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Abstract 
Hepatitis C virus (HCV) assembly and envelopment are coordinated by a complex 

network of protein-protein interactions that encompasses most of the viral structural and 

nonstructural proteins. However, the details surrounding how these proteins function 

during the late stages of the viral lifecycle remain unclear. Here, we define new 

mechanisms for three viral proteins, p7, NS5B, and NS4A in viral assembly and 

envelopment.  

First, we characterized a culture adapted genotype 2A strain of HCV, JFH-1, that 

showed a 2-log increase in viral titer after more than 30 passages in cell culture. 

Sequencing of the adapted virus revealed 8 synonymous and 9 nonsynonymous amino 

acid changes. We found that two of these mutations, in the p7 and NS5B coding regions, 

together were sufficient to recapitulate the increase in viral infectivity seen in the fully 

adapted virus. The two mutations were found to promote an increase in cellular lipid 

droplet size and circularity and ultimately led to a decrease in sphingomyelin content of 

infectious virions. These data suggest a genetic interaction between p7 and NS5B that 

enhances viral particle production and increases viral specific infectivity. 

Secondly, I used site-directed mutagenesis of the C-terminal acidic domain of the 

viral NS4A protein to investigate its function in the HCV lifecycle. We found that mutation 

of several of these amino acids in NS4A prevented the formation of the viral envelope, 

and therefore the production of infectious virions, without affecting viral RNA replication. 

In an overexpression system, we found that NS4A interacted with several viral proteins 

known to coordinate envelopment, including the viral E1 glycoprotein. One of the NS4A 

C-terminal mutations, Y45F, disrupted the interaction of NS4A with E1. Specifically, NS4A 
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interacted with the first hydrophobic region of E1, a region previously described as 

regulating viral particle production. Supernatants from HCV NS4A Y45F transfected cells 

had significantly reduced levels of HCV RNA, however they contained equivalent levels of 

Core protein. Interestingly, the Core protein secreted from these cells formed high order 

oligomers with a density matching the infectious virus secreted from WT cells. These 

results suggest that this Y45F mutation in NS4A causes secretion of low density Core 

particles devoid of genomic HCV RNA. These results corroborate previous findings 

showing that mutation of the first hydrophobic region of E1 also causes secretion of Core 

complexes lacking RNA, and therefore suggest that the interaction between NS4A and E1 

is involved in the incorporation of viral RNA into infectious HCV particles. Our findings 

define a new role for NS4A in the HCV lifecycle and help elucidate the protein interactions 

necessary for production of infectious virus. 
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1. Introduction 

1.1 Discovery, Diversity, and Treatment of Hepatitis C Virus 

Hepatitis C virus was first described in 1975, however it wasn’t until much later, in 

1989, that it was given its name. The virus was observed in 1975 in patients who presented 

with hepatitis symptoms but lacked the antibody and serological signs associated with the 

other known causes of liver inflammation, hepatitis A and hepatitis B (1, 2). Eventually, 

patient blood was used to infect chimpanzees allowing for the infection and disease to be 

recapitulated in a model system (3, 4). It was through this research that scientists 

discovered that non-A, non-B hepatitis was caused by a virus similar to the Flaviviruses, 

and this causative agent was named hepatitis C virus (HCV) (5).  

This initial research revealed that hepatitis C has an RNA genome of 9379 

nucleotides (encoding 3011 amino acids) and contains a single open reading frame. 

However, significant sequence diversity was observed within this nucleotide sequence, 

suggesting the existence of several viral genotypes (6). Today, there are an estimated 70 

million cases of hepatitis C worldwide, and 8 unique genotypes of the virus (7). Genotypes 

7 and 8 were described only recently, indicating that the virus is likely evolving and more 

genotypes may emerge in the future (8, 9). The predominance of each genotype varies 

greatly, and individual genotypes generally congregate in geographical regions. For 

example, genotype 4 is particularly abundant in Egypt, while genotypes 3 and 6 are more 

frequently found in parts of Asia (10-13). Genotypes 1, 2, and 3 are present worldwide 

and genotype 1b is the most prevalent genotype on the global scale (14). The genotypes 

of HCV are separated based on sequence and differ by 30-35% at the nucleotide level 

(15). Variation within the virus is spread across the genome, however the untranslated 

regions and the Core protein coding region are particularly conserved (16-18). Many 
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genotypes are then further divided into subtypes which vary by 20-25% at the nucleotide 

level (15). The genotype of an infection does not seem to play a role in the development 

of an acute or chronic infection, however there are some differences between the 

genotype of an infection and the prescribed treatment measures (19).  

HCV causes severe morbidity and mortality. In 20% of infections, acute HCV 

develops and is cleared by the immune system. HCV RNA is detectable in the blood of 

those with acute infection and patients often exhibit brief symptoms of jaundice and 

elevated alanine aminotransferase (ALT), indicative of liver inflammation (20). However, 

most people infected with HCV will develop a chronic infection. Chronic HCV is often 

asymptomatic early on but can lead to severe liver cirrhosis and liver cancer (21). People 

with chronic HCV are also at risk of developing a number of extrahepatic complications 

including cryoglobulinemia, glomerulonephritis, and sicca syndrome (20, 22). A 

polymorphism within the host innate immune gene, IL28B, has been identified as a major 

predictor of both outcome of infection and response to HCV therapy (23-27).  

Therapies for HCV infection have come a long way in the short time since the 

discovery of the virus. In 25 years of HCV research, the field has gone from discovery to 

cure with the approval of the first direct acting anti-viral against the NS5B, RNA dependent 

RNA polymerase, in 2014. Prior to 2014, the standard treatment associated with HCV 

infection involved a combination of pegylated interferon-α and ribavirin. Interferon-α was 

first approved for treatment of HCV on its own in 1991. This treatment regimen however 

this only resulted in a 6% cure rate (28, 29). Ribavirin was also tested for monotherapy 

but there was little to no reduction of HCV RNA levels in patients treated for 10 weeks (30, 

31). Combination therapy, approved in 1998 increased the cure rate from 6% to almost 

35%, and this was improved even more with the introduction of pegylated interferon-α in 
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2002 (32). The cure rate for this combination therapy was approximately 55% (33). While 

the use of ribavirin with pegylated interferon-α was relatively effective, the side effects of 

this treatment were severe, ranging from fever, chills, headaches, and stomach sickness 

to lasting effects such as ribavirin-induced anemia (34-36). Two direct acting antivirals 

