unlike AVPC or CVPA where large amounts of high 

molecular weight forms of intracellular E1, E1/E2 or E2 were detected, high 

molecular weight forms of E1, E1/E2 or E2 were not evident for AVPA and was in 

fact comparable to CVPC-wt. Similar to the CVPA mutant, a low level of non-

covalent E1E2 heterodimer could be detected for AVPA from 1 h chase onwards. 

When immunoprecipitations were performed using conformation sensitive 

anti-E2 MAb H53, E2 was detected at the same level for AVPA as CVPC-wt at the 

pulse and throughout the chase (Figure 4-9B). However, only very low levels of 

non-covalent E1E2 heterodimers were detected indicating that the heterodimer 

observed by H52 immunoprecipitation were largely of an alternative conformation.  

Importantly, immunoprecipitations of AVPA-transfected cell lysates 

performed with anti-E1 MAb A4 demonstrated no difference in high molecular 

weight forms of E1 or E1/E2 at the pulse or throughout the chase compared to 

CVPC-wt (Figure 4-9C). This finding indicates that the high molecular weight forms 

observed in immunoprecipitations for AVPC and CVPA mutants are likely to be 

disulfide linked forms of the glycoproteins mediated through the single remaining 

Cys in the motif. This finding demonstrates that both Cys residues are required for 

the correct formation of non-covalently associated E1 and E2. 
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Figure 4-9. Pulse chase analysis of CVPC-wt and AVPA mutant. HEK 293T cells were 

transfected with pE1E2H77c. Twenty four h post transfection cellular proteins were 

metabolically labelled with 
35

S-Met/Cys for 15 min. Cells were lysed at the indicated time points 

then immunoprecipitated using MAb H52 that recognises a linear epitope in E2 (A), 

conformation sensitive anti-E2 MAb H53 (B), or MAb A4 that recognises a linear epitope in E1 

(C). Immunoprecipitation of the 20 h chase with irrelevant MAb 9E10 is included for each 

construct. Samples were run on non-reducing SDS-PAGE and phosphorimaged. Molecular 

markers are shown to the left.  
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4.2.9 CD81 binding by C226VPC Cys to Ala mutants 

The tetraspanin CD81 is an essential attachment factor required for HCV 

infection of liver cells [5]. E2 contains the CD81 binding site which has been 

mapped to 4 discontinuous sequences present in two separate subdomains 

[95,247,254,255,256,273]. These are thought to be brought together by the tertiary 

fold of the protein. Therefore, the ability of E2 to bind CD81 provides information 

about the conformational integrity of E2. It has been suggested that E1 may 

influence the folding of E2 during biosynthesis [234]. To determine whether the E1 

folding defective cysteine mutants AVPC, CVPA and AVPA induce folding defects 

in E2, a direct CD81 binding assay was used. This assay employs recombinant 

dimeric CD81 (MBP-LEL113-201) which was described in Chapter 3.   

To determine whether the E1 cysteine mutants had altered the 

conformation of the CD81 binding site in E2, radiolabelled wild-type and mutant 

HCVpp were produced as described in section 4.2.3. The amount of HCVpp-

incorporated E2 precipitated by conformation-sensitive MAb H53 was determined 

by densitometry analysis. Equivalent amounts of E2 from HCVpp lysates were 

applied to solid-phase MBP-LEL113-201 and serially diluted. Binding was detected 

by H53 and horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin. 

The results demonstrate that the dilution of HCVpp required to achieve 50% 

binding to CD81 was similar for E2 from each C226VPC cysteine mutant compared 

to CVPC-wt (Figure 4-10). This suggests that while Cys226 and Cys229 are 

essential for E1 biosynthesis and heterodimerisation, the mutations do not 

influence the formation of the CD81 binding site on E2. However, each Cys mutant 

showed a slight but significant reduction in the total amount of E2 bound to CD81 

(p<0.05, Student‟s t-test). This result is consistent with a change in E1E2 

stoichiometry whereby changes in glycoprotein oligomerisation have caused a 

reduction in the total amount of E2 capable of binding to CD81. This is reflected in 

the pulse chase analyses of AVPC and CVPA mutants where an increase in high 

molecular weight forms of the glycoproteins was evident. Although there was no 
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apparent increase in disulfide linked glycoproteins for AVPA, this mutant was still 

heterodimerisation defective indicating a change in the fold of the glycoproteins. 

 

 

Figure 4-10. Solid phase E2-CD81 binding assay for Cys to Ala mutants. The ability of 

E1E2 from HCVpp to bind CD81 relative to CVPC-wt was determined in a direct binding 

immunoassay using recombinant CD81 MBP-LEL
113-201

. Background binding of HCVpp lacking 

envelope (empty) is shown. Data shown are the mean and standard error of 4 independent 

experiments.  

 

4.2.10 Entry competence of C226VPC cysteine mutants 

The above result demonstrates that E2 expressed in the presence of E1 

containing CVPA, AVPC or AVPA mutations largely retains the ability to bind 

CD81. Entry competence of the C226VPC Cys mutants was assessed by applying 

HCVpp to Huh-7 cells. Luciferase activity in cell lysates was determined 72 h later. 

As expected, the loss of heterodimerisation induced by mutation of the Cys 

residues within the C226VPC motif to either Ala or Ser led to a complete loss in 

viral entry competence of HCVpp (p˂0.01, for Cys to Ala mutants, Students‟ t test) 

(Figure 4-11A and B).  

Due to the low virus titre produced by full length replication competent virus 

(HCVcc) it was not possible to perform biochemical analyses on the E1E2 
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glycoproteins from HCVcc. However, to determine whether the entry phenotypes 

observed in HCVpp were representative of those in full length virus, mutations 

were introduced into the genotype 2a JC1FLAG2(p7-NS-GLUC2A) construct. Cell-

free virus obtained from Huh-7.5 cells transfected with in vitro transcribed wild-type 

and mutant RNA, was quantified by Ortho HCV Antigen ELISA Test kit (In Vitro 

Diagnostics, Tokyo, Japan). The concentration of HCV structural protein core was 

used to normalise virus levels prior to infection (Table 4-1). Equivalent amounts of 

HCVcc were applied to Huh-7.5 cells and entry levels were determined by 

measuring luciferase activity in the cell culture supernatant 72 h post-infection. 

Genotype 2a HCVcc with mutations AVPC, CVPA. SVPC or CVPS failed to infect 

Huh-7.5 cells and gave luciferase counts similar to the replication incompetent 

NS5B mutant GND [115] consistent with entry abrogation observed for these 

mutants in HCVpp (Figure 4-11C and D). 

To determine whether the mutations affected virus replication, CVPC-wt 

and mutant RNAs were normalised by real time RT-PCR amplification of a 

conserved region of core, prior to transfection of Huh-7.5 cells. Transfected cells 

were lysed 24 h later and luciferase activity in the cell lysate measured. It was 

found that replication of each Cys to Ala mutant was comparable to CVPC-wt 

(Table 4-1). 

These results demonstrate that the Cys residues in the C226VPC motif are 

strictly required for the formation of a functional E1E2 heterodimer.  
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Figure 4-11. Effect of cysteine mutagenesis on HCVpp and HCVcc entry. A and B. Single 

cycle entry of CVPC-wt HCVpp and HCVpp containing Cys to Ala (A) or Cys to Ser (B) 

mutations in E1 were determined by luciferase activity (RLU) in the cell lysate 72 h post Huh-7 

infection. Background entry of HCVpp lacking envelope (empty) is shown. C and D. Infectivity 

of genotype 2a full length virus JC1FLAG2(p7-NS-GLUC2A) containing Cys to Ala (C) or Cys 

to Ser mutations (D) was determined by addition of equivalent amounts of cell free virus to 

Huh-7.5 cells. Luciferase activity (RLU) in the cell culture supernatant was determined 72 h 

post-infection.  Replication incompetent mutant GND shows the background level of entry.  

Data are the mean and standard error of 4 (A, C and D) or 2 (B) independent experiments 

performed in quadruplet. Asterisks indicate mutants with significantly different entry levels 

relative to CVPC-wt (p<0.05, Student‟s t-test). 
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Table 4-1. Replication rate and concentration of structural protein core in HCVcc CVPC-wt and 

Cys mutant viruses. Replication rates of each mutant relative to CVPC-wt were determined by 

luciferase activity in the cell lysate of tranfected cells 24 h post transfection. Quantification of 

structural protein core in virus stocks is shown as determined by ORTHO® HCV Antigen 

ELISA Test Kit (In Vito Diagnostics, Tokyo, Japan).  

Mutant Replication rate relative 

to CVPC-wt 

Core (fmol/L) 

CVPC-wt 100% 853 

AVPC 84% 691 

CVPA 70% 893 

SVPC [Not done] 994 

CVPS [Not done] 2 000 

GND 2% [Not done] 

 

4.3 Results - Role of C
226

VPC Val, Pro Dipeptide in 

Glycoprotein Biosynthesis and Virus Entry 

Since mutagenesis of the conserved cysteine residues within the C226VPC 

motif prevented formation of a functional E1E2 heterodimer, it was not possible to 

use these mutants to investigate the role of this motif in virus entry. In redox active 

proteins, the pKa of the internal dipeptide within the CXXC motif contributes to the 

redox potential of the motif by influencing the pKa of the catalytic thiol 

[391,392,393]. Furthermore, the structure of the dipeptide residues determines the 

position and accessibility of the thiol active cysteine to the target protein [394]. 

Compared to cysteine mutagenesis, mutagenesis of the dipeptide residues may 

allow subtle modification of C226VPC motif activity without necessarily abrogating it 

altogether. Introduction of mutations that allow normal biosynthesis of the E1E2 

glycoproteins would then allow examination of the role of this motif in virus entry.  

Mutagenesis of dipeptide residues Val227 and Pro228 was performed in 

the context of the prototype strain H77c using the CMV promoter driven E1E2 

expression vector, pE1E2H77c. A series of mutations were introduced at Val227 
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and Pro228 that modified the structure and/or the pKa of the residues. 

Mutagenesis of Val227 to Met, Leu, Ile or Ala (CMPC, CLPC, CIPC and CAPC, 

respectively) retained the neutral charge at this position while altering the size and 

length of the carbon side chain. Substitution of Val227 with Glu (CEPC) was 

performed to provide the motif with a negative charge at physiological pH, thereby 

altering the local environment (and potentially the pKa) of the C226VPC Cys 

residues. Proline is considered a helix breaking residue, inducing kinks in helical 

regions of approximately 26° [281]. To investigate the significance of this residue 

in the C226VPC motif, Pro228 was mutated to the helix inducing residue, alanine 

(CVAC). 

 

4.3.1 Western blot analysis of Val227, Pro228 mutants 

To determine the effect of Val, Pro dipeptide mutagenesis on E1 and E2 

expression, Western blot analysis was performed on HEK 293T cells transfected 

with pE1E2H77c. Cells were lysed 48 h post transfection and lysates run on 

reducing SDS-PAGE. Blots were probed with anti-E1 and anti-E2 MAbs, A4 and 

H52, that recognise linear epitopes in E1 and E2, respectively. Visualisation of the 

blots shows that mutants CMPC, CLPC, CIPC and CAPC show normal levels of 

E1 and E2 expression (Figure 4-12). However, CVAC and to a lesser degree, 

CEPC, show slightly reduced levels of E1. This indicates that mutations that alter 

the charge of the C226VPC motif (CEPC) or alter the structure of the motif (CVAC) 

result in a decrease in E1 protein expression, or possibly its degradation upon 

expression. In all cases E2 was expressed at WT levels suggesting that the 

reduced level of E1 observed for CEPC and CVAC mutants has not affected the 

amount of E2 produced. Importantly, subtle mutations at Val227 that have retained 

the neutral charge but changed the length of the carbon side chain at this position, 

allowed WT levels of E1 and E2 expression.  
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Figure 4-12. Western blot analysis of Val227, Pro228 mutants. HEK 293T cells transfected 

with pE1E2H77c were lysed 48 h post transfection and lysates were subjected to reducing 

SDS-PAGE. Expression of E1 and E2 was detected by MAbs A4 and H52 that recognise linear 

epitopes in E1 and E2, respectively. Blots were imaged by LI-COR. Molecular weight markers 

are shown to the left of the gel. 

 

4.3.2 Expression of E1E2 heterodimers from Val, Pro mutants 

To investigate the effect of Val and Pro mutagenesis on E1E2 

heterodimerisation, HEK 293T cells transfected with pE1E2H77c were 

radiolabelled with 35S-Met/Cys for 30 min followed by chase in DMF10 and cell 

lysis. Conformation sensitive MAb H53 was used to immunoprecipitate E2 and any 

associated E1. Samples were run on non-reducing SDS-PAGE and 

phosphorimaged. It was found that all mutant forms of E1 were able to form non-

covalent heterodimers with E2 (Figure 4-13). CAPC, CEPC and CVAC mutants 

showed slightly reduced levels of E1 co-precipitated with E2. However, non-

covalent E1 containing mutations V227M, L or I, co-precipitated with E2 at similar 

levels to CVPC-wt. This suggests that the ability of E1 and E2 to heterodimerise 

has been retained for each of these mutants.    
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Figure 4-13. Analysis of E1E2 heterodimerisation of Val, Pro mutant E1E2 in HEK 293T 

cell lysates. HEK 293T cells transfected with pE1E2H77c were metabolically labelled with 
35

S-

Met/Cys prior to cell lysis. Immunoprecipitation was performed with conformation sensitive anti-

E2 MAb H53 followed by separation of the proteins by non-reducing SDS-PAGE and 

phosphorimaging. The positions of molecular weight markers are shown to the left of the gel. 

 

4.3.3 HCVpp incorporation of conformational E1E2 from Val, Pro mutants 

To determine whether Val or Pro mutagenesis affects maturation and 

incorporation of E1E2 into HCVpp, wild-type and mutant HCVpp produced in 

HEK 293T cells were metabolically labelled with 35S-Met/Cys prior to lysis. HCVpp 

incorporation of non-covalent E1 and E2 heterodimers was analysed for each 

mutant by immunoprecipitation using conformational anti-E2 MAb H53.  

Introduction of an acidic residue at Val227 (CEPC) largely abrogated 

incorporation of H53-reactive non-covalent E1E2 heterodimer into HCVpp (Figure 

4-14A). This was also the case when Pro228 was mutated to Ala, indicating that 

these mutations caused structural defects preventing E1E2 heterodimerisation. 

However, it was found that conservative mutations at Val227 that retained the 

hydrophobicity at this position (M, L, I or A) allowed incorporation of E1E2 

heterodimers into mature HCVpp. Quantitative analysis of E1 and E2 from 4 

independent experiments showed that level of E1 incorporation relative to E2 

varied for each mutant. This was calculated by dividing the amount of non-
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covalent E1 by the amount of non-covalent E2 detected in HCVpp for each 

mutant. For Val227 mutants, it was found that E1E2 heterodimerisation 

consistently followed the order CVPC-wt>M=L>A>E. The P228A mutant did not 

have detectable levels of E1 incorporation (Figure 4-14B). Equivalent input of 

HCVpp for each immunoprecipitation reaction was confirmed by MAb 183 

precipitation of HIV-1 capsid p24 (Figure 4-14A, lower panel).   

This finding demonstrates that mutagenesis of Val227 to Met, Iso or Leu 

allows incorporation of high levels of non-covalent, conformational, heterodimeric 

E1 and E2 into mature HCVpp. Therefore, these mutations introduced into the E1 

C226VPC motif are not likely to induce severe biosynthetic defects in the HCV 

envelope glycoproteins. 
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Figure 4-14. Characterisation of conformational E1E2 incorporation into mature HCVpp 

for V227, P228 mutants. A. Incorporation of non-covalently associated wild-type (CVPC-wt) 

and mutant E1E2 heterodimers into HCVpp was determined by metabolically labelling HCVpp 

with 
35

S-Met/Cys and immunoprecipitation with conformation sensitive anti-E2 MAb H53. 

Proteins were separated by non-reducing SDS-PAGE and phosphorimaged. The positions of 

molecular weight markers are shown to the left. Incorporation of HIV-1 capsid protein p24 into 

each HCVpp mutant was determined by immunoprecipitation with MAb 183 (bottom panel). B. 

Quantification of E1 incorporation into HCVpp relative to E2 was determined for each mutant 

by densitometry. Data shown are the mean and standard error from 4 independent 

experiments. Asterisks and crosses represent E1 incorporation that is significantly lower than 

CVPC-wt (p<0.05 and p<0.01, respectively, Student‟s t-test). 
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4.3.4 HCVpp incorporation of total E1E2 from Val, Pro mutants 

To compare the total amount of heterodimeric E1E2 incorporated into viral 

particles for each mutant, HCVpp were radiolabelled with 35S-Met/Cys prior to 

lysis. Particle lysates were then subjected to immunoprecipitation by polyclonal 

anti-E2 antibody GP1. When run under non-reducing conditions, non-covalent 

E1E2 heterodimer incorporation appeared identical to that seen by conformational 

anti-E2 precipitation for each construct (Figure 4-15A). This was also the case 

when the samples were run under reducing conditions (Figure 4-15B). Notably, 

CEPC and CVAC still showed reduced levels of E1 suggesting these mutations 

may induce a conformational change in E1 or E2 that precludes HCVpp 

incorporation of non-covalent heterodimers.  

Together, these results demonstrate that Pro228 and a hydrophobic residue 

at Val227 are essential for normal glycoprotein biosynthesis. Importantly, they 

show that substitution of Val227 with isoleucine allows WT levels of E1E2 

incorporation while CMPC and CLPC mutants demonstrate only slightly lower 

levels of non-covalent E1E2 heterodimerisation compared to CVPC-wt. Therefore 

in the absence of obvious biosynthetic defects, these mutants represent good 

candidates for assessing the role of the C226VPC motif in virus entry. 
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Figure 4-15. Characterisation of total E1E2 incorporation into mature HCVpp for V227, 

P228 mutants. A and B. HCVpp were prepared and radiolabelled with 
35

S-Met/Cys prior to 

lysis. Immunoprecipitation was performed using polyclonal anti-E2 antibody GP1. Proteins 

were separated by non-reducing (A) or reducing (B) SDS-PAGE and phosphorimaged. The 

positions of molecular weight markers are shown to the left. Incorporation of HIV-1 capsid 

protein p24 into each HCVpp mutant was determined by immunoprecipitation with MAb 183 (A, 

bottom panel). Note that samples were split after E2-immunoprecipition therefore a single MAb 

183 immunoprecipitation was performed. 
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4.3.5 CD81 binding by Val227, Pro228 mutants 

In order to identify a role for the C226VPC motif in virus entry it is important 

to first determine whether the mutations introduced have affected formation of 

important conformational regions in the glycoproteins such as the E2 CD81 

binding site. Therefore, dipeptide mutants were assessed for CD81 binding by 

direct binding immunoassay as described in section 4.2.9. HCVpp normalised for 

E2 input were serially diluted across immobilised MBP-LEL113-201. E2 binding was 

detected by H53 and horseradish peroxidase-conjugated rabbit anti-mouse 

immunoglobulin.   

Across 4 independent experiments it was found that the dilution of HCVpp 

required to achieve 50% binding to CD81 was similar for each mutant compared to 

CVPC-wt, indicating that the mutations in E1 have not affected formation of the 

CD81 binding site in E2 (Figure 4-16). However, like the Cys mutants, a slight but 

significant decrease in the total E2 bound to CD81 was evident for mutants CMPC, 

CAPC, CEPC and CVAC (p<0.05, Student‟s t-test). As described above, this effect 

may be indicative of a change in binding stoichiometry. It is possible that mutations 

within the C226VPC dipeptide may have altered the proportion of non-covalent and 

high molecular weight forms of E1E2 incorporated into HCVpp for these mutants. 

This hypothesis is supported by the significant variation in heterodimeric non-

covalent E1E2 incorporation into HCVpp for each mutant, despite the presence of 

similar levels of non-covalent E2 (Figure 4-14 and Figure 4-15). This would 

suggest that the arrangement of the glycoproteins on the surface of these mutant 

viruses may be different. In spite of this, CD81 binding by CLPC and CIPC 

mutants was observed at WT levels indicating that these mutants appear to allow 

normal maturation of E1 and E2 into HCVpp, with no detectable perturbations to 

the CD81 binding site in E2. As such, CLPC and CIPC provide good candidates 

for analysing the role of the C226VPC motif in virus entry. 

 



160 
 

 

Figure 4-16. Solid phase E2-CD81 binding assay for Val227, Pro228 mutants. The ability 

of E1E2 from HCVpp to bind CD81 relative to CVPC-wt was determined in a direct binding 

immunoassay using recombinant CD81 MBP-LEL
113-201

 as described above. Data shown are 

the mean and standard error of 4 independent experiments. 

 

4.3.6 Formation of immunologically distinct domains in C226VPC mutants 

In 2004, Keck et al. identified three immunologically distinct domains in E2 

(termed A, B and C) which contain conformational epitopes [94]. In the proposed 

E2 structure of Krey et al. (2010) the majority of the CD81 binding site on E2 

occurs within domain I (B) while an additional CD81 binding determinant is located 

on domain III (C) [273]. 

The CD81 binding data suggests that domain B (I) and possibly C (III) is 

intact for all mutants. To further probe the conformation of domains A (II) and C 

(III) a selection of E1 C226VPC mutants were further screened for conformational 

defects in E2 induced by the E1 mutations. Immunoprecipitation of radiolabelled 

E1E2 from lysed HCVpp was carried out using conformation sensitive monoclonal 

antibodies directed against domains A and C [94,368,395].  

Monoclonal antibodies CBH 4D (domain A) and CBH 7 (domain C) 

recognised E2 from CVPC-wt and mutants AVPC, CLPC and CEPC equally well 
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while control MAb CBH 11 did not detect E2 from any construct (Figure 4-17). 

Equivalent input of HCVpp into each immunoprecipitation reaction was determined 

by precipitation of HIV-1 structural protein p24 using MAb 183 (Figure 4-17, 

bottom panel). These results suggest that despite the heterodimerisation defects 

observed for AVPC and CEPC mutants, conformational epitopes on all three 

immunological domains are formed in E2. Given the absence of non-covalently 

associated E1 for AVPC and the low levels detected for CEPC, it is unlikely that 

non-covalent E1 is required for the acquisition of these domains in E2.  

Using a range of anti-E2 MAbs directed towards different conformational 

epitopes, it appears that mutation of Val227 to leucine does not affect the folding 

of E2 or the ability of each of these conformers to heterodimerise with E1, 

confirming this mutant as a candidate for assessing the role of the C226VPC motif 

in virus entry. Although there is no equivalent panel of antibodies with which to 

probe conformational changes in E1, the ability of E1 to form a non-covalent 

heterodimer with E2 provides a stringent test for ensuring that the integrity of the 

E1 fold has been maintained. 
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Figure 4-17. Characterisation of E1 and E2 incorporated into HCVpp by domain specific, 

conformational antibodies. HCVpp incorporation of non-covalently associated CVPC-wt and 

mutant E1E2 heterodimers was determined by metabolically labelling HCVpp with 
35

S-Met/Cys 

prior to lysis, and immunoprecipitation with conformation sensitive MAbs against 2 

immunologically distinct domains in E2. Non-reactive MAb CBH 11 was included as a control. 

Proteins were separated by non-reducing SDS-PAGE and phosphorimaged. The positions of 

molecular weight markers are shown to the left. Incorporation of HIV-1 capsid protein p24 into 

each HCVpp mutant was determined by immunoprecipitation with MAb 183 (bottom panel).  

 

4.3.7 Entry competence of Val227 and Pro228 mutants 

To determine whether mutagenesis of the C226VPC internal dipeptide 

affects virus entry, each HCVpp mutant was subjected to a single cycle entry 

assay as described in section 4.2.10. All HCVpp mutants were found to enter at 

significantly lower levels than CVPC-wt (Figure 4-18A, p<0.05, Student‟s t-test). 

For mutants that demonstrated little or no E1E2 heterodimerisation (CEPC and 

CVAC) entry was abrogated as expected. Interestingly, for V227 mutants where 

heterodimerisation was retained a range of entry competence was observed. 

Heterodimerisation competent mutants CMPC, CIPC and CAPC entered at 31%, 

37% and 41%, respectively, compared to CVPC-wt. However, CLPC which 
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demonstrated normal E1E2 incorporation and heterodimerisation in HCVpp, 

normal CD81 binding and E2 domain formation, failed to mediate virus entry. This 

result suggests that the C226VPC motif is strictly and specifically required for 

maintaining entry competence of HCV.  

A selection of mutations were introduced into the full length replication 

competent construct JC1FLAG2(p7-NS-GLUC2A) (HCVcc). These mutants were 

chosen based on the range of heterodimerisation phenotypes observed in HCVpp. 

Cell free virus obtained from Huh-7.5 cells transfected with in vitro transcribed 

wild-type and mutant JC1FLAG2(p7-NS-GLUC2A) RNA, was quantified by Ortho 

HCV Antigen ELISA Test kit (In Vitro Diagnostics, Tokyo Japan). The 

concentration of HCV structural protein core was used to normalise virus levels 

prior to infection. The replication rate for each mutant was also determined as 

described in section 4.2.10, and was found to be similar to CVPC-wt in each 

instance (Table 4-2). 

Consistent with the observed effects in HCVpp, HCVcc virus encoding 

CEPC failed to enter and replicate in Huh-7.5 cells. By contrast, replication of 

HCVcc virus encoding CMPC was less attenuated compared to HCVpp, displaying 

a 30% reduction in infectivity, although this was not deemed to be a significant 

difference (p=0.053, Student‟s t-test) (Figure 4-18B). The CAPC mutant, which 

had a 60% reduction in HCVpp entry, was further attenuated in the HCVcc system; 

no entry and replication was observed. These results indicate that the highly 

conserved C226VPC motif is essential for virus entry in both genotype 1a (HCVpp) 

and genotype 2a (HCVcc) viruses. 
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Figure 4-18. Effect of Val, Pro mutagenesis on HCVpp and HCVcc entry. A. Single cycle 

entry of CVPC-wt HCVpp and HCVpp containing Val227 or Pro228 mutations in E1 were 

determined by luciferase activity (RLU) in the cell lysate 72 h post Huh-7 infection. Background 

entry of HCVpp lacking envelope (empty) is shown. B. Infectivity of genotype 2a HCVcc 

containing Val227 or Pro228 mutations was determined by addition of equivalent amounts of 

cell free virus to Huh-7.5 cells. Luciferase activity (RLU) in the cell culture supernatant was 

determined 72 h post-infection.  Replication incompetent mutant GND shows the background 

level of entry. Data shown are the mean ± standard error of 3 (A) or 4 (B) independent 

experiments performed in quadruplet. Asterisks and crosses indicate mutants with significantly 

different entry levels relative to empty (A) or GND (B) background controls (p<0.05 and p<0.01 

respectively, Student‟s t-test).    
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Table 4-2. Replication rate and concentration of structural protein core in HCVcc CVPC-

wt and Val227, Pro228 mutant viruses. Quantification of structural protein core used for 

normalisation of virus concentrations prior to infectivity assays is shown as determined by 

ORTHO® HCV Antigen ELISA Test Kit (In Vito Diagnostics, Tokyo, Japan). Replication rates of 

each mutant relative to CVPC-wt were determined by luciferase activity in the cell lysate of 

tranfected cells 24 h post transfection.   