(DAAs), telaprevir and boceprevir, targeting the NS3-NS4A protease complex were 

approved for use in 2011 specifically for treatment of genotype 1 virus, increasing cure 

rates to over 70% (37, 38). Use of the small molecule alone encouraged resistance in 

HCV strains, so combination with existing treatments was necessary and still carried 

severe side effects (39, 40). While other inhibitors of the NS3-NS4A protein complex have 

been approved, the most significant advance in treatment of HCV came in 2014 with the 

approval of a DAA against the viral RNA dependent RNA polymerase, sofosbuvir, and 

soon after with the approval of a set of DAAs against NS5A (41). These inhibitors could 

be taken orally, alleviated many side effects associated with interferon therapy, and 

increased cure rates to over 90% (42). Combination treatments of sofosbuvir and other 

DAAs, including the potent inhibitors of the NS5A protein, are now approved for treatment 

of almost all HCV infections, regardless of genotype (reviewed in (43))(41). Finding a cure 

for HCV is a major success story for basic science research. Basic science research aimed 

at understanding the viral lifecycle and the mechanisms of specific viral proteins opened 

the door for the creation of DAAs against these proteins. Yet, there is still a great deal to 

be learned about the biology of HCV.  

1.2 Hepatitis C Virus 

1.2.1 The Flaviviridae family 

The Flaviviridae family of viruses, containing the genuses Flavivirus, Pestivirus, 

and Hepacivirus, is a family of small, positive sense, single stranded RNA viruses. The 
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Flaviviridae family includes many viruses of great public health interest such as West Nile 

virus, dengue virus, Zika virus, and the focus of this dissertation, HCV. The viruses have 

a lot in common, all producing small virions of ~ 40-60 mm in size in their infectious forms. 

The virus genomes are 9.6-12.3 kb in length and contain a single open reading frame from 

which the viral polyprotein is translated. The polyprotein is co- and post-translationally 

cleaved by host and viral proteases to form 10 individual proteins that carry out the viral 

lifecycle. These proteins include a single capsid protein, two to three glycoproteins, a 

serine protease and an RNA dependent RNA polymerase. The viruses undergo similar 

methods of budding and secretion, entering the ER, obtaining a lipid membrane bilayer 

envelope and exiting host cells in a non-cytolytic manner (reviewed in (44)). Thus, the 

research detailed in this dissertation may serve as a basis to expand our understanding 

of the assembly and envelopment processes of a large number of viruses of public health 

importance.  

1.2.2 The hepatitis C virus lifecycle: an overview 

Hepatitis C virions circulate in the blood of infected individuals and directly contact 

hepatocytes which facilitates entry. ApoE on the surface of virions can bind with low affinity 

to low density lipoprotein receptor, initiating contact with a host cell (45, 46). Virions 

ultimately enter the cell via clathrin mediated endocytosis through the interaction of the E1 

and E2 surface glycoproteins with several host entry factors (47). These factors include 

CD81 (48), scavenger receptor class B member 1 (SRB1) (49), claudin 1 (CLDN1) (50), 

occludin (OCLN) (51), and Niemann-Pick C1-like 1 (NPC1L1) (52). It is thought that the 

E2 glycoprotein binds SRBI, inducing a conformational change that allows it to bind to 

CD81 (53, 54). CLDN1 and OCLN are essential factors but are not thought to directly 

engage the viral glycoproteins. Rather, they may bind CD81 to facilitate entry of the virion 
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into the cell after attachment (50, 55-57). NPC1L1 is thought to be an essential entry factor 

in cell culture, however its relevance in clinical infection is unclear (52). Once inside the 

host cell, fusion of the viral envelope with the endosomal membrane is thought to be 

induced by the low pH of the endosomal compartment and through the action of a putative 

fusion peptide in E1 (58, 59). The HCV genome is then released into the cytoplasm. 

The HCV genome is 9.6 kb in length and codes for 3011 amino acids. Immediately 

after fusion and release of the viral genome, it is translated to form a single polypeptide. 

The genome contains 5’ and 3’ untranslated regions (UTR) that together facilitate viral 

translation (60, 61). HCV is translated by a cap-independent mechanism through an 

internal ribosome entry site (IRES) located in the 5’ UTR (62, 63). The 5’ UTR contains 4 

stem loops (SL). The SL1 and SL2 are important for RNA replication, while part of SL2 

and SL3 and 4 encompass the viral IRES (62-65). Portions of SL3 form a double 

pseudoknot to form the core of the IRES (66). This is able to bind the 40S ribosomal 

subunit in a magnesium dependent manner to initiate translation at nucleotide 342 of the 

genome, where the initiation codon is located (67-70). In order to form full 80S ribosomes, 

the HCV IRES only requires 3 initiation factors eIF2, 3, and 5 (71). eIF3 binds to SL3 and 

the 40S subunit, eIF2 binds the initiator tRNA and GTP, and eIF5 promotes start codon 

initiation (71-74). These factors, together with the addition of the 60S subunit, are sufficient 

for formation of functioning 80S ribosomes (75-77). While the full function of the 3’UTR in 

translation is not fully clear, it is thought to aid in ensuring only full genomes are translated, 

preventing the translation of degradation products (78). 5’ to 3’ UTR communication in the 

HCV RNA is thought to require the help of two host factors, the NFAR protein complex 

and IMP-1, though it is suspected that more host factors that contribute to this process are 

yet to be uncovered (79-81).  
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The process of the HCV translation is also thought to be promoted by several host 

proteins binding to the IRES. These proteins include La (82, 83), NSAP1 (84), hnRNP L 

and D (85-87), IMP-1 (81), and the LSm1-7 complex (88). One negative regulator of HCV 

translation has been proposed, Gemin5 (89). In addition to the host factors, a liver specific 

microRNA, miR-122 has been shown to be absolutely essential for HCV translation and 

replication (90). Due to the dependence of HCV on mIR-122 and given its liver specificity, 

it has been proposed that this may contribute to the liver tropism of HCV (91-94).  

The HCV RNA genome is ultimately translated in association with the ER 

membrane to form a single polyprotein, which is co- and post-translationally cleaved to 

form 10 individual proteins (Fig 1). HCV encodes three structural proteins, Core, E1 and 

E2, the viroporin, p7, and 6 nonstructural proteins: NS2, NS3, NS4A, NS4B, NS5A, and 

NS5B. Core protein makes up the bulk of the protein component of HCV virion and 

protects the viral genome. The E1 and E2 proteins are viral surface glycoproteins that 

make contact with cellular receptors to aid in viral entry. They also have roles in the 

assembly of infectious virions (95). The viral nonstructural proteins induce major 

rearrangements of intracellular membranes known as the ‘membranous web’ (96, 97). It 

is within these rearranged membranes that the non-structural proteins coordinate the rest 

of the viral lifecycle (96, 98). 
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Figure 1: HCV proteins are translated in association with the ER membrane. 