Mutant Core (fmol/L) Replication rate relative 

to CVPC-wt 

CVPC-wt 853 100% 

CMPC 1413 87% 

CAPC 852 115% 

CEPC 218 139% 

GND [Not done] 2% 

 

4.4 Results - Maleimide Biotinylation of Val227 Mutants 

As described above, the internal dipeptide of a CXXC motif modulates the 

structure [394] and redox potential [396,397,398] of thioredoxin family proteins. 

The redox potential is largely pH dependent and has been shown to be related to 

the pKa of the side chains of the dipeptide. In addition, other regions proximal to 

the motif in secondary structure can influence the pKa of the N-terminal catalytic 

thiol with a reduction in pKa corresponding to an increase in redox potential 

[388,391].  

If the role of the C226VPC motif is to control disulfide bonding changes in E1 

and/or E2, it is possible that the mutations introduced at Val227 have altered the 

redox potential of the motif. Mutation of Val227 to another uncharged residue such 

as Leu or Ile would not change the pKa within the dipeptide but may induce 

localised structural changes that alter the redox potential of the catalytic thiol 

group as described above. If the redox potential has been altered then it is 

possible that the active site sulfhydryl groups would be in an inactive oxidised 

state in the pre-fusion form of E1E2. This would prevent the motif from catalysing 

reduction of existing disulfide bonds within the glycoprotein complex. 
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 Two mutants, CIPC and CLPC, were investigated to determine whether 

introduction of these mutations altered the number of free sulfhydryl groups in pre-

fusion E1 and/or E2 in the context of HCVpp. These mutants were selected 

because they both demonstrate apparently normal E1E2 biosynthesis and 

incorporation into HCVpp. In addition they both bind CD81 in a wild-type manner. 

However, each mutant demonstrates severely impaired entry. This suggests that 

despite normal biosynthesis, CIPC and CLPC cannot proceed past CD81 binding 

during virus entry.  

HCVpp were partially purified through a sucrose cushion and labelled with 

maleimide-biotin or NHS-biotin as described in Chapter 3. For mutants CIPC and 

CLPC, E1 and E2 could be detected with both biotinylating agents. Across an 

average of three experiments it was determined that maleimide-biotin labelling of 

E1 and E2 from each mutant was not significantly different to wild-type (Figure 

4-19 and Table 4-3). Equivalent input of HCVpp expressing equal amounts of E1 

and E2 was confirmed by Western blot analyses of lysed HCVpp prior to 

streptavidin agarose precipitation for CVPC-wt and each mutant (Figure 4-19, 

lower panel). These results suggest that CIPC and CLPC have the same pre 

fusion oxidation state as CVPC-wt E1 and E2. Given that these mutants appear to 

have a normal biosynthesis phenotype and are capable of binding CD81, it seems 

these mutants are blocked at a stage of entry, unable to undergo fusion activation. 

This result may indicate that mutation of the internal dipeptide residues alters the 

redox potential within the CXXC motif whereby the catalytic thiol group is no longer 

able to catalyse disulfide reduction/isomerisation required to facilitate 

conformational changes associated with fusion activation. Alternatively, although 

these mutants can still bind CD81, it is possible that CLPC and CIPC mutations 

block a conformational change at cellular binding that affects downstream events 

required for fusion activation. 
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Figure 4-19. Characterisation of free sulfhydryl groups in E1 and E2 of Val227 mutants. 

Partially purified HCVpp expressing CVPC-wt, CIPC or CLPC mutant E1E2 or no envelope 

control (empty) were labelled with Maleimide-PEG2-Biotin (Maleimide-Biotin) or Sulfo-NHS-LC-

Biotin (NHS-Biotin). Particles were lysed and reduced by addition of DTT prior to capture of 

biotinylated proteins by streptavadin agarose. Samples were run on reducing SDS-PAGE and 

examined in Western blotting with anti-E2 and anti-E1 MAbs H52 and A4, respectively. Blots 

were imaged by LI-COR. Molecular weight markers are shown to the left. Equivalent input of 

E1, E2 and HIV-1 capsid protein p24 were determined by Western blot (probed with MAbs A4, 

H52 and 183, respectively) for each sample prior to streptavadin agarose pull-down. 

 

Table 4-3. Quantitative comparison of Maleimide-biotin labelling of E1 and E2 from V227I/L 

HCVpp. Ratio of NHS-biotin labelling relative to Maleimide-biotin labelling was calculated for 

CVPC-wt, CIPC and CLPC E1 and E2 by densitometry from 3 independent experiments. Data 

shown are the mean ± standard error. 

Mutant E2 E1 

CVPC-wt 2.50 ± 0.77 1.55 ± 0.45 

CIPC 1.95 ± 0.21 1.57 ± 0.11 

CLPC 1.78 ± 0.48 1.63 ± 0.44 
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4.5 Discussion and Conclusions 

This investigation identified and characterised a highly conserved 

thioredoxin-like C226VPC motif in HCV envelope glycoprotein E1 and found that it 

is essential for both correct E1E2 biosynthesis and HCV entry. Mutagenesis of the 

cysteine residues within the C226VPC motif to either Ala or Ser caused biosynthetic 

defects, including a loss of non-covalent heterodimeric E1 and E2 in mature viral 

particles. Conservative mutations introduced at Val227 that retained the neutral 

charge at this position, allowed normal biosynthesis of E1 and E2 glycoproteins 

and mutant virus retained CD81 binding function. However, each of these valine 

mutants demonstrated severely impaired entry suggesting that this motif is 

additionally required to function during virus entry. 

Thioredoxin family proteins are found in all living organisms. Although 

diverse in sequence these proteins typically have the common feature of a CXXC 

isomerisation motif [399]. Proteins from this family have been shown to 

demonstrate a range of functional activities including catalysing disulfide bond 

formation, reduction and isomerisation in target proteins, and therefore play an 

integral role in protein folding. The activity of these proteins is provided by a 

catalytic thiol, usually the N-terminal cysteine within the CXXC motif. When in a 

reduced state, deprotonation of this cysteine renders the thiol active, capable of 

attacking disulfide bonds in a target protein. Resolution of this mixed disulfide by 

the second Cys in the CXXC motif leaves the motif oxidised in an intermediary 

intramolecular disulfide bond, while the target protein is left reduced. Without the 

constraints of the original disulfide bonding arrangement, the target protein then 

refolds to adopt its lowest energy conformation. 

Redox active proteins have been described in many cellular locations 

including, but not limited to, the bacterial cytosol [379] and periplasmic space 

[400], the endoplasmic reticulum of mammalian cells (for example PDI [401]), and 

on the surface of cells [402]. In addition, as described in Chapter 3, the receptor 

binding glycoprotein from MLV and HTLV-1 viruses has been shown to contain a 

CXXC motif that controls the redox status and fusion activation of their viral 
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envelope glycoproteins [359,360], demonstrating a role for CXXC motifs in virus 

entry. Thus redox active proteins have a great propensity to adapt their 

functionality to specific roles. 

In 2005, Brazzoli et al. showed association of un-oxidised forms of HCV 

glycoprotein E2 (folding intermediates) with oxidised forms of E1 at early stages of 

biosynthesis and proposed that E1 may act as a chaperone assisting the folding of 

E2 [234]. While this was not directly assessed in this project, an interesting finding 

from the pulse chase analyses of the C226VPC single cysteine mutants was the 

apparent accumulation of high molecular weight species identified by each 

immunoprecipitation reaction. These may represent trapped folding intermediates 

unable to resolve intermolecular disulfide linkages, or possibly glycoprotein 

aggregates resulting from aberrantly formed disulfide bonds. Given that the high 

molecular weight forms were detected when precipitated by MAbs directed 

towards linear epitopes in E1 and E2, (H52 and A4, respectively), the oligomeric 

forms may consist of E1, E2 or disulfide linked E1E2. The involvement of the 

C226VPC Cys residues in modulating formation of the disulfide linked multimers is 

supported by the finding that these forms did not accumulate when both Cys 

residues within the motif were removed (AVPA). Therefore, one apparent role of 

the C226VPC motif is to regulate the folding of a functional non-covalent E1E2 

heterodimer. 

Although these data indicate that the E1 C226VPC motif is required for 

formation of a functional heterodimer there have been many publications 

demonstrating expression of the E2 ectodomain in a soluble form independently of 

E1. This form of E2 (E2661 RBD) is recognised by conformational, neutralising 

antibody and is capable of binding CD81 and SR-BI receptors [5,6,246,403]. The 

results from this mutagenesis study suggest that E1 is not likely to be required for 

the folding of a receptor-binding competent form of E2 consistent with these 

reports. Although substitution of either or both Cys residues with alanine prevented 

incorporation of non-covalently associated E1 into mature HCVpp, conformational 

epitopes on E2 recognised by MAb H53 and receptor CD81 were retained in the 

virion incorporated forms of E2. In addition, analysis of the AVPC mutant using 
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domain specific conformational MAbs directed toward two further immunological 

domains in E2661 RBD suggests these too are formed correctly. These data 

indicate that non-covalent E2-associated E1 is not required to maintain the three 

immunologically distinct domains in E2661 RBD. However, given that HCV is not 

functional in the absence of E1 it is not possible to determine whether E2 present 

in virions without E1 is truly representative of pre fusion heterodimeric virion 

incorporated E2. The available conformation-sensitive antibodies are directed 

towards the receptor binding domain (RBD) of E2 and do not probe the membrane 

MPHR that is located between the RBD and the TMD. The MPHR is an important 

heterodimerisation determinant and its structural integrity is essential for HCV 

infectivity [95]. It is predicted that the E2 MPHR may be functionally analogous to 

the stem region in flavivirus glycoprotein E which provides important hydrophobic 

contacts stabilising the prM-E heterodimer at neutral pH as well as promoting 

trimer formation during fusion activation at low pH [280]. Therefore alteration to 

this region of HCV E2 is likely to be detrimental to virus function. Although the 

exact role of HCV glycoprotein E1 during biosynthesis and entry remains unclear, 

one possibility is that it is required to maintain the metastable conformation of pre 

fusion E2. It is possible that here, in the absence of virion incorporated E1, the 

structure of E2 has been altered outside of the RBD, for example within the 

MPHR, rendering the virus inactive. 

In contrast to the effects of cysteine mutagenesis, some conservative 

mutations were tolerated at Val227 within the C226VPC motif without interfering 

with E1E2 heterodimerisation. Interestingly, all mutations tested reduced entry 

competence, indicating that this motif plays an essential role during virus entry. 

Mutants CLPC and CIPC were found to bind recombinant CD81 at WT levels 

which may indicate that the block in entry occurs at a stage after viral attachment 

to CD81. Alternatively, these mutants may be unable to undergo conformational 

changes following virus attachment required to initiate downstream events for 

fusion activation. Together, these results indicate that in addition to the 

requirement for the E1 C226VPC motif during glycoprotein biosynthesis, this motif 

is required during virus entry, possibly as a redox regulator. 
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The strict conservation of the dipeptide residues within the C226VPC motif is 

in contrast to what has been observed for numerous bacterial thioredoxin family 

proteins. The internal dipeptide in CXXC containing proteins has been implicated 

with controlling the redox potential [392,393] as well as determining how the 

protein positions the active thiol groups for substrate association [394]. Numerous 

studies have investigated substitution of the dipeptide between oxidoreductases. 

Substitution significantly alters the activity of the mutated protein and at times it will 

adopt the redox activity of the protein from which the dipeptide was derived 

[396,397,398].  

The apparent lack of redundancy in the HCV E1 C226VPC motif may reflect 

specific protein-protein interactions required by the virus during the entry cascade. 

In contrast to many ER chaperones where a general role in facilitating protein 

folding is required, viral proteins are likely to develop specific roles over time in 

order to maintain a minimal genome while maximising viral replication and efficient 

infectivity. Although mutations CMPC, CLPC, CIPC and CAPC would not alter the 

charge of the dipeptide, it is possible that the minor structural changes introduced 

by lengthening or shortening of the amino acid side chain, may alter the local 

environment of the catalytic thiol, thus changing its pKa. Given that the pKa of a 

catalytically active thiol is directly related to its redox potential [388,391] it is 

possible that even these minor changes to the C226VPC motif could render it 

inactive. This is supported by the observation that mutations CMPC and CAPC 

had varying effects on the entry capacity of genotype 1a (HCVpp) virus compared 

to genotype 2a virus (HCVcc). In HCVpp, CMPC entered at 31% of CVPC-wt and 

CAPC entered at 41%, whereas in HCVcc CMPC entry was not significantly 

different to CVPC-wt and CAPC was not entry competent at all. While the redox 

potential of the tetrapeptide motif in isolation would be the same in each case, it is 

likely that due to sequence differences between the genotypes in the regions 

surrounding the motif, mutations would affect the secondary structure of E1 from 

each HCV strain differently. Therefore it is possible that the pKa of the active thiol 

is now different in the two motifs.  
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In addition, thiol acidity is not considered the only factor that can influence 

the redox potential of the motif, as the difference in reduction potentials between 

bacterial thioredoxin (Trx; highly reducing) and DsbA (more oxidising) cannot be 

accounted for simply by thiol pKa values. These studies suggest that the structure 

of the dipeptide and surrounding sequence can additionally influence the redox 

potential of the catalytic thiol in a pH independent manner. Although no single pH-

independent factor can explain the redox differences between DsbA and Trx, 

factors such as the angle required for a disulfide bond to form and local van der 

Waals forces are thought to contribute. A high resolution structure of E1 or E1E2 is 

required in order to understand how the mutations at Val227 have affected the 

secondary structure of the protein.  

Recently, the complete structure of the envelope glycoprotein complex from 

the alphavirus, chikungunya virus was reported [279]. Chikungunya virus has three 

envelope glycoproteins including E1, E2 and E3. Glycoproteins E2 and E3 are 

derived from furin cleavage of a p62 precursor. E2 is responsible for receptor 

binding while E1 represents a class II fusion protein, as has been described for 

other alphaviruses [343]. The fold of E2 consists entirely of β-sheet and belongs to 

the immunoglobulin (Ig) superfamily. It consists of three Ig domains termed A, B 

and C from the N- to C-termini. Domain A has an Ig structure analogous to domain 

III from class II fusion proteins. Within this domain are 2 insertions including a β-

hairpin that is stabilized by two disulfide bonds, each involving a cysteine from a 

C19XXC thioredoxin-like motif that is conserved across the alphaviruses. The 

precursor glycoprotein p62 contains 9 disulfide pairs, including 6 pairs (12 cysteine 

residues) within E2 domains A, B and C. It has been suggested that the clustered 

arrangement of these disulfide pairs is compatible with disulfide reshuffling during 

folding of the p62-E1 heterodimer in the ER. This may be directly catalysed by the 

E2 CXXC motif, or may be regulated by other ER resident PDI proteins during 

folding. The close association of E2 domain A and E1 domain II suggests that 

these events would likely affect heterodimer conformation. Furthermore, the 

observation that the CXXC Cys residues are in an oxidised state in this structure 

indicates that the motif is not redox active in the mature form of the protein, 

consistent with a functional role for the motif during glycoprotein biosynthesis. 
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Interestingly, this finding demonstrates the conservation of a CXXC motif in 

envelope glycoproteins partnered with a predicted class II fusion protein, from 

distantly related alphaviruses and hepaciviruses.     

From Chapter 3 it is tempting to infer that the free sulfhydryl group(s) 

identified in HCV glycoprotein E1 are located within the C226VPC motif. If the 

C226VPC motif does function at fusion activation, then it would be expected that 

the thiol active Cys within the motif is reduced in mature particles prior to cellular 

attachment in order for it to catalyse reduction of existing disulfides within the 

glycoprotein complex. However, in the absence of detailed biochemical analyses 

of E1 and E2 this remains unclear. To determine the location of the free sulfhydryl 

groups, mass spectrometry analyses of sulfhydryl alkylated glycoproteins from 

highly purified cell free HCVcc is required. Such experiments are complicated by 

the low titre produced by replication competent virus, as well as extensive 

glycosylation and apparent oligomeric heterogeneity of the glycoproteins 

expressed on particles [137]. Future experiments to determine the oxidation state 

of this motif in pre and post fusion forms of the virus will be essential to determine 

a role for this motif in regulation of disulfide isomerisation as a component of 

fusion activation.   

The results from this mutagenesis study indicate that the C226VPC motif is 

required at both glycoprotein biosynthesis and fusion activation. As yet, it remains 

unclear whether a catalytic thiol within this motif is required at either or both 

stages. As described above, catalysing disulfide bond reduction or isomerisation 

requires a reduced Cys residue which ultimately transitions to an oxidised state 

forming an intramolecular disulfide bond with the second active site cysteine of the 

CXXC motif. In order for the motif to be active again, the intramolecular disulfide 

bond must be broken and the sulfhydryl groups recycled back to a reduced state. 

In the case of thioredoxin, a second enzyme thioredoxin reductase carries out this 

reaction. As proposed above, it is possible that the C226VPC motif functions to 

regulate glycoprotein folding, which would be consistent with the apparent role of 

the E2 CXXC motif from chikungunya virus [279]. However, there have been no 

reports of associations with reductases for HCV glycoproteins as would be 
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required for the motif to function again at fusion activation. There have been 

several publications regarding the associations of E1 and E2 with lectin chaperone 

calnexin [231,232,234]. Rather than providing catalytic thiols, lectin chaperones 

act by retaining unfolded or misfolded proteins in the ER by non-specific 

association with carbohydrate of N-linked glycoproteins and unfolded regions of 

proteins. This retention of glycoproteins in the ER increases the chance of 

degradation of the protein by the proteasome. Many mutations introduced into the 

E1 C226VPC motif impaired glycoprotein heterodimerisation and therefore are likely 

to have induced a change in the fold of E1. Rather than providing redox activity, 

the C226VPC motif may exert a structural influence on E1 folding, required to 

prevent prolonged association of E1 with chaperones and permit correct 

biosynthesis of E1E2. The CXXC Cys residues may then remain reduced 

throughout glycoprotein maturation and provide catalytic activity to drive 

conformational changes in the glycoproteins during virus entry. This would be 

consistent with the Chapter 3 finding that regulation of the oxidation state of the 

viral glycoproteins is intrinsically controlled during virus entry.   

In support of a role for the E1 C226VPC motif in regulating entry events, it 

was found that mutations could be introduced into the motif that allowed normal 

E1E2 biosynthesis but impaired virus entry. E1 mutants CLPC and CIPC 

demonstrated WT E1E2 heterodimersation, formation of the conformational CD81 

binding site and were found to contain the same number of free sulfhydryl groups 

in E1 and E2 compared to CVPC-wt in the pre fusion conformations of these 

proteins, yet both mutants demonstrated severely reduced entry competence. 

Together, these data indicate that the C226VPC motif is strictly required for the 

virus to mediate entry, possibly via catalysing the reduction/oxidation of thiol 

groups. The observation that these mutants were capable of binding recombinant 

CD81 may suggest that this motif functions at a post-CD81 stage in entry. 

However, in Chapter 3 it was found that although free sulfhydryl groups are 

required to function during entry, and an isomerisation event within the 

glycoproteins is likely to occur immediately upon cellular attachment, blocking of 

the free sulfhydryl groups did not preclude binding of HCVpp-derived E2 to CD81. 

This suggests that the free sulfhydryl groups are not required to mediate this 
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event. Instead, it is possible that following cellular attachment a conformational 

change is induced within the glycoproteins outside of the CD81 binding site that 

facilitates other downstream events required for virus entry. It is important to also 

acknowledge that there may be some conformational differences between MBP-

LEL112-301 and full length CD81 that may affect the findings described here 

[246,259]. 

 Further biochemical analysis is required to directly implicate the C226VPC 

motif with providing redox activity that drives the disulfide isomerisation events 

described in Chapter 3. For example, identification of differences in glycoprotein 

oxidation following cellular attachment for CVPC-wt virus compared to CIPC and 

CLPC mutants. The next chapter will investigate recombinant expression systems 

for E1 and examine whether E1 demonstrates classical thioredoxin redox activity 

in vitro. 
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5 Chapter 5 – Expression of Recombinant E1 for 

Redox Activity Assays  

5.1 Introduction 

In Chapter 3 it was determined that free sulfhydryl groups in HCV envelope 

glycoproteins E1 and E2 are essential for virus infection, while Chapter 4 identified 

a highly conserved CXXC thiol-disulfide exchange motif in E1. Characterisation of 

this motif demonstrated that it is required for correct biosynthesis of the HCV 

glycoproteins as well as during virus entry. It was not possible to determine 

whether the CXXC motif is directly responsible for regulating the free thiol groups 

in E1 and E2. However, many proteins that are predicted to provide redox activity 

in vivo can be shown to catalyse disulfide reduction using in vitro assays (for 

review see [399]).  

To further study biochemical and structural properties of the HCV envelope 

proteins, a soluble, recombinant form is required which preserves the native 

conformation. There have been many investigations into the expression of E1 and 

E2 both as independent proteins and in co-expression systems. To date there has 

been no crystal structure reported for E1 or E2. There have been NMR structures 

of peptides representing a membrane proximal heptad repeat region of E1 

(residues 314–342) [287] as well as the N-terminal region of the E1 TMD (residues 

350-370) [236]. While both these regions show strong helical characteristics, in the 

absence of any other structural information for E1 it is unknown how these helices 

fit into the domain structure and organisation of the glycoprotein complex. 

Both E1 and E2 contain membrane anchors that mediate retention of the 

glycoproteins in the ER [102,133,208,209]. An additional sequence in the 

juxtamembrane region of E1 (residues 290-333) has also been shown to mediate 

ER retention [211]. Therefore in order to obtain a soluble form of the glycoproteins 
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it is expected that these C-terminal sequences will need to be removed at 

minimum. 

Michalak et al. (1997) used a recombinant vaccinia expression system to 

investigate the effect of C-terminal deletions on E1 and E2 secretion from 

mammalian cells [210]. The group found that E1 must be C-terminally truncated at 

residue 311 to achieve efficient secretion. E2 was secreted when truncated at 

residues 661 or 715, although only the 661 form was determined to be correctly 

folded. The group found that when E1191-311 was expressed in isolation the protein 

was aggregated and proposed that E2 may be required to facilitate correct folding 

of E2. 

A more recent report by Tello et al. (2010) demonstrated baculovirus co-

expression and secretion of E1191-341 and E2384-661 [242]. The group reported that 

the protein had a high propensity to heterodimerise and associate into higher order 

arrangements despite lacking their TMDs (an important heterodimerisation 

determinant) [236,237,238]. Far-UV CD analysis and fluorescence spectroscopy of 

associated E1 and E2 was consistent with that of protein containing three-

dimensional structure, and conformation sensitive antibody directed towards E2 

immunoprecipitated non-covalent and disulfide linked variants of the protein. It 

should be noted that these high molecular weight forms may be artefacts resulting 

from boiling and aggregation of samples prior to SDS-PAGE and may not 

represent true higher order conformers. Although E1 did not appear to form 

aggregates in this co-expression system the group were unable to confirm the 

structural integrity of the protein due to a lack of conformation sensitive MAbs 

directed towards E1. It is important to note that this study is in contrast to several 

previous reports that demonstrate both the E1 and E2 TMDs are essential for 

heterodimerisation, where mutagenesis of residues within the TMDs, or truncation 

of either the E1 or E2 TMD abrogates E1E2 association [208,210,236,237,238] . 

In another study, Hussy et al. (1997) compared the reactivity of HCV-

positive sera with un-glycosylated bacterially expressed E1 and E2 and 

glycosylated, baculovirus expressed forms of the glycoproteins [404]. The results 
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showed that bacterially expressed E1 (residues 191-309 and 191-334) was well 

recognised by patient sera while glycosylated forms of E1 were only recognised by 

a small proportion of sera. The group concluded that glycosylation is not required 

for folding of E1. However, it is not known whether patient sera is likely to contain 

conformational antibody directed towards E1 therefore variations in sera reactivity 

do not necessarily represent folding differences between these recombinant forms 

of E1 and may rather be due to glycan exclusion of epitopes in baculovirus 

expressed E1E2. 

A comparison of E1 ectodomain (residues 191-326) expression in yeast 

and mammalian cells was performed by Lorent et al. (2008) [405]. The group 

performed extensive biochemical analysis including Fourier transform infrared 

(FTIR) spectroscopy and far-UV CD quantitation of the secondary structure of 

monomeric E1, and found no significant difference in the spectras produced by 

mammalian and yeast expressed forms of the protein. The immune reactivity of 

yeast and mammalian derived E1 was examined using sera from chronically HCV-

infected persons. Comparable reactivity was observed for each protein. However, 

as described above, this is not necessarily indicative of protein conformation. 

Some differences in glycosylation were observed with yeast derived protein 

demonstrating heterogeneity in the use of potential N-linked glycosylation sites 

compared to more complete glycosylation in mammalian expressed E1. Without 

conformation sensitive MAb directed towards E1 it is unclear whether this is likely 

to have affected the conformation of the protein. 

These studies indicate that while the E1 ectodomain has a great propensity 

to aggregate, it is possible to obtain a soluble, non-aggregated form of E1 using 

E1E2 co-expression systems based in mammalian or insect cells [210,242]. 

Evidence for soluble E1 expression in the absence of E2 is also available in a 

variety of systems including bacterial, insect, yeast and mammalian cells 

[404,405]. In each case, E1 was C-terminally truncated at least to residue 341. E1 

contains several highly hydrophobic regions including a short membrane proximal 

heptad repeat (MPHR; residues 330–347) and a conserved membrane interactive 

region (residues 276–286) [285,286]. In the studies discussed above each 
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construct lacked the TMD and all, or much of the MPHR to aid solubility. A major 

limitation of these studies has been a lack of conformational monoclonal 

antibodies and functional assays for E1. Therefore it remains unknown whether 

these recombinant forms of E1 represent what is expressed on the surface of virus 

particles. 

Although E1 is required to function as a heterodimer with E2 to facilitate 

virus entry, its role is yet to be determined. Development of a recombinant 

expression system for the ectodomain of E1 would provide opportunities for 

investigating domain structure to allow comparison with other viral protein 

paradigms. Pertinent to this study, recombinantly expressed E1 could also be 

used in functional assays to analyse potential enzymatic roles of the protein such 

as redox activity. In this chapter, a variety of expression systems were explored in 

order to produce a soluble form of E1 with which to test redox activity using in vitro 

thioredoxin activity assays.  

 

5.2 Results - Bacterial Expression of E1 

Escherichia coli (E.coli) is one of the most widely used systems for 

expression of recombinant protein due to the high yields produced. To investigate 

expression of soluble E1 in bacteria various C-terminal extensions of the E1 

ectodomain (prototype strain H77c) were introduced into a pMAL-c2-based vector 

encoding an N-terminal maltose binding protein tag (MBP). An MBP tag was 

selected to aid in solubilisation and purification of the protein. In addition a rigid 

Ala-Ala-Ala linker was engineered into the vector between the MBP tag and the E1 

sequence. This was done to promote independent folding and localisation of the 

two proteins. 

Three lengths of the E1 ectodomain were introduced based on the location 

of various hydrophobic sequences (schematically represented in Figure 5-1). 