The replication complex that facilitates copying of the viral RNA requires NS3, 

NS4A, NS4B, NS5A, and NS5B (95). The NS2 protein is dispensable for RNA replication, 

however cleavage of NS2 from NS3 is required before replication can begin (99). The NS3 

protein, in complex with its cofactor NS4A, functions as both a serine protease, aiding in 

polyprotein processing, and an RNA helicase, unwinding RNA to support RNA replication 

(95). NS4A is required for both proper folding of NS3 and to anchor the complex to 

membranes (100). Dimerization of NS4A also is thought to be required for RNA replication 

and viral assembly, suggesting that NS3-NS4A dimers are important for the viral lifecycle 

(101). A more complete analysis of the NS3-NS4A protein complex is detailed in section 

1.2.3 of this introduction. The function of the NS4B protein is not well characterized but is 

thought to mainly aid in formation of the membranous web and is also required for RNA 

replication and viral assembly (97, 102, 103). The NS5A protein is made up of three 

domains and the first domain is thought to play the biggest role in RNA replication (104, 

105). NS5A has RNA binding ability but no enzymatic activity. It is thought to contribute to 

RNA replication mostly through interaction with other viral proteins and host factors (106, 

107). For example, NS5A interacts with CypA which is an essential HCV replication host 

factor (108, 109). CypA may increase NS5A’s binding ability and may play a role in 
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formation of the membranous web (99, 110). NS5B is the RNA dependent RNA 

polymerase and is the main enzyme responsible for copying the viral RNA. NS5B is 

membrane anchored at its C-terminus and contains three other domains: the thumb, the 

fingers and the palm (111). The thumb and finger domains completely circle around the 

active site (112). Binding of NS5B to excess GTP is thought to initiate replication, 

synthesizing the negative strand RNA starting at the 3’ end of the genome (111, 113). The 

negative strand is then used as a template for creation of nascent positive sense RNAs 

(114). Positive strands outnumber negative strands by a ratio of 10:1, suggesting that 

creation of the negative strand template is rate-limiting (114, 115).  

Once the HCV RNA is replicated, it is shuttled to the lipid droplet where Core 

protein aggregates for HCV assembly. This process is thought to involve the NS5A 

protein, which is also recruited to the lipid droplet. Almost all HCV proteins have been 

implicated in the processes of viral assembly and envelopment (reviewed in (116)). The 

details of assembly and envelopment and the roles of each HCV protein are detailed in 

section 1.3 of this introduction. 

After budding of the Core and RNA complex into the ER lumen during 

envelopment, virions exit the cell in close association with the very low density lipoprotein 

(VLDL) secretion pathway (117). Many details of HCV secretion remain unclear. HCV 

particles do contain apolipoproteins E and C1 and contain a number of low density lipids 

(118, 119). Virions are thought to exit the cell through the Golgi apparatus, and secretion 

requires components of the endocytic recycling pathway and the ESCRT pathway (120-

122). Infectious viral particles have a lipid profile very similar to that of VLDL. This 

combination of lipids and lipoproteins gives infectious virions a characteristic low density 
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and HCV is ultimately secreted from the cell in a noncytolytic manner as a lipoviral particle 

(123, 124).  

1.2.3 The NS3-NS4A protein complex 

1.2.3.1 Structure 

The NS3-NS4A protein complex has important roles throughout the viral lifecycle. 

NS3 is a 70 kDa protein with an N-terminal protease domain (aa1-180) and C-terminal 

NTP-ase and helicase domains (aa181-631). The structure of NS3, bound to the central 

region of NS4A, has been solved (125, 126). Three amino acids make up the catalytic 

triad of the NS3 protease domain: aaHis57, aaAsp81 and aaSer139 (127). Folding of NS3 

into its proper structure requires its cofactor NS4A. NS4A is a 54 aa protein with three 

main domains. The central domain of NS4A, aa21-32, forms a β-strand that incorporates 

into a β-barrel in the N-terminus of NS3. NS4A also contains an N-terminal 

transmembrane domain from aa1-21 that anchors the protein complex to cellular 

membranes and an acidic, C-terminal tail from aa40-54 (127).   

1.2.3.2 Protease function 

The NS3 protease domain has been extensively characterized. The substrate 

binding region of NS3 can hold 6 amino acids and is thought to recognize the consensus 

sequence ‘D/E-X-X-X-X-C/T’ | ‘S/A-X-X-X’ (where ‘|’ indicates the point of cleavage). 

However, not all sites containing this sequence are cleaved by the NS3-NS4A protease 

complex, suggesting that other signals are necessary for cleavage specificity (127, 128). 

The NS3-NS4A protease complex is critically important to HCV biology, aiding in 

polyprotein processing and also cleavage of host proteins to help the virus evade detection 

and response by the cellular innate immune system. The protease cleaves itself from the 

polyprotein at the NS3/NS4A junction and subsequently cleaves at NS4A/NS4B, 
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NS4B/NS5A, and NS5A/NS5B (129). Once cleaved from NS3, NS4A can associate with 

NS3, anchoring the complex to the membrane. This membrane targeting allows the NS3 

protease to cleave a number of host proteins. NS3-NS4A localizes not only to the ER 

membrane but also mitochondria, peroxisomes, and ER membranes at mitochondrial- ER 

contact sites (130). These contact sites are thought to serve as a signaling platform for 

antiviral innate immunity and it is here that NS3-NS4A cleaves a central innate immune 

adaptor protein, MAVS (131, 132). MAVS is an adaptor protein in the RIG-I signaling 

pathway that responds to viral stimuli and ultimately induces the transcription of a large 

number of interferon stimulated genes (ISGs). The stimulation of this response pathway 

is the cells first defense against invading pathogens. The ability of NS3-NS4A to cleave 

MAVS allows the virus to shut down this pathway and effectively inhibit the innate immune 

response to the virus (131, 133). In addition to cleaving MAVS, NS3-NS4A also cleaves 

several other proteins of interest to the innate immune response including TRIF, TC-PTP, 

and Riplet (134-136). Ultimately, cleavage of these proteins by the NS3-NS4A protease 

complex allows the virus to persist within cells, making its action of utmost importance to 

the HCV lifecycle.    