While it would be ideal to express the entire ectodomain of E1, previous studies 

indicate that removal of C-terminal membrane proximal sequences may promote 

the expression of soluble protein. To examine this hypothesis, sequential C-
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terminal truncations of the E1 ectodomain were performed, terminating at residues 

351, 340 and 329. 

 

 

Figure 5-1. Schematic representation of various E1 ectodomain lengths expressed as 

MBP-tagged proteins in E. coli. Conserved cysteine residues are shown as green vertical 

lines. Location of the thioredoxin-like motif is indicated near the N-terminus of E1. The MPHR 

and the TMD are labelled in grey. The enhanced sequence between the MPHR and TMD show 

the residues at each truncation site.  

 

5.2.1 Small scale expression of MBP-E1 proteins 

E. coli strain BL21(DE3) was transformed with pMBP-E1 and expression 

was induced with isopropyl-β- -thiogalactopyranoside (IPTG) for 5 h. Bacteria 

were sonicated to release proteins then soluble and insoluble fractions were 

separated by centrifugation. Soluble fractions were either run directly on SDS-

PAGE or subjected to purification by amylose resin precipitation prior to SDS-

PAGE analysis. Insoluble fractions were loaded directly onto SDS-PAGE. All gels 

were run under reducing conditions in duplicate, and either stained with 

Coomassie blue or analysed by Western blot using MAb A4 which recognises 

amino acid residues 197-207 at the N-terminus of E1 [138].  
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Coomassie staining identified a significant band of protein at the expected 

molecular weight of the MBP-E1 constructs, at ~60kDa, both in the soluble and 

insoluble fractions (MBP-fp; Figure 5-2A). This band was greatly enhanced in the 

soluble fraction when the protein was precipitated by amylose resin prior to SDS-

PAGE indicating the presence of the MBP tag. Western blots probed with anti-E1 

MAb A4 confirmed expression of MBP-E1 from each of these constructs (Figure 

5-2B). Interestingly, a ~50 kDa species was also detected in Western blots probed 

with A4 indicating the presence of a truncated form of MBP-E1 that retained the 

A4 epitope. 

These results show that MBP-E1 incorporating any of the three lengths of 

ectodomain tested can be expressed in a soluble form in bacteria.  
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Figure 5-2. Small scale expression and purification of MBP-E1 constructs from E. coli 

strain BL21(DE3). Soluble fractions of E. coli cultures transformed with pMBP-E1 were loaded 

directly onto SDS-PAGE or subjected to amylose resin purification (indicated by +) prior to 

SDS-PAGE analysis. Insoluble fractions were run directly on SDS-PAGE. Samples were run 

under reducing conditions then either directly stained with Coomassie blue (A) or Western 

blotted with anti-E1 MAb A4 (B). Coomassie stained gels and Western blots were visualised by 

LI-COR. Molecular weight markers are shown to the left of the gels. 
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5.2.2 Large scale expression and purification of MBP-E1 proteins 

To allow further biochemical analyses of each MBP-E1 protein species 

protein expression was up-scaled for each construct. Transformed BL21(DE3) 

were induced with IPTG as described in section 5.2.1 and soluble protein was 

released from the bacteria by sonication. MBP-tagged proteins were purified over 

amylose resin before separation of oligomeric forms by gel-filtration 

chromatography using a Superdex 200 (HiLoad 26/60) column. Eluent fractions 

were collected at 2 min intervals.  

The majority of the MBP-tagged protein isolated from bacteria eluted in the 

void volume indicative of high molecular weight aggregate species (Figure 5-3). In 

addition, a 42 kDa species was eluted for each construct which corresponds in 

molecular mass to MBP alone. While there was no evidence for monomeric or 

higher order arrangements of MBP-E1 for any construct, a noticeable shoulder 

was evident on the 42 kDa peak fraction from each construct, indicative of a 

slightly larger species unresolved from the 42 kDa species.  
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Figure 5-3. FPLC profiles of MBP-E1 proteins. BL21(DE3) E. coli transformed with pMBP-E1 

were lysed by sonication following IPTG induction. MBP-tagged proteins were isolated by 

amylose resin then loaded onto a Superdex 200 (HiLoad 26/60) column. Fractions were 

collected at 2 min intervals for MBP-E1329, MBP-E1340 and MBP-E1351. Blue shading indicates 

shoulder fractions unresolved from the 42 kDa MBP peak. Marker sizes and column void (V0) 

are indicated above. 
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5.2.3 Analysis of MBP-E1329 FPLC fractions 

Each peak fraction collected from FPLC purification of the MBP-E1 

constructs was analysed by Coomassie stained SDS-PAGE and Western blot, 

under reducing and non-reducing conditions. 

Visualisation of MBP-E1329 fractions 1-3 in Coomassie stained SDS-PAGE 

identified a protein band migrating at approximately 56 kDa under reducing 

conditions (Figure 5-4B, upper gel). This corresponds approximately to the 

expected size of MBP-E1329. However, these fractions were eluted in the void of 

the column space indicating that the protein is present as high molecular weight 

aggregate. This was evident when the same protein fractions were run under non-

reducing conditions. Fractions 1 and 2 appeared to contain aggregates too large to 

enter the gel as they were not detected by Western blot or Coomassie staining 

when run under non-reducing conditions. Western blot analysis of these fractions 

run under reducing conditions confirmed that the protein bands detected in 

fractions 1-3 contained E1 sequence as they were detected by anti-E1 MAb A4 

(Figure 5-4, lower gel). 

Fraction 5 is likely to represent a peak of MBP alone as MAb A4 which 

recognises residues at the very N-terminus of E1 did not detect protein from this 

peak. This protein ran as a single band at approximately 42 kDa which is the 

expected molecular weight for MBP. 

 Fraction 4 corresponds to the shoulder preceding the MBP peak fraction. 

When run under both reducing and non-reducing conditions on SDS-PAGE a 

single band appeared at approximately 50 kDa. This protein migrated higher than 

MBP (fraction 5), but lower than aggregate forms of MBP-E1329
 run under reducing 

conditions suggesting that perhaps this protein is a truncated form of MBP-E1329. 

Indeed protein from fraction 4 was detected by MAb A4 indicating that a region of 

N-terminal E1 sequence has been expressed in fusion with MBP. Importantly it 

appears this fraction of protein is expressed in a non-covalently linked form 
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indicating that it is not forming disulfide linked aggregates as was observed in 

fractions 1-3. 

These results suggest that expression of the E1 ectodomain residues 191-

329 in fusion with MBP largely results in production of aggregated disulfide linked 

forms of protein indicating misfolding events. However, it seems that spontaneous 

cleavage of MBP-E1329 by a bacterial protease produces a length of protein that is 

soluble and appears to form a monomeric domain of E1. 
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Figure 5-4. Purification of MBP-E1329 and separation of oligomeric forms. A. Protein 

fractions were isolated by Superdex 200 (HiLoad 26/60) gel filtration chromatography of MBP-

E1329. B. Each fraction was run on SDS-PAGE under reducing or non-reducing conditions 

(lanes 1-5). Gels were either directly stained with Coomassie blue (upper gel) or probed with 

anti-E1 MAb A4 for Western blot analysis (lower gel). Coomassie stained gels and Western 

blots were visualised by LI-COR. Asterisks represent truncated forms of MBP-E1329. Molecular 

weight markers are shown to the left of the gels. 
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5.2.4 Analysis of MBP-E1340 FPLC fractions 

Analysis of the MBP-E1340 fractions isolated by FPLC revealed an identical 

profile to the MBP-E1329 fractions, in both Coomassie blue stained SDS-PAGE and 

Western blot (Figure 5-5B, upper and lower gels, respectively). Fractions 1-3 

eluted at a time consistent with high molecular weight aggregate forms of MBP-

E1340. Reducing Coomassie blue and Western blot analyses confirmed that the 

protein in these fractions corresponded to the approximate expected molecular 

weight of 57 kDa for MBP-E1340. Fraction 5 contained MBP alone with no E1 

sequence, running at approximately the expected molecular weight of 42 kDa, and 

not detected in Western blot by MAb A4.  

Fraction 4 corresponds to the shoulder preceding the MBP peak fraction. 

When run under both reducing and non-reducing conditions on SDS-PAGE a 

single band appeared at approximately 50 kDa that was recognised by MAb A4. 

This protein migrated higher than MBP from fraction 5, but lower than reduced 

aggregate forms of MBP-E1340.  

These results suggest that expression of the E1 ectodomain residues 191-

340 results in the majority of protein forming disulfide linked aggregate. 

Interestingly, a spontaneous cleavage event produced a truncation product of 

MBP-E1 at the same apparent molecular weight as identified in fraction 4 of MBP-

E1329 suggesting release of a common domain from each construct. 
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Figure 5-5. Purification of MBP-E1340 and separation of oligomeric forms. A. Protein 

fractions were isolated by Superdex 200 (HiLoad 26/60) gel filtration chromatography of MBP-

E1340. B. Each fraction was run on SDS-PAGE under reducing or non-reducing conditions 

(lanes 1-5). Gels were either directly stained with Coomassie blue (upper gel) or probed with 

anti-E1 MAb A4 for Western blot analysis (lower gel). Coomassie stained gels and Western 

blots were visualised by LI-COR. Asterisks represent truncated forms of MBP-E1340. Molecular 

weight markers are shown to the left of the gels.  
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5.2.5 Analysis of MBP-E1351 FPLC fractions 

Analysis of the FPLC profile from MBP-E1351 indicated that the first three 

protein peaks eluted from the Superdex 200 (HiLoad 26/60) column at a time 

consistent with high molecular weight aggregate forms of the protein (Figure 

5-6A). Reducing SDS-PAGE followed by Coomassie blue staining or Western blot 

analyses confirmed that the protein in these fractions contained E1 sequence and 

had the expected molecular weight for MBP-E1351 of approximately 58 kDa (Figure 

5-6B upper and lower gels, respectively). Fraction 5 appeared to contain MBP 

cleaved from E1 as this protein was not detected by anti-E1 MAb A4. 

Fraction 4 corresponds to the shoulder preceding the MBP peak fraction, 

and ran as a single band at approximately 50 kDa under reducing and non-

reducing conditions on SDS-PAGE. Although Western blot analysis showed this 

protein to contain the A4 epitope this is likely to be a truncated form of MBP-E1351. 

Together these results suggest that expression of the MBP-E1 ectodomain 

up to residues 329, 340 or 351 results in misfolding and aggregation. However, for 

each construct a proportion of protein appears to undergo spontaneous cleavage 

by a bacterial protease and does not become aggregated. This product is 

recognised by MAb A4 and is a soluble, monomeric fragment incorporating the N-

terminal residues of E1.  
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Figure 5-6. Purification of MBP-E1351 and separation of oligomeric forms. A. Protein 

fractions were isolated by Superdex 200 (HiLoad 26/60) gel filtration chromatography of MBP-

E1351. B. Each fraction was run on SDS-PAGE under reducing or non-reducing conditions. 

Gels were either directly stained with Coomassie blue (upper gel) or probed with anti-E1 MAb 

A4 for Western blot analysis (lower gel). Coomassie stained gels and Western blots were 

visualised by LI-COR. Asterisks represent truncated forms of MBP-E1351. Molecular weight 

markers are indicated to the left of the gels. 
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5.2.6 Identification of MBP-E1 truncation products 

Attempts to express and purify E1 ectodomain residues in fusion with MBP 

in bacteria, largely resulted in the protein forming disulfide linked aggregates 

(fractions 1-3 for each construct, above). However, in each case an unresolved 

monomeric form of MBP-E1 was also isolated which appeared to contain a 

truncated E1 sequence (fraction 4 for each construct, above). It is possible that a 

co- or post-translational cleavage event at an N-terminal site(s) within E1 

generates these truncated forms of MBP-E1. 

To identify the C-terminus of MBP-E1 isolated from fraction 4 of MBP-E1329, 

MBP-E1340 and MBP-E1351 mass spectrometry analysis was performed. Samples 

were reduced and alkylated by iodoacetamide (IAA) then digested with trypsin and 

analysed by matrix-assisted laser desorption/ionization time-of-flight/time-of-flight 

mass spectrometry (MALDI TOF/TOF) using an Ultraflex III MALDI-TOF/TOF 

mass spectrometer (Bruker Daltonics, Massachusetts, USA) with 2,5-dihydroxy 

benzoic acid as matrix.  

It was found that fraction 4 from each construct contained peptides that 

mapped to all of MBP, and N-terminal residues of E1 including E1 residue Arg258 

but not exceeding Arg259. Analysis of fraction 3 from each construct identified 

peptides that extended beyond Arg259 consistent with Western blot and 

Coomassie analyses which suggested this aggregate form of protein has a higher 

molecular mass than the MBP-E1 protein from fraction 4. A representative 

schematic of the peptide mapping result for MBP-E1329 fractions 3 and 4 is shown 

in Figure 5-7. 

The observation that MBP-E1329, MBP-E1340 and MBP-E1351, are cleaved at 

a common site may indicate that E1 residues 191-259 form an independent sub-

domain of E1. 
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Figure 5-7. Mass spectrometry analysis of MBP-E1329 fractions 3 and 4. Fraction 3 and 

fraction 4 of MBP-E1329 were alkylated with IAA then digested with trypsin. The mass of the 

peptide fragments was analysed by an Ultraflex III MALDI-tof/tof mass spectrometer using 2,5-

dihydroxy benzoic acid as matrix. Peptide assignment was inferred from the observed 

molecular masses. Turquoise blocks indicate MBP sequence. Yellow blocks indicate E1 

sequence with HCV polypeptide numbering indicated in black. Grey blocks indicate assigned 

peptide fragments matched to red sequences. Black sequences represent regions to which no 

peptide fragments could be assigned. The E1 C
226

VPC motif is boxed in blue. 

 

5.2.7 Small scale expression of MBP-E1259  

To examine whether deletion of C-terminal residues beyond residue 259 

result in the expression of monomeric MBP-E1, the pMBP-E1 construct was 

reengineered to incorporate E1 residues 191-259 for further analysis.  
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BL21(DE3) E. coli were transformed with pMBP-E1259 and induced with 

IPTG. Proteins were released by sonication then soluble and insoluble fractions 

were separated by centrifugation. Soluble fractions were either run directly on 

SDS-PAGE or subjected to purification by amylose resin precipitation prior to 

SDS-PAGE analysis. Insoluble fractions were loaded directly onto SDS-PAGE. 

Coomassie stained SDS-PAGE and Western blot analyses using MAb A4, 

identified a protein band that migrated near the 50 kDa molecular mass marker, 

similar to the expected molecular mass of ~48 kDa for MBP-E1259 (Figure 5-8 

upper and lower gels, respectively). This species was observed in both the soluble 

and insoluble fractions. Amylose agarose was successfully used to purify the 

48 kDa species from the soluble fraction. Protein expression was therefore up-

scaled in order to allow further biochemical analysis of MBP-E1259. 
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Figure 5-8. Expression and purification of MBP-E1259. BL21(DE3) E. coli cultures 

transformed with pMBP-E1259 were induced with IPTG. Bacteria were lysed by sonication and 

soluble and insoluble fractions separated by centrifugation. Soluble protein was either loaded 

directly onto SDS-PAGE or subjected to amylose agarose purification (indicated by +) prior to 

SDS-PAGE analysis. Samples were run under reducing conditions then either directly stained 

with Coomassie blue (upper gel) or probed with anti-E1 MAb A4 for Western blot analysis 

(lower gel). Coomassie stained gels and Western blots were visualised by LI-COR. Molecular 

weight markers are indicated to the left of the gels. 
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5.2.8 Large scale expression of MBP-E1259 

MBP-E1259 was expressed in BL21(DE3) E. coli and released by sonication 

as described in section 5.2.1. The soluble protein fraction was subjected to affinity 

purification on an amylose agarose column before separation of oligomeric 

species by gel filtration using a Superdex 75 (HiLoad 16/60) column.  

The gel filtration profile for MBP-E1259 shows the majority of the protein to 

be present as a single oligomeric species with little high molecular weight 

aggregate observed (Figure 5-9A). This protein was eluted just prior to the 

expected time for MBP. Evaluation of the single peak by Coomassie stained SDS-

PAGE showed that the protein ran as a distinct band of the expected molecular 

weight for MBP-E1259 of ~48 kDa under both reducing and non-reducing conditions 

(Figure 5-9B). This indicates that removal of the region spanning residues 260 to 

329 successfully prevents the formation of misfolded aggregates.  

This result demonstrates that E1 residues 191-259 can be expressed in a 

soluble form in bacteria when produced as a fusion protein with MBP. The 

C226V/LPC thioredoxin-like motif is centrally located within the 191-259 residues 

therefore this may represent a stable domain and candidate protein for testing in a 

redox activity assay. 
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Figure 5-9. Purification of MBP-E1259 and separation of oligomeric forms. A. Protein 

fractions of MBP-E1259 were isolated by gel filtration using a Superdex 75 (HiLoad 16/60) 

column. B. Fractions were run on SDS-PAGE under reducing or non-reducing conditions. Gels 

were stained with Coomassie blue and visualised by LI-COR. Molecular weight markers are 

indicated at the left of the gel. 
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5.2.9 Limited proteolysis of MBP-E1259 

The availability of protease cleavage sites provides information about a 

protein‟s secondary structure. An unfolded region of protein will be highly 

susceptible to protease cleavage even at low protease concentrations, while a 

tightly folded region of protein is likely to shield potential recognition sites from 

digestion. 

The protease chymotrypsin preferentially cleaves proteins at bulky aromatic 

residues including Trp, Tyr, Phe, while secondarily cleaving at small hydrophobic 

residues Leu, Met, Ala, Asp and Glu.  

To determine whether MBP-E1259 contains secondary structure, 7 µg of 

protein was digested with increasing amounts of chymotrypsin (w/w) and 

incubated at 37°C for 10 min. Samples were quenched with protease inhibitor 

phenylmethanesulfonylfluoride (PMSF) prior to running the samples on SDS-

PAGE and staining with Coomassie blue. To identify the peptide fragments 

produced by chymotrypsin cleavage, samples digested at 1:40 and 1:5 

(protease:protein) were subjected to analysis by mass spectrometry. For these 

samples, digestion reactions were quenched with 0.1% trifluoroacetic acid rather 

than PMSF to inactivate the protease. 

From the SDS-PAGE analysis it is apparent that as the concentration of 

chymotypsin increases, MBP-E1259 (represented by a single ~48 kDa band) 

diminishes, with the gradual emergence of a single band at ~42 kDa, expected to 

represent MBP alone (Figure 5-10A). The band at 42 kDa also reduces as the 

concentration of chymotrypsin increases, indicating some level of MBP cleavage.  

Analyses of 1:40 and 1:5 MBP-E1259 digestions were performed by MALDI 

TOF/TOF using an Ultraflex III MALDI-TOF/TOF mass spectrometer (Bruker 

Daltonics, Massachusetts, USA) with 2,5-dihydroxy benzoic acid as matrix. Four 

peptide fragments in each digest could be mapped to regions in E1. These had 

masses of 1790 Da, 1445 Da, 2653 Da and 1968/1970 Da (1:40 and 1:5 digests 
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respectively) (Figure 5-10B). Three of these peptide fragments were 

unambiguously assigned to E1 while the 1790 Da fragment could be assigned to 

an N-terminal region of E1 or a region in MBP. Each of the chymotrypsin cleavage 

sites occurred at an aromatic residue in E1. 

There was no difference in the E1 peptide assignment between the 1:5 and 

1:40 chymotrypsin digests indicating that low protease concentrations are 

sufficient to cleave E1 at the three aromatic residues Y201, Y214 and W239. 

Importantly, while the aromatic residues in the E1 sequence were readily cleaved, 

none of the secondary recognition sites (L, M, A, D or E) were cleaved by 

chymotrypsin even when the protein was exposed to high concentrations of 

protease. This suggests that these sites are shielded from digestion and indicates 

the presence of secondary structure in the protein. These results provide evidence 

that E1 residues 191-259 form a soluble domain when expressed in fusion with 

MBP and contains subdomains with secondary structure. This indicates that MBP-

E1259 represents a good candidate for testing in an in vitro redox activity assay. 
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Figure 5-10. Analysis of MBP-E1259 by limited proteolysis. Purified MBP-E1259 was 

incubated with increasing concentrations of chymotrypsin prior to quenching. Proteolysed 

samples were either run on SDS-PAGE and visualised by Coomassie blue staining (A) or 

analysed by mass spectrometry (B). The mass of the peptide fragments was analysed by an 

Ultraflex III MALDI-tof/tof mass spectrometer using 2,5-dihydroxy benzoic acid as matrix. 

Peptide assignment was inferred from the observed molecular masses. Observed peptide 

masses are shown in Da in black while the predicted mass of each peptide is in grey. 

Fragments shown in blue were unambiguously mapped to E1 in the 1:40 digest while the red 

fragments were unambiguously mapped to E1 in the 1:5 digest. The molecular mass of the 

black fragments mapped to the designated region in E1 but could also be mapped to a 

predicted fragment in MBP. Aromatic residues in the E1 sequence are boxed in red, 

chymotrypsin secondary recognition sites are underlined and the C
226

VPC thioredoxin-like 

motif is highlighted in green. 
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5.2.10 Insulin reduction assay 

To determine if the E1 C226V/LPC motif has the ability to regulate the 

oxidation state of the HCV envelope glycoprotein complex, the redox activity of the 

motif was measured using a classical thioredoxin assay. Thioredoxin is capable of 

reducing disulfide bonds across a broad range of substrates including insulin. 

Insulin consists of one α and one β chain linked by two disulfide bonds. Reduction 

of the disulfide bonds can be followed spectrophotometrically at 650 nm as the β 

chain precipitates [372].  

Thioredoxin (Trx) containing a 6 x His C-terminal tag was expressed in 

BL21(DE3) E. coli and released by sonication as described for MBP-E1 proteins. 

The soluble protein fraction was subjected to affinity purification on a nickel 

agarose column before isolation of the monomeric species by gel filtration using a 

Superdex 75 (HiLoad 16/60) column.  

To examine whether E1 demonstrates reducing activity, reduced MBP-

E1259 was added to insulin. Precipitation of insulin by 8 µM Trx was complete by 

approximately 18 min, while the reaction took ~25 mins for 4 µM Trx (Figure 5-11). 

No detectable precipitation of insulin occurred during the 30 min assay for MBP-

E1259, un-reactive MBP-CD81 or the water only control. This suggests that the E1 

domain consisting of residues 191-259 are not able to catalyse reduction of insulin 

disulfide bonds in vitro. 
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Figure 5-11. Insulin reducing activity of MBP-E1259. Reduction of insulin disulfide bonds by 

thioredoxin, MBP-E1259, negative control MBP-CD81 or water only, was measured 

spectrophotometrically by absorbance at 650 nm over 30 min using a Fluostar (BMG Lab 

Technologies). Data are from a representative experiment. 

 

5.3 Results - Mammalian Expression of E1 

5.3.1 Expression of E1-myc in HEK 293T cells 

It was found that the maximum length of E1 that could be expressed in a 

soluble, non-aggregated form in bacteria was 68 residues (191-259). Thioredoxin 

consists of 105 amino acids and the fold is comprised of 5 β-sheets surrounded by 

4 α-helices. A truncated form of human thioredoxin consisting of 80 amino acids 

does not demonstrate insulin reducing activity in vitro [406]. Therefore it is likely 

that E1259
 which includes just 68 residues is not long enough to constitute an 

active thioredoxin domain as it is lacking structural and functional elements. There 

are reports of redox active cysteines outside thioredoxin domains [407]. However, 

the results above show that the Cys residues contained in bacterially expressed 

E1259 do not demonstrate insulin reducing activity. It is possible that the absence 

of ectodomain glycosylation has altered the structure and/or activity of E1, 

therefore expression of longer, glycosylated forms of the E1 ectodomain was 

investigated using a mammalian expression system.  
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Sequential C-terminal extensions of the E1 ectodomain were introduced 

into a pcDNA-based vector, terminating at residues 351, 340, 329 and 259. This 

vector incorporates a C-terminal myc epitope tag to facilitate detection and an N-

terminal tissue plasminogen activator leader sequence to promote protein 

translocation into the ER lumen [246].  

To examine expression and secretion of the E1 ectodomain in mammalian 

cells, pcDNA-E1-transfected HEK 293T cells were radiolabelled with 35S-Met/Cys 

for 30 min then chased in fresh DMF10 for 4 h. Culture supernatants were 

subjected to immunoprecipitation with anti-E1 MAb A4 followed by SDS-PAGE 

analyses under non-reducing and reducing conditions and phosphorimaging 

(Figure 5-12A and B, respectively). 

When run under non-reducing conditions, a single band was detected for 

the longest form of the ectodomain, E1351myc, at approximately 70 kDa (Figure 

5-12A). No protein was immunoprecipitated from the cellular supernatant for the 

E1340myc construct. This suggests that E1340myc is not maturing through the 

secretory pathway, possibly due to misfolding and degradation upon expression. 

Two bands were detected for E1329myc at ~40 and 80 kDa. These are likely to 

represent monomeric and disulfide linked forms of E1 given that when run under 

reducing conditions the 80 kDa form is no longer evident (Figure 5-12B). For 

E1259myc, a diffuse band was detected at approximately 40 kDa when run under 

both reducing and non-reducing conditions. These results demonstrate that 

E1351myc, E1329myc and E1259myc can all be efficiently expressed and secreted 

from mammalian cells. Interestingly, each of the proteins is detected at a much 

higher than expected molecular weight. For instance, the amino acid back bone of 

E1191-259 is expected to be ~8 kDa. The average molecular mass of glycan added 

per sequon is approximately 1687 Da for high-mannose sugar and between 2181 

and 2663 Da for hybrid/complex type glycan depending on the modification. 

Taking into account the three N-linked glycosylation sites incorporated into this 

length of E1 the observed molecular mass of ~40 kDa is very large. It is possible 

that when the ectodomain of E1 is expressed in mammalian cells in the absence 
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of E2, E1 is more exposed for glycosylation resulting in production of 

hyperglycosylated protein. 

 

Figure 5-12. Expression of E1-myc in HEK 293T cells. HEK 293T cells transfected with 

pcE1myc were radiolabelled with 
35

S-Met/Cys prior to immunoprecipitation of culture 

supernatant with anti-E1 MAb A4. Samples were run under reducing (A) or non-reducing (B) 

conditions on SDS-PAGE then phosphorimaged. 

 

5.3.2 Expression of E1-myc in CHO-K1 and Lec-8 cells 

To further investigate the observed hyperglycosylation effect for E1 

expressed in HEK 293T cells, the pcE1myc constructs were transfected into CHO-
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K1 derived cell line Lec-8. Lec-8 cells produce lectin resistant proteins that 

demonstrate reduced levels of carbohydrate modification [408]. 

Expression and secretion of each E1myc construct in CHO-K1 and Lec-8 

cells was compared to determine if expression in the glycosylation defective Lec-8 

cells reduced the extent of carbohydrate attachment. CHO-K1 and Lec-8 cells 

transfected with pcE1myc were radiolabelled with 35S-Met/Cys for 30 min followed 

by chase in DMF10 for 4 h. Culture supernatants were examined for the presence 

of secreted forms of E1 by anti-E1 MAb A4 immunoprecipitation.  