1.3 Viral Assembly and Envelopment 

Parts of this section were adapted from a methods chapter titled “Measuring 

Hepatitis C Virus Envelopment by using a Proteinase K Protection Assay” accepted for 

publication in ‘Methods in Molecular Biology – HCV Protocols, 3rd Edition’. 

The hepatitis C virus (HCV) virion is composed of an inner RNA-Core protein 

nucleocapsid, surrounded by an envelope, which contains a lipid membrane bilayer and 

the viral E1 and E2 glycoproteins (Fig 2). The HCV envelope serves many important 

functions during infection: organizing the viral glycoproteins to aide in viral entry, protecting 
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the viral RNA from degradation, shielding the viral RNA from sensing by the intracellular 

innate immune system, and encompassing viral and cellular components that contribute 

to the effective release of the viral particle (Reviewed in (137)). For enveloped viruses, 

including HCV, the viral envelope is required for infectivity. For HCV, this process of virion 

envelopment takes place in endoplasmic reticulum (ER) invaginations near cytosolic lipid 

droplets (138, 139). In the process of HCV assembly, the HCV Core protein aggregates 

at lipid droplets where it recruits other host and viral proteins, binds to viral RNA, and then 

shuttles to the ER. At the ER, the Core/RNA complex forms a nucleocapsid which buds 

into the ER lumen to acquire the envelope. This process of HCV envelopment occurs 

through a series of coordinated viral protein-protein interactions, organized by the viral 

NS2 protein. Specifically, NS2 directly interacts with the E2 viral glycoprotein, as well as 

with the p7, NS3 and NS5A proteins to bring the non-structural HCV proteins into close 

proximity to the structural proteins, including E2, E1, and Core (140-147). These NS2-

driven interactions likely play a role in the transfer of viral RNA from replication complexes 

to assembly/envelopment complexes, although the exact mechanisms for how these 

processes occur are not fully understood.  

 

 

Figure 2: The HCV Virion.  
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The processes of HCV assembly and envelopment are thought to occur in one 

step, as nucleocapsids of the RNA and the Core protein form at the same time as 

envelopment of this nucleocapsid (148, 149). However, because mutations in the viral 

RNA that cause envelopment defects result in accumulation of Core on cytosolic lipid 

droplets and do not preclude the formation of intact nucleocapsids (Core/RNA complexes), 

it is possible that in the case of defective viral envelopment, viral assembly and 

nucleocapsid formation occur as an identifiable step of the HCV lifecycle (148). Ultimately, 

as the HCV lifecycle progresses, the virion buds into the ER lumen acquiring the viral 

membrane glycoproteins, E1 and E2, which become glycosylated in the ER (150). As the 

HCV virion leaves the cell through the secretory pathway, lipids, such as cholesterol 

esters, cholesterol, sphingomyelin and phosphatidylcholine, as well as host 

apolipoproteins such as ApoE, are incorporated into the virion resulting in the 

characteristic low density of the HCV particle (117, 151, 152). In this section, I will outline 

the specific function of several host and viral factors in coordinating the processes of viral 

assembly and envelopment. 

1.3.1 The lipid droplet: the site of HCV assembly. 

Lipid droplets are cellular lipid storage organelles that are dynamic in size, can 

move throughout the cell, and can transport lipids and proteins to other organelles (153, 

154). Lipid droplets are comprised of mostly neutral lipids, including triglycerides and sterol 

esters, and are encased within a phospholipid monolayer. Lipid droplets are derived from 

the endoplasmic reticulum and some stay in contact with this organelle for the length of 

their existence (155-157). Contact sites between the ER and lipid droplets are particularly 

important for transfer of proteins involved in lipid droplet synthesis and expansion (158). 

While the presence of lipid droplets within cells is important, an imbalance of too many or 
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too few lipid droplets can be associated with disease (159). Indeed, HCV infection induces 

change in size, morphology, and distribution of lipid droplets (160-162). In fact, fatty liver 

disease, or steatosis is strongly associated with HCV infection (163).  Fatty liver disease 

can also be an early predictor of more serious liver disease and cancer (164).  

During infection, the lipid droplet serves as an important hub for viral assembly. 

HCV Core protein targets to lipid droplets in infected cells and this association is a hallmark 

of HCV infection. Core protein recruits two other viral proteins, NS5A and NS3, to the 

surface of lipid droplets (138). Mutations in these proteins that prevent their localization to 

lipid droplets interfere with HCV particle production (104). In addition to HCV proteins 

present at the lipid droplet, many lipid droplet associated proteins are also known host 

factors for HCV. Particularly, DGAT1 and TIP47 have all been shown to be required for 

successful HCV particle production (165, 166).   

1.3.2 Viral Proteins in Assembly and Envelopment 

 

Figure 3: A network of protein-protein interactions coordinate viral envelopment. 
HCV proteins interact to coordinate viral envelopment. Arrows denote known interactions 

that are described and cited in the sections below. 
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1.3.2.1 Core 

The process of HCV assembly can be visualized early after infection when Core 

protein localizes tightly to lipid droplets (167). Core itself contains two main protein 

domains, D1 and D2 (168). The first domain of the protein, spanning from aa1-117 is 

hydrophilic and is responsible for both oligomerization of the protein and RNA binding 

(169). Specifically, the most N-terminal 68 amino acids were shown to be sufficient for 

capsid-like particle formation (170). The second domain of the protein, spanning aa118-

169, is more hydrophobic and contains the lipid interaction domain of the protein, allowing 

Core to adhere to the lipid droplet and the ER and likely also facilitates interactions 

between Core protein and lipids in infectious virions (171). Core protein recruits other viral 

proteins, including NS5A, to the surface of lipid droplets during viral assembly (138). Core 

is thought to interact with NS5A directly through three amino acids in domain III of the 

NS5A protein (104, 172). This interaction is necessary for the production of infectious 

virions and mutations that disrupt this interaction impair particle production (104). Core is 

also known to interact with the E1 glycoprotein and NS3, the viral serine protease and 

RNA helicase, however the exact mechanisms of these interactions are unknown (173-