In contrast to expression in HEK 293T cells, E1351myc was not detected in 

the culture supernatant of either CHO-K1 or Lec-8 cells by anti-E1 

immunoprecipitation indicating that this length of E1 is likely to remain trapped in 

the ER of these cells or possibly degraded upon expression (Figure 5-13). 

E1340myc was not detected in CHO-K1 or Lec-8 cells consistent with earlier 

observations. However, E1329myc and E1259myc were efficiently secreted from 

both CHO-K1 and Lec-8 cells. In CHO-K1 cells these bands appeared quite 

diffuse at ~35 and ~30 kDa respectively. In Lec-8 cells, the majority of E1329myc 

migrated at ~35 kDa with a small proportion migrating at ~20 kDa. E1259myc was 

detected at ~20 kDa. This result shows that E1329myc can be expressed in a 

secreted form in a variety of mammalian cell lines. In addition, these results show 

that E1329 is not likely to be hyperglycosylated given that it runs at approximately 

the same molecular weight in HEK 293T cells, CHO-K1 cells and Lec-8 cells. 

However, expression of this protein in Lec-8 cells appears to result in more 

homogenous glycosylation as indicated by a sharper band of protein. This may be 

advantageous for downstream biochemical analysis of the protein. It should be 

noted that for E1329myc a fraction of protein immunoprecipitated by MAb A4 is 

evident at approximately the same molecular weight as E1259myc. This may 

represent a cleavage product of E1329myc. 

E1259myc was expressed in a soluble secreted form in the three mammalian 

cell lines tested. When expressed in HEK 293T and CHO-K1 cells E1259myc was 
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found to be ~10-15 kDa larger than when produced in Lec-8 cells indicative of 

hyperglycosylation.  

These results indicate that E1 residues 191-259 and 191-329 can be 

expressed and efficiently secreted from mammalian cells.  

 

Figure 5-13. Expression of E1-myc in CHO-K1 cells and Lec-8 cells. Cells transfected with 

pcE1myc were radiolabelled with 
35

S-Met/Cys prior to immunoprecipitation of culture 

supernatant with anti-E1 MAb A4. Samples were run under non-reducing conditions on SDS-

PAGE then phosphorimaged. Molecular weight markers are indicated to the left of the gels. 

 

5.3.3 Deglycosylation of E1-myc expressed in CHO-K1 and Lec-8 cells 

Analysis of the glycans on surface expressed forms of E1 and E2 that are 

incorporated into HCVpp has shown that E2 contains complex/hybrid type glycan 

modifications, consistent with trafficking through the trans-Golgi network, while E1 

contains high-mannose glycans, indicative of modification within the ER or cis-

Golgi only [3]. It has therefore been suggested that E2 may shield E1 from 

carbohydrate modification enzymes during maturation through the secretory 

pathway. This is consistent with a recent examination of HCVcc-incorporated 
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glycoproteins which indicated that virion-incorporated E1 contains mostly high-

mannose glycans [137].  

It has been reported that expression of E1 in the absence of E2 can affect 

the efficiency of E1 glycosylation [221,409]. Glycosylation can directly alter HCV 

glycoprotein folding and virus function [218,227]. Therefore, the glycan 

modification on E1329myc and E1259myc expressed in CHO-K1 and Lec-8 cells 

was examined. 

CHO-K1 and Lec-8 cells transfected with pcE1myc were radiolabelled with 

35S-Met/Cys for 4 h then chased in DMF10 for 18 h. Culture supernatants were 

immunoprecipitated with anti-E1 MAb A4 then treated with PNGase F or Endo H 

glycosidases. Endo H specifically cleaves high-mannose type and some hybrid 

glycans, while PNGase F cleaves both high-mannose and complex type glycans.  

E1259myc secreted from CHO-K1 and Lec-8 cells was found to be 

insensitive to Endo H digestion, suggesting that this form of E1 contains 

complex/hybrid type glycans (Figure 5-14A and B). The predicted molecular mass 

of E1259myc with no glycan modification is 8.7 kDa. Treatment of E1259myc with 

PNGase F yielded a protein approximately corresponding to the predicted 

backbone molecular weight, suggesting that the additional molecular mass 

associated with E1259myc is accounted for by the N-linked complex/hybrid 

carbohydrates. 

E1329myc expressed in CHO-K1 and Lec-8 cells showed some sensitivity to 

Endo H with a proportion of protein running at ~ 9 kDa. When treated with 

PNGase F, the majority of protein shifted from ~30 kDa (untreated E1329myc) to 

~9 kDa. For CHO-K1 expressed E1329myc, a small amount of protein was also 

evident at approximately 16 kDa. The predicted molecular mass for the unmodified 

E1329myc peptide sequence is 16.4 kDa. This finding suggests that a proportion of 

E1329myc is subject to proteolytic cleavage within the E1329myc sequence 

generating a polypeptide of ~9 kDa, with a small amount of protein escaping 

protease digestion. 
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Together, these data indicate that in the absence of E2, E1259myc and 

E1329myc expressed in CHO-K1 and Lec-8 cells are modified by glucosyl 

hydrolase/transferase enzymes in the trans-Golgi network and that E1329myc is 

subject to a post-translational proteolytic cleavage event.  
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Figure 5-14. Deglycosylation of E1myc proteins expressed in CHO-K1 and Lec-8 cells. 

Cells transfected with pcE1myc were radiolabelled with 
35

S-Met/Cys prior to 

immunoprecipitation of culture supernatant with anti-E1 MAb A4. Samples were treated with 

Endo H (H), PNGase F (F) or left untreated (UT), then run under non-reducing conditions on 

SDS-PAGE and phosphorimaged. Molecular weight markers are indicated to the left of the 

gels. Deglycosylated forms of the proteins are indicated (D), and a truncated product of 

deglycosylated E1329myc is indicated (DT). 
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5.4 Discussion and Conclusions 

In this chapter a variety of expression systems were investigated for 

production of a soluble, recombinant form of the E1 ectodomain. It was found that 

residues 191-259 could be expressed in a soluble form in both bacteria and 

mammalian cells. This is likely to represent a structured domain of E1 given that 

MBP-E1259 demonstrates resistance to chymotrypsin digestion. Extension of the 

E1 ectodomain beyond residue 259 appeared to result in a proteolytic event in a 

proportion of E1 protein expressed, both in bacterial and mammalian systems, 

releasing a truncated form of the protein. This may suggest that E1 residues 191-

259 fold to form a domain, independent of other E1 and E2 sequences. It is 

possible that when expressed in the absence of the E1 TMD, extension of the E1 

ectodomain sequence beyond residue 259 may allow folding of residues 191-259 

as an independent domain, although the extended sequence may remain 

unstructured and susceptible to proteolytic cleavage. 

Analysis of MBP-E1259 indicates that the protein contains secondary 

structure. However, it is not clear what these structural elements are or whether 

this form of E1 is similar to E1 that is incorporated into virus particles. Examination 

of MBP-E1259 by techniques such as circular dichroism (CD) or by Fourier 

transform infrared (FTIR) spectroscopy could provide insight into the β-sheet and 

α-helical content of this protein. The MBP tag contributes significantly to the total 

molecular weight of MBP-E1259. The structure of MBP is known. Therefore, these 

known structural elements could be assigned to MBP. It may then be possible to 

subtract these elements from the MBP-E1259 analysis to determine the structural 

characteristics of E1. Alternatively, a protease cleavage site could be engineered 

into the MBP-E1259 construct to allow removal of the tag after protein purification. 

By reducing the size of the protein this would also allow structural analysis of E1259 

by NMR. However, this may compromise E1 solubility. It may also be possible to 

purify and deglycosylate E1259myc to allow analysis of mammalian expressed E1 

ectodomain residues 191-259, using these described techniques. 
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Another limiting factor for evaluation of the structure of recombinantly 

expressed E1 is the lack of reported conformational antibodies directed towards 

E1. Comparison of structural epitopes in recombinantly expressed forms of E1 

with virion-incorporated E1 could provide insight into the relevance of these forms 

of the E1 ectodomain. 

It has been shown that recombinantly expressed forms of the E2 

ectodomain can be used to block HCVcc entry when incubated with hepatocytes 

prior to addition of infectious virus. [273,283]. E2 has been shown to bind directly 

to HCV receptor CD81 [2,244,245] and also possibly SR-BI [6,248] and 

glycosaminoglycans [83,84]. Therefore, inhibition of infection presumably occurs 

by recombinant E2 occupying free receptor binding sites, preventing attachment of 

infectious virus. For E1, no receptor binding capacity has been described. 

However, for alphaviruses the fusion protein (E1) is maintained in a metastable 

conformation in the prefusion state by association with its partner protein, E2. 

Activation of the fusion potential of E1 causes dissociation of the heterodimers and 

rearrangement of E1 into a stabilised homotrimer [344]. It is possible that HCV 

glycoproteins will follow a similar rearrangement event, as described in section 

1.7.1. In this case, addition of soluble recombinant E1 to an HCV infection assay 

may inhibit productive infection by binding to monomeric E2 during these 

dissociation and rearrangement events. If such an inhibition occurs following 

addition of recombinant E1, it would suggest the forms of E1 described here do in 

fact represent a functional form.  

The findings from this study have been used to guide further projects 

including the development of a baculovirus expression system for soluble 

heterodimeric E1E2 (R Butcher and J Gu, unpublished). In this system the TMD‟s 

of E1 and E2 have been replaced with the soluble heterodimeric leucine zipper 

proteins jun and fos, respectively. Given that the TMDs of E1 and E2 are a major 

heterodimerisation determinant [95,236] this system may facilitate native 

glycoprotein associations while rendering the complex soluble. Furthermore, 

expression in insect cells allows ectodomain glycosylation to be retained, and by 

expressing both glycoproteins in cis, conformational defects due to potential 
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folding co-dependence are avoided. It has been found that a soluble, 

heterodimeric E1E2 complex can be expressed that consists of the entire 

ectodomain of E2 with fos replacing TMD residues 716-746, in association with E1 

residues 191-329 C-terminally fused to jun. Together, these proteins can be 

secreted from insect cells as a soluble heterodimer that retains CD81 receptor 

binding functionality.  

Interestingly, in this system E1191-329jun can be expressed and purified 

without production of a cleavage product (data not shown). It may be that 

replacement of the E1 myc tag with the solubility tag jun, promotes folding and 

stability of the residues extending beyond E1 residue 259. Alternatively, co-

expression of E1 with E2 may promote correct folding of E1. This construct will 

provide a useful tool for future investigations into E1E2 structure and functional 

activity. 

The soluble domain of E1 residues 191-259 contains the highly conserved 

E1 C226V/LPC thiol-disulfide exchange motif. Structural analyses of the ectodomain 

of E1 may provide further insight into the function of this motif. The CXXC active 

site of many redox active proteins is contained within a thioredoxin domain. Well 

characterised E. coli thioredoxin is comprised of three parallel and two anti-parallel 

β-sheets surrounded by four α-helices [410]. This fold has also been described for 

many other thioredoxins including human and plant homologues. NMR structures 

demonstrating the thioredoxin active site CXXC motif in a reduced (human 

thioredoxin [411]) and oxidised state (thioredoxin from the eukaryotic green alga 

Chlamydomonas reinhardtii [412]) are shown in Figure 5-15. The structural 

features which enable a fold to be classed as a classical thioredoxin fold is more 

minimal, consisting of a four-stranded β-sheet and three flanking α-helices. This 

fold has been identified in the structure of 5 classes of protein that demonstrate a 

variety of redox functions, including thioredoxin [410,413], glutaredoxin 

[414,415,416,417], glutathione S-transferase [418,419,420,421], DsbA [422] and 

glutathione peroxidase [423] (for review of the thioredoxin fold see [390]).  
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Figure 5-15. NMR structures of thioredoxin in reduced and oxidised forms. Reduced 

thioredoxin is shown to the left and oxidised thioredoxin is shown to the right. Cys residues of 

the CXXC motif are shown in yellow. The active site cis-Pro is shown in red. Derived from the 

coordinates 3TRX (reduced) and 1TOF (oxidized) and drawn in SwissProt. 

An alternative way to evaluate the structural relevance of recombinantly 

expressed E1 may be to use a functional assay. Protein disulfide isomerase (PDI) 

is a member of the thioredoxin superfamily and is abundantly expressed in the ER 

of eukaryotic cells. It was first described in 1963 as a protein capable of assisting 

the refolding of ribonuclease [424]. There are now at least 19 published PDI family 

members classified by their ER localisation motif and the presence of at least one 

thioredoxin-like domain [399]. Not all of these PDIs contain a classical CXXC 

thioredoxin active site motif and as such do not demonstrate significant 

oxidoreductase activity  by in vitro analyses (for example the non-catalytic human 

PDI, PDILT [425]). However, all PDIs identified that contain a CXXC motif have 

been able to catalyse disulfide exchange in vitro (see for example [426,427,428]). 

MBP-E1259 did not demonstrate activity in an in vitro insulin reduction assay as 

described above possibly because the 68 residues expressed are not likely to be 

sufficient to represent a functional thioredoxin domain, typically 105 amino acids in 

length. It is important to note that catalytic thiols can still be active without being 

contained within a thioredoxin fold [407]. For example, a thioredoxin fold has not 

been described for MLV and HTLV-1 viral envelope protein SU, which contains a 
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catalytic thiol within a CXXC motif [359,360].  Therefore while HCV glycoprotein 

E1 may have evolved to contain a thioredoxin fold, this is not a requirement in 

order for E1 to demonstrate redox activity. Considering this, the truncated length of 

E1259 will not necessarily restrict the redox activity of the C226V/LPC motif.  