175). In a Jc1 strain of HCV, Core is thought to be mostly ER localized with minimal LD 

localization.  This is suggested to be a product of efficient assembly and requires the p7 

protein, suggesting that p7 is important, either directly or indirectly, for unloading of Core 

protein from LDs following assembly (143). Finally, specific residues in domain 1 of Core 

protein have been shown to be important for envelopment, indicating that Core is 

important throughout the assembly and envelopment process (176). 
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1.3.2.2 E1 and E2 

The E1 and E2 glycoproteins are type I ER transmembrane proteins containing N-

terminal ectodomains and C-terminal transmembrane regions (177). The glycoproteins 

also contain signals for static retention in the ER (178, 179). E1 is the smaller of the two 

proteins at 192 amino acids, while E2 is almost double that size, 365 amino acids. The 

transmembrane domains of the glycoproteins facilitate the formation a functional 

heterodimer in the ER membrane (150). (180-184). Both proteins are heavily glycosylated 

by N-glycans, with E1 containing 5 glycosylation sites and E2 containing 11 (185). In 

infectious virions, the glycoproteins lack complex glycan signatures that are generally 

reflective of secretion through the Golgi, suggesting the proteins are either crowded or 

occluded by lipids on the virion surface (186). Structurally, the E1 glycoprotein contains 

an N-terminal domain which is mostly luminal, a central region containing a putative fusion 

peptide and a hydrophobic stretch, and a C-terminal transmembrane domain. Early 

studies of E1 identified an interaction between its first hydrophobic region and Core 

protein, suggesting a role for E1 in late stages of the viral lifecycle (174). More recent 

studies have identified this same region as particularly important for viral assembly and 

envelopment, indicating that mutations in this region disrupt particle production and cause 

release of partially formed virions (59, 187). The E2 glycoprotein has been shown to 

interact with the NS2 protein which thought to be the main organizer of envelopment (144, 

145, 147). Additionally, compensatory mutations in the E2 protein were shown to rescue 

assembly defects in the NS2 proteins, indicating a role for the NS2-E2 interaction in 

particle production (188). Based on the identified interactions and their localization at the 

ER membrane, the E1 and E2 glycoproteins are likely to act late during viral envelopment, 

after critical steps at the lipid droplet are complete. 
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1.3.2.3 p7 and NS2 

The NS2 protein is thought to be the main organizer of viral envelopment, 

interacting with both structural and nonstructural proteins to promote production of 

infectious virions (141, 142, 144, 145, 188). Many studies also suggest that the roles of 

NS2 are strongly supported by the p7 viroporin (143, 148). Both p7 and NS2 are 

dispensable for replication of the viral RNA, however NS2 is necessary for polyprotein 

processing (189). Indeed, HCV subgenomic replicons lack these proteins and some 

sources often refer to p7 as a ‘structural’ protein, despite its absence from virions (151, 

190). p7 is a small protein with two transmembrane domains and both the N- and C-

terminal ends facing the ER lumen (191). It can assembly into oligomers and thus form an 

ion channel, functioning as a viroporin (192, 193). It is thought to alter the pH of 

intracellular compartments to promote infectivity (194). p7 is thought to work closely with 

the NS2 protein to support its roles in HCV particle production. The NS2 protein contains 

three transmembrane domains and functions as a cysteine protease, cleaving itself from 

the polypeptide at the NS2-NS3 junction (195, 196). This protease domain of NS2 located 

at its C-terminus was shown to be essential for viral assembly, and mutations in both p7 

and the protease region of NS2 have been shown to specifically impair viral particle 

production (141, 188). NS2 binds to the structural proteins E1 and E2 and to the non-

structural proteins, p7, NS3, and NS5A and it colocalizes with the glycoproteins in infected 

cells (142, 144, 188). This localization seems to be modulated by p7, as mutations in p7 

alter the localization patterns of both NS2 and p7 (145). Mutations in NS2 that inhibit 

particle production can be rescued by compensatory mutations in E2, p7, NS3 and NS2 

itself (188). Aside from regulating NS2 localization, the p7 protein also may aide in 

recruitment of Core from lipid droplets to the ER during the transition from assembly to 
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envelopment and in incorporation of RNA into forming virions (143, 148). Thus, NS2, 

supported by p7, is thought to serve as a link between assembly sites at the lipid droplet 

and envelopment sites at the ER.  

1.3.2.4 NS3-NS4A 

The NS3-NS4A protein complex has roles throughout the viral lifecycle, as 

described in section 1.2.3. In viral assembly, the NS3 protein interacts with both Core and 

NS2 and is recruited to the lipid droplet (138, 139, 197). Mutations in NS3 have been 

shown to promote HCV particle production (198). Indeed, a deletion mutant in the N-

terminal region of Core that disrupted particle formation was rescued by a point mutation 

in the NS3 protein within its helicase domain, NS3 aa272. This deletion mutant did not 

interfere with Core oligomerization, however, suggesting that the function of the NS3-Core 

interaction is at a later stage in assembly (175). In addition, a point mutation in the N-

terminal α0 helix of NS3 has been shown to promote particle production, and cause a shift 

of Core protein from lipid droplets to ER membranes, increasing the colocalization of Core 

and the E1 and E2 glycoproteins (199). The function of the NS3-NS2 interaction has not 

been well characterized but is thought to be involved in recruitment of Core from lipid 

droplets (139). Additionally, mutations in Core that enhance RNA replication also inhibit 

viral particle production (200). These data suggest that NS3 may have roles throughout 

assembly, perhaps aiding in the lipid droplet to ER transition. 

NS4A, the cofactor to NS3, has also been implicated in viral assembly. Alanine 

scanning of the acidic domain of NS4A revealed several amino acids that were 

dispensable for RNA replication but impacted viral particle production. The viral titer defect 

from one mutation, K41A, was able to be partially rescued by a compensatory mutation in 
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NS3, suggesting that the two proteins work together towards viral assembly (201). The 

mechanism of NS4A action in viral assembly is the focus of chapter 3 of this dissertation. 

1.3.2.5 NS5A 

The viral NS5A protein is a 56 kDa phosphoprotein with 3 main domains. Domain 

I contains an amphipathic region that attaches the proteins to membranes. Domain I also 

contains the RNA binding region and is absolutely required for RNA replication. Most of 

domain II and all of domain III have been shown to be dispensable for RNA replication 

and instead are important for viral assembly (202). NS5A is targeted to lipid droplets during 

infection and indeed, NS5A interaction with Core protein is essential for viral assembly 

(104). This interaction is facilitated through three serine residues in domain III of NS5A. 

Mutation of these residues causes a defect in infectious particle production and an overall 

decrease in NS5A phosphorylation, suggesting that Core interaction and phosphorylation 

of domain III is important for assembly (104). This is supported by several other studies 

that have shown that mutations in domain III of NS5A disrupts its lipid droplet localization 

and reduce particle production (172, 203). Recently, amino acids in domain I of NS5A 

were shown to be specifically important for HCV assembly (204). Mutation of these amino 

acids disrupted particle production without reducing RNA replication. Additionally, these 

mutations disrupted NS5A localization at the lipid droplet and increased its affinity for HCV 

RNA, suggesting that domain I may be important for bring HCV RNA to sites of assembly 

(204). It is clear that NS5A plays an important role in the production of HCV virions and 

seems that it is likely involved early during the assembly process.  

1.3.2.6 NS5B 

NS5B is the viral RNA dependent RNA polymerase. It is a transmembrane protein 

and has three other domains, the ‘palm’ domain, the ‘fingers’ domain, and the ‘thumb’ 
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domain (111). These domains carry out the catalytic activity of the protein and the thumb 

and finger regions form around the ‘GDD’ active site (112). While the main function of 

NS5B is in RNA replication, it too has been implicated in viral assembly (205). Genetic 

studies have shown that mutations in NS5B specifically enhance viral infectivity, without 

affecting RNA replication (206, 207). Both of these studies showed that a genetic 

interaction between NS5B and the p7 protein was responsible for this observed increase 

in particle production. One of these studies is described in chapter 2 of this dissertation 

(207). As both of these studies proved solely genetic interactions, more work is necessary 

to determine if the NS5B protein directly contributes to particle production. 

1.3.3.7 Host proteins 

Several host factors have been identified that specifically support HCV particle 

production, without impacting RNA replication. The most extensively studied of these host 

factors is apolipoproteins E (apoE). ApoE is a lipid binding protein and is required for VLDL 

secretion, a pathway that is known to be important for the formation and maturation of 

HCV particles (208, 209). Depletion of ApoE drastically reduces HCV titer without affecting 

RNA replication (119, 210, 211). ApoE has also been shown to interact with the viral NS5A 

protein and deletion mutants of ApoE that disrupt the interaction decrease viral particle 

production (210, 212). Furthermore, proteomics of HCV particles and immuno-electron 

microscopy have detected ApoE on the HCV virion surface, indicating that ApoE is a 

protein component of mature virions (117, 119). Other apolipoproteins and VLDL-

associated proteins, such as ApoB and microsomal transfer protein (MTP), have been 

suggested to be involved in HCV assembly, however the data has been disputed (211, 

213-215). Aside from lipoproteins, a few other host factors have been investigated for their 

role in HCV assembly. Depletion of diacylglycerol acyltransferase (DGAT1), Annexin A2 
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(ANXA2), or heat shock cognate protein 70 (HSC70) results in a loss of viral infectivity 

without affecting RNA replication, suggesting a role for the proteins in particle production 

(165, 216, 217). DGAT1 was found to bind Core protein, while ANXA2 was shown to be 

recruited to lipid droplets by NS5A (165, 216). Peptides from HSC70 have also been 

identified in purified virions, suggesting this protein may be a component of the mature 

virion (217). Screens designed to identify proteins whose depletion affects viral titer 

without decreasing RNA replication have also identified a number of proteins with potential 

roles in HCV assembly, however further follow-up studies would be required to confirm 

these findings and identify roles for these potential host factors (218). 

1.4 Summary of the work presented in this dissertation 

The goal of the research described in this dissertation was to analyze new 

mechanisms for HCV proteins in viral assembly and envelopment. In these studies, we 

investigated a genetic interaction between the viral p7 and NS5B proteins that enhances 

viral infectivity and also discovered a new role for the viral NS4A protein in viral 

envelopment. Together, these studies greatly enhance our understanding of the late 

stages of the HCV lifecycle. 
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2. Cooperation between the hepatitis C virus p7 and 
NS5B proteins enhances virion infectivity 

This chapter was adapted from a manuscript of the same title published in Journal 

of Virology 2015;89(22):11523-33. The authors are Mounavya Aligeti*, Allison Roder*, and 

Stacy M. Horner. * indicates equal contribution. 

2.1 Introduction 

Hepatitis C Virus (HCV), a positive sense single stranded RNA virus and a member 

of Flaviviridae family infects nearly 170 million people worldwide (219, 220). HCV infection 

is the leading cause of chronic hepatitis, liver cirrhosis and hepatocellular carcinoma (221). 

While the previous interferon-based therapies for treatment of hepatitis C were only 

effective in 40% of those infected with genotype 1 virus, the most prevalent HCV genotype 

in the United States (222), newly developed therapies for hepatitis C now use interferon-

free direct acting antiviral (DAA) regimens, with over 90% success rates (19). However, 

antiviral resistance is still a problem, and a vaccine is not yet available for prevention of 

HCV transmission. 

The HCV RNA genome is translated into a single polyprotein from an internal 

ribosome entry site located in the 5’ untranslated region of the genome. The resulting HCV 

polyprotein is co- and post-translationally processed by host and viral proteases into ten 

viral proteins, including three structural proteins (Core, E1, E2), the p7 protein, and six 

non-structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B, which is the RNA-

dependent RNA polymerase) (223). The minimal set of viral proteins necessary for RNA 

replication are the non-structural proteins NS3, NS4A, NS4B, NS5A, and NS5B (224). 

However, viral assembly is mediated by both the structural and non-structural proteins, 

which have been described to have both physical and functional interactions with each 
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other that contribute to viral replication and assembly (116, 225, 226). In particular, the 

HCV p7, NS2, and NS5A proteins have all been found to play major roles in viral assembly, 

although recently other viral proteins have also been found to contribute to viral assembly 

(116). The formation and release of fully infectious virions requires HCV interactions with 

host lipid pathways, especially the very low-density lipoprotein (VLDL) pathway (225, 227, 

228). In fact, virions incorporate host apolipoproteins, cholesteryl esters, and 

phospholipids, including phosphatidylcholine and sphingomyelin, to become fully mature 

and infectious (117, 226, 229). 