An insulin reduction assay has proved to be an efficient way to determine if 

a protein of interest demonstrates reducing activity (see [428,429,430] for 

example). Although, this is not necessarily a measure of the redox activity of a 

protein as it does not consider oxidising or isomerisation activity. Conventional 

assays used to determine if a protein demonstrates these activities are 

ribonuclease A (RNase A) oxidation and isomerisation assays [431]. RNase A has 

8 cysteine residues which form four intramolecular disulfide bonds [432]. The 

oxidising ability of a protein can be measured by the rate of formation of the 4 

disulfide bonds in unfolded RNase A. The subsequent activity of RNase A can be 

monitored spectrophotometrically by RNase A cleavage of a substrate such as 

cCMP. Alternatively, the isomerase activity of a protein can be determined by its 

ability to refold “scrambled” RNase A that has adopted mis-formed disulfide bonds. 

In order to restore the activity of scrambled RNase A, mis-formed disulfides must 

be broken followed by formation of the correct disulfides. It is possible that the 

HCV E1 C226V/LPC motif may demonstrate oxidation or isomerisation properties. 

However, without further insight into the role of the free sulfhydryl groups during 

E1E2 glycoprotein biosynthesis and/or virus entry this remains unclear. Despite 

the truncated length of MBP-E1259 it is still possible that the CXXC motif will 

demonstrate redox activity as discussed above. Therefore, this protein represents 

a good candidate for testing in RNase A refolding assays in future experiments.  

In addition to analysing redox activity of E1 it would be interesting to 

determine whether the E1 C226V/LPC motif is contained within a thioredoxin-like 

fold. This would be a novel find as this fold has not previously been reported for a 

viral envelope glycoprotein. Although the E1 sequence in MBP-E1259 is not likely to 

be long enough to represent a complete thioredoxin domain, the residues may 

form a partial thioreodoxin domain. The high quantity and purity of MBP-E1259 
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produced make this a good candidate for crystallisation trials in order to gain 

structural insight into the fold of this domain.  

As well as a CXXC motif, a highly conserved proline residue has been 

observed in 5 distinct classes of thioredoxin families proteins [390]. This proline is 

found in the less common cis conformation. Pro76 in bacterial thioredoxin is 

located in the cis-Pro loop formed between α-helix 2 and β-sheet 3, 44 residues 

upstream of the thiol active Cys. In this conformation proline is solvent exposed 

and has been shown to be critical for forming hydrogen bonds between 

thioredoxin-related protein glutaredoxin, and its substrate. Hence, the highly 

conserved cis-Pro is thought to form part of the substrate binding pocket.  Without 

a crystal structure it is not possible to identify the presence of an equivalent cis-

Pro in E1, although two candidate highly conserved proline residues may play a 

similar role including Pro244 and Pro294. Mutagenesis of these residues would 

determine their role in glycoprotein biosynthesis and/or virus entry and may 

provide supporting evidence for E1 as a thioredoxin-like protein. 

Despite the fact that a complete thioredoxin fold is not required for a 

catalytic thiol to be active, sequences surrounding a CXXC motif can be essential 

for substrate interactions [394]. If truncation of the E1 sequence E1259
 has affected 

a substrate binding site(s) then this domain may not demonstrate activity in any in 

vitro assay. An alternative method for measuring the activity of a redox active 

protein has been described using a mammalian cell based intracellular assay. 

Such an assay would allow expression of full length glycosylated E1 avoiding 

potential conformation differences induced by expression of E1 in the absence of 

the glycoprotein TMD and partner protein E2. This assay has been described for 

Ero1-Lα and Ero1-Lβ (hEROs) which help to regulate the redox state of the ER by 

selectively reducing the PDI CXXC motif after PDI has catalysed disulfide bond 

formation in a substrate protein [433]. The activity of hEROs can be monitored 

indirectly by measuring the rate of oxidative folding of immunoglobulin (Ig) subunit, 

J chain, in the ER of mammalian cells over-expressing either Ero1-Lα or Ero1-Lβ. 

J chains are polymeric Ig subunits that are linked by three intra-chain disulfide 

bonds [434]. The formation of intrachain disulfide bonds is indicative of a folded 
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subunit which then exits the ER. Meanwhile unassembled J chains are retained in 

the ER leading to eventual degradation by the proteasome. J chain folding can be 

monitored by non-reducing SDS-PAGE analysis which shows the transition of 

reduced monomeric J chains to oxidised monomeric forms, followed by formation 

of dimeric and high molecular weight forms. PDI assists in the formation of the J 

chain disulfide bonds and hence by controlling the redox state of PDI, hEROs can 

contribute to the oxidative folding rate of proteins in the ER. This assay avoids the 

need for large amounts of recombinantly expressed protein and demonstrates an 

efficient way of monitoring redox regulation of an important ER factor, PDI.  

Using an assay such as that described for the hEROs it can be determined 

whether E1 is capable of influencing the oxidative folding of proteins in the ER. To 

determine whether changes in redox activity are directly related to the E1 

C226V/LPC motif, mutants described in Chapter 4 that were defective in folding and/ 

or entry could be analysed. 

Although a CXXC motif with apparent catalytic activity has been described 

for the receptor binding glycoprotein from HTLV-1 and MLV retroviruses, there 

have been no reports of in vitro thioredoxin activity for these proteins. It is possible 

that redox activity demonstrated by the viral CXXC motifs may be highly substrate 

specific. For example, HCV E1 may specifically provide redox activity to control 

folding of itself or E2 either during biosynthesis or during virus entry as discussed 

in Chapter 4. In this case it is unlikely that redox activity could be measured for E1 

using the assays described above. More specialised assays that directly analyse 

changes in the oxidation state of E1 and/or E2 may need to be developed to 

determine whether the C226V/LPC motif demonstrates redox activity. For example, 

monitoring the availability of free thiol groups in E1 and E2 during biosynthesis 

and/or entry by the ability of a sulfhydryl-reactive fluorophore to bind the 

glycoproteins.  

An important distinction between thioredoxin and HCV glycoprotein E1 is 

the presence of the membrane anchoring TMD in E1. Although most described 

redox active proteins exist in a soluble form, membrane bound thioredoxin-like 
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proteins have been described. An example is the TMX family which consists of 

four TMX family proteins each of which carries a TMD, an ER localisation 

sequence and a thioredoxin-like domain containing a CXXC motif (or SXXC for 

TMX2) [426,428,435,436]. Recently TMX4 was described as a membrane bound 

protein facing the lumen of the ER. A recombinant form of TMX4 was shown to 

have reductase activity, demonstrating reduction of disulfide bonds in insulin in a 

dose dependent manner in vitro. TMX4 can be co-precipitated with ER chaperone 

calnexin and thiol-oxidoreductase protein ERp57. Hence, TMX4 is predicted to 

form a complex with these proteins to aid productive folding of substrates in the 

ER [428]. This growing family of membrane bound thioredoxin-like proteins further 

demonstrates the diversity of proteins in which redox active thioredoxin domains 

are found and provides precedence for the functional relevance of a CXXC motif 

maintained in a membrane bound protein.  

By investigating the effect of ectodomain length on E1 solubility, these 

results have provided further insight into the domain structure of E1 with residues 

191-259 predicted to fold independently of other HCV envelope protein 

sequences. These results have been used to guide additional projects in the lab 

including development of a baulovirus expression system for soluble forms of the 

E1 and E2 ectodomains, as described above. This system, in conjunction with the 

soluble MBP-E1259, E1259myc and E1329myc proteins described here, may be used 

to further evaluate the structure and function of the E1 and E2 glycoproteins in 

future studies. 
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6. Chapter 6 – General Conclusions 

Despite the recent development of a full length, replication competent cell 

culture system for HCV, much of the basic biochemistry surrounding HCV 

envelope glycoprotein structure and function remains unclear. 

This project examined for the first time the oxidation state of virion 

incorporated forms of HCV envelope glycoproteins E1 and E2. The findings 

demonstrate that at least one free thiol group is maintained on HCVpp-

incorporated forms of each glycoprotein. Free thiol group(s) were shown to be 

essential for HCVcc and HCVpp virus entry. The observation that entry of 

alkylated HCVcc could not be rescued by addition of exogenous reducing agent, 

and that free thiol groups in HCVcc were no longer reactive to sulfhydryl alkylation 

following cellular binding, is consistent with the glycoproteins undergoing a 

disulfide isomerisation reaction following receptor engagement. This suggests that 

the free thiol groups in HCV E1E2 may catalyse a reaction distinct to that identified 

for the retroviruses MLV and HTLV-1 where a reduction event only is required to 

mediate virus entry [359,360].  

A recent publication has suggested that HCVcc derived virus displays high 

molecular weight disulfide linked forms of E1 and E2 on its surface [137]. Given 

that both E1 and E2 contain an even number of conserved Cys residues this 

finding is consistent with the maintenance of at least one free thiol group on each 

glycoprotein. The authors suggested that intracellular E1E2 are non-covalently 

associated, indicating that HCV glycoproteins undergo a maturation step during 

egress whereby covalent linkages are formed. This is supported here by the 

finding that alanine mutagenesis of either Cys residue within a highly conserved 

E1 C226V/LPC thiol isomerisation motif results in accumulation of non-functional 

disulfide linked glycoprotein. This would suggest that the oligomeric arrangement 

of the glycoproteins must be carefully controlled during glycoprotein biosynthesis. 
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The HCV CXXC motif may function like a typical thioredoxin family domain, 

and regulate disulfide shuffling during glycoprotein biosynthesis in order to obtain 

a functionally active envelope complex. However, mutagenesis of the internal 

dipeptide residues of the HCV E1 C226V/LPC motif indicates the the motif plays an 

essential role in virus entry. A role in regulating glycoprotein oxidation during virus 

entry would be consistent with the finding in Chapter 3 that the glycoproteins may 

undergo a disulfide rearrangement event following receptor binding. During 

biosynthesis the motif may instead provide structural constraints rather than acting 

as a redox catalyst. 

Taken together, the data from this investigation suggest a model where 

prior to fusion activation disulfide linked E1 and E2 heterodimers contain at least 

one free thiol group each. This may include a catalytic thiol within the E1 CXXC 

motif (Figure 6-1). Following cellular binding, deprotonation of the catalytic thiol 

may occur causing the thiol to attack a disulfide bonded Cys within the 

glycoprotein complex, possibly in E2. If the E1 CXXC motif functions as a typical 

thioredoxin motif, then the mixed disulfide between the catalytic thiol and target 

Cys would be resolved by the second Cys in the CXXC motif. The reduced 

glycoproteins would then be able to form new disulfides to adopt a lower energy, 

oxidised conformation. This may leave the viral glycoproteins primed for fusion 

activation induced upon exposure to low pH.   

In order to directly determine whether the C226V/LPC motif regulates 

disulfide rearrangement during virus entry an extensive proteomic analysis is 

required. Sulfhydryl alkylation of HCVcc incorporated glycoproteins followed by 

glycoprotein extraction and analysis by mass spectrometry is required in order to 

determine whether the C226V/LPC Cys residues are in the catalytically active, 

reduced state in the prefusion conformation. These experiments are limited by the 

low virus titre of the current HCVcc models. In addition, identification of the 

functional glycoprotein oligomer is required before relevant free thiol groups can 

be identified. In order to confirm whether changes in the oxidation state of E1 and 

E2 occur during virus entry, analyses of the glycoproteins following cellular 

attachment should be performed. It appears that neither cell free heparin nor 



220 
 

CD81 are individually sufficient to render the glycoproteins insensitive to sulfhydryl 

reactive agents, as observed following HCVcc attachment to cells. Instead, it is 

possible that the full length conformational form of these cellular factors, or a 

sequence of binding events is required to trigger disulfide oxidation in the HCV 

glycoproteins. 

Viral envelope glycoproteins represent important antiviral targets. The HIV 

peptide Fuzeon (T-20) provides precedence for effective virus entry inhibitors, 

preventing HIV infection by binding to the N-trimer of envelope glycoprotein gp41 

[437]. Furthermore, medically relevant thiol-reactive trivalent-arsenical agents that 

target free thiol groups have been shown to block HIV-1 entry via modification of 

cell-surface thioredoxin [376]. The C226V/LPC thioredoxin-like motif in E1 is highly 

conserved and is strictly required for HCV functionality therefore this region of E1 

is likely to represent a good antiviral target. Furthermore, this study indicates that 

agents that manipulate the oxidation state of the HCV glycoproteins may act as 

potent entry inhibitors.  

Development and optimisation of small molecules that specifically target 

and bind E1 and/or E2 will likely require a structural model of the glycoproteins. 

This project identified a stable domain of E1 that can be expressed at high levels 

in a non-aggregated form in bacteria, representing a good candidate for 

crystallisation studies. Structural information regarding this domain which 

incorporates the highly conserved, and functionally critical C226V/LPC motif, will 

provide an important tool for development of small molecule inhibitors that directly 

target E1.  

This project is the first direct examination of the oxidation state of virion-

incorporated forms of the HCV glycoproteins. The findings indicate that the 

oxidation state of E1 and E2 must be carefully regulated during glycoprotein 

biosynthesis and virus entry, and has identified critical regions of envelope 

glycoprotein E1 required for virus function. 
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Figure 6-1. Schematic model demonstrating the predicated role of thiol isomerisation in 

fusion activation of HCV glycoproteins E1 and E2. A. Prior to fusion activation disulfide 

linked E1 and E2 heterodimers contain at least one free thiol group each. This may include a 

catalytic thiol within the E1 CXXC motif. B. Activation of the catalytic thiol by receptor 

engagement, for example, may activate the catalytic thiol to attack a disulfide bonded Cys, 

possibly in E2. C. Transient formation of a mixed disulfide between the catalytic thiol and target 

Cys is resolved by the second Cys in the CXXC motif. D. Reduced glycoproteins are able to 

reform new disulfides to adopt their lowest energy conformation, leaving the virus primed for 

final conformational changes induced upon exposure to low pH.   
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