Studies of the mechanisms underlying HCV assembly and the production of 

infectious virions have been facilitated by the establishment of the HCV cell culture 

system, which was initially developed by using JFH-1, a genotype 2A isolate of HCV (230, 

231). Since the development of this system, fully infectious clones of HCV have been 

generated from other HCV strains and genotypes, including intra- and inter-genotypic 

chimeras (232). While JFH-1 does make infectious virus, overall its viral titers are quite 

low. Therefore, several groups have generated cell culture-adapted variants of JFH-1 by 

passaging the virus many times yielding viruses with increased viral titers and/or 

replication (232). Studies on the mechanisms underlying the increased replication of these 

cell culture adapted viruses have provided new insights into the HCV life cycle, including 

identifying mutations that enhance viral stability, delay viral polyprotein processing to 

enhance replication, increase virion assembly/release and infectivity, and characterize 

genetic interactions between viral proteins to promote these processes (233-243). 

Interestingly, many of the culture-adapted amino acids identified in these studies were 

unique to each study, suggesting that the full spectrum of mutations that promote HCV 

culture adaptation has not yet been described.  
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To generate an infectious clone of JFH-1 with enhanced replication, we sequenced 

a cell culture adapted strain of JFH-1 that had increased viral titers compared to wild type 

JFH-1. We identified nine amino acid changes in this virus, and reconstructed the 

infectious clone containing these nine culture-adapted mutations to make JFH-1-M9 

(Table 1). These adaptive mutations led to a 100-fold improvement in viral titer. We found 

that a synergistic interaction between p7 and NS5B promoted the production of HCV 

particles with increased infectivity. Our studies indicated that JFH-1 virions with only these 

identified culture-adapted mutations in p7 and NS5B had reduced levels of sphingomyelin, 

leading to the enhanced virion infectivity, as compared to wild type JFH-1. Overall, these 

findings provide novel insights into the molecular mechanisms of HCV assembly by 

revealing that cooperation between the p7 and NS5B proteins can alter how the virus 

interacts with host lipids to promote viral infectivity.  
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Table 1: Amino acid substitutions identified in cell culture-adapted JFH-1 

Mutation Amino acid 
substitutionsa Protein Amino acid 

substitutionsb Domain Location 

1 G32S Core G32S Domain 1 

2 A378T E1 A187T Transmembrane domain 

3 H614D E2 H231D Core ectodomain 

4 C766Y p7 C16Y N-terminal helix 1  

5 D2227V NS5A-1 D251V Domain II 

6 S2338G NS5A-2 S362G Domain III 

7 L2410P NS5A-3 L435P Domain III 

8 V2440L NS5A-4 V464L Domain III 

9 R2676K NS5B R234K Interconnecting region of palm 
domain 

a indicates the position of the substitution in polyprotein. b indicates the position in the 
individual protein. 
*Synonymous substitutions: R502 (AGG to GGG), T791 (ACC to ACT), P1118 (CCC to 
CCT), L1232 (TTG to CTG), G1450 (GGA to GGG), V1460 (GTA to GTG), L1679 (CTG to 
TTG), and F1709 (TTT to TTC) 
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2.2 Results 

2.2.1 Cell culture adaptation of JFH-1 leads to enhanced infectious 
virion production 

To compare the replication of a cell culture-adapted JFH-1 virus that had been 

generated by >30 passages in Huh-7.5 cells, human hepatoma cell lines that support high 

levels of HCV replication (244), to the parental JFH-1 virus, we infected Huh-7.5 cells with 

JFH-1 and the culture-adapted JFH-1 strain of HCV with an MOI of 0.2. Three days after 

infection, we harvested and titered the cellular supernatants on naïve Huh-7.5 cells by 

using a focus forming assay (230, 245). We found that culture-adapted JFH-1 had nearly 

a 100-fold increase in extracellular titer as compared to the parental JFH-1 strain (Fig 4A). 

In addition, at 3 days post infection with an MOI of 0.2, nearly three times as many Huh-

7.5 cells were HCV-positive, as measured by analysis of fixed cells immunostained for the 

HCV NS5A protein (Fig 4B). To determine if culture adaptation increased the intracellular 

viral RNA levels of JFH-1, we measured intracellular HCV RNA copy numbers by qRT-

PCR at various time points after infection with JFH-1 and the culture-adapted JFH-1. The 

results indicate that the culture-adapted JFH-1 had higher levels of intracellular HCV RNA 

than the parental JFH-1 virus at all time points tested (Fig 4C). However, the magnitude 

of increase in viral RNA levels of the culture-adapted JFH-1 as compared to the parental 

JFH-1 was not as great as the difference found between the extracellular titers of the two 

viruses. This result revealed that the culture-adapted JFH-1 produced more virus than the 

parental JFH-1. This results also suggested that the culture-adapted virus had acquired 

mutations that permitted this increased growth, as had been seen in previously (143, 233-

243). 
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Figure 4: Increase in HCV-JFH-1 titers with cell culture adaptation. (A) Viral titers 
were determined by focus forming assay (focus forming units (FFU)/ml) at 72 hours post 
infection (hpi) with JFH-1 or cell culture-adapted JFH-1 (C. Adap). (B) The percentage of 
HCV NS5A-positive cells were determined at 72hpi by counting over 100 cells from each 

of three different fields of view. (C) The intracellular HCV RNA levels in infected cells 
were measured by qRT-PCR at the indicated time points. Values are presented as mean 
± SD (n=3).  ***P≤0.001 by unpaired Student t test (A-B) or by one-way ANOVA (C). The 

data presented in (A) and (C) are representative of three different experiments. (D) 
Schematic diagram of the JFH-1 open reading frame. The positions of the 9 identified 
cell culture-adapted mutations are indicated with a triangle. For exact position in the 

HCV genome, please see Table 1. Data courtesy of Mounavya Aligeti. 
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2.2.2 Culture-adapted mutations in JFH-1 increase viral titer and 
specific infectivity 

To confirm that this set of nine amino acid changes was responsible for the 

enhanced virus production of the culture-adapted JFH-1, we introduced the whole set of 

mutations into the JHF1 parental genome (JFH-1-M9). We then transfected the in vitro 

transcribed HCV RNA containing the JFH-1-M9 mutations or the parental JFH-1 (JFH-1-

Wt) into Huh-7.5 cells by electroporation and measured HCV production by using several 

different assays. First, we measured intracellular HCV RNA levels over time. We found 

that the JFH-1-M9 virus had a slight increase (less than 10-fold) in intracellular viral RNA 

levels over JFH-1-Wt (Fig 5A), suggesting that the nine cell culture-adapted mutations had 

only modest effects on HCV intracellular RNA levels. Importantly, the viral RNA 

replication-deficient virus, JFH-1-M9 GND, which has an inactivating mutation in the NS5B 

polymerase active site, had decreased viral RNA levels over time, as expected (Fig 5A).  

To test if these engineered mutations affected HCV production, we measured both 

the extracellular HCV RNA levels and the extracellular viral titer of both JFH-1-Wt and 

JFH-1-M9. As compared to JFH-1-Wt, the transfected JFH-1-M9 RNA produced >2 logs 

higher of viral titer at 72h (Fig 5C), while it had less than 1 log higher extracellular viral 

RNA over the time course (Fig 5B). The intracellular titer of JFH-1-M9 was also higher 

than that of JFH-1-Wt, suggesting that there were no major differences in viral release 

between the two viruses (Fig 5D). Importantly, we found that the extracellular specific 

infectivity of the JFH-1-M9 virus was nearly 100-fold higher than that of JFH-1-Wt (Fig 5E). 

In summary, while the JFH-1-M9 virus showed only modest increases in intracellular viral 

RNA and extracellular viral RNA compared to JFH-1-Wt, it displayed a significantly higher 

increase in virus titer and specific infectivity.   
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Figure 5: The JFH-1-M9 infectious clone with culture-adapted mutations has 

increased viral titer and specific infectivity as compared to JFH-1. (A) Intracellular 
HCV RNA levels in Huh-7.5 cells transfected with in vitro transcribed JFH-1 RNA 
constructs [wild-type (Wt), 9 culture-adapted amino acid changes (M9), or with an 

inactivating mutation in the NS5B active site (GND)] were measured by qRT-PCR at the 
indicated time points. (B) Time course of HCV RNA release into the supernatant was 
determined by qRT-PCR following transfection of indicated constructs. (C) Release of 

HCV virions into the supernatant from transfected cells was determined at the 72hpi by 
focus forming assay. (D) Intracellular titer of HCV at 72h after transfection of the 

indicated RNA constructs. (E) Specific infectivity of the indicated viruses was calculated 
as a ratio of the titer to the HCV RNA in the supernatant. Values are presented as mean 
± SD (n=3). *P≤0.05, **P≤0.01, ***P≤0.001 by unpaired Student t test (C-E) or by one-

way ANOVA comparing Wt to M9 (A-B). Panels shown are representative of three 
independent experiments. Data generated by Mounavya Aligeti and Allison Roder 
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2.2.3 Culture-adapted mutations in either the structural or non-
structural genes of JFH-1 only slightly increase infectious viral titer 
and specific infectivity  

To identify which of the culture-adapted mutations contributed to the enhanced 

virus production of JFH-1-M9, we inserted various combinations of the culture-adapted 

mutations into JFH-1 (Fig 6A). In our first analysis, we made constructs that contained the 

previously identified NS5A V2440L culture-adapted mutation (JFH-1-NS5A-#4) (234, 235, 

239), all of the mutations of JFH-1 found in the structural genes and p7 (JFH-1-S; amino 

acid changes 1-4), or the nonstructural genes (NS; amino acid changes 5-9) (See Table 

1). We then determined the impact of these mutations on HCV intracellular RNA levels. 

HCV RNA was in vitro transcribed, transfected into Huh-7.5 cells, and 72h later, 

intracellular HCV RNA levels were measured by qRT-PCR (Fig 6B). We found that JFH-

1-NS5A-#4, JFH-1-S, and JFH-1-NS all had increased levels of intracellular HCV RNA as 

compared to JFH-1 (Fig 6B). Interestingly, addition of the previously identified replication 

enhancing NS5A-V2440L mutation (234) to the JFH-1-S construct (JFH-1-S+NS5A-#4) 

resulted in levels of viral RNA even lower than the parental JFH-1 (Fig 6B).  

To determine how these culture-adapted mutations affected the production of 

HCV, we measured the HCV titer and RNA levels present in the cellular supernatant 72h 

after HCV RNA transfection. The results indicate that addition of the structural amino acid 

changes (JFH-1-S) led to the greatest increase in HCV titer as compared to JFH-1 (Fig 

6C). However, none of these constructs resulted in the same extracellular viral titer as 

JFH-1-M9, suggesting that an interaction between the structural and nonstructural genes 

is required for the increased titer of JFH-1-M9. Addition of NS5A-V2440L to JFH-1-S (JFH-

1-S+NS5A-#4) also did not result in a further increase in titer to the JFH-1-S construct, 

which was likely a result of the decreased intracellular viral RNA levels observed with this 
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construct (Fig 6C and 6B). For all of these HCV constructs tested, the amount of viral RNA 

released into the supernatant mirrored the amount of viral titer found in the supernatant 

(compare Fig 6D to 6C), and thus only minor differences in the specific infectivity of these 

viruses were observed, with none reaching the level of specific infectivity displayed by 

JFH-1-M9 (Fig 6E). 

 

 
 

Figure 6: Culture-adapted mutations in both structural and non-structural genes of 
JFH-1 slightly enhance specific infectivity. (A) Schematic diagram of the JFH-1 open 

reading frame with mutations indicated by an asterisk. For exact position in the HCV 
genome, please see Table 1. At 72h post transfection of the indicated RNA constructs 
into Huh-7.5 cells, (B) HCV intracellular RNA levels by qRT-PCR, (C) extracellular titer 
by focus forming assay, (D) HCV RNA release into the supernatant by qRT-PCR, and 

(E) specific infectivity were determined. Values are presented as mean ± SD (n=3). 
Panels shown are representative of three independent experiments. Data generated by 

Mounavya Aligeti and Allison Roder. 
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2.2.4 Culture-adapted mutations in p7 and NS5B provide the minimal 
set of mutations for enhanced viral titers and specific infectivity of 
JFH-1. 

Because the JFH-1-M9 virus had increased titer and specific infectivity compared 

to JFH-1-Wt, we hypothesized that the culture-adapted mutations in the structural genes 

would be responsible for this phenotype. While, following transfection into Huh-7.5 cells, 

the JFH-1-S RNA did produce the highest viral titer, it was still not as high as JFH-1-M9, 

however. Therefore, neither mutations in the structural HCV genes nor mutations in the 

nonstructural HCV genes alone could recapitulate the increase in titer and specific 

infectivity seen with JFH-1-M9. This suggested that cooperation between the structural 

and nonstructural genes was responsible for the increased virus production of JFH-1-M9 

compared to JFH-1. Indeed, interactions between the HCV p7 protein and the 

nonstructural proteins have been shown to be important for assembly of infectious HCV 

particles (36–40). Further, p7 has been shown to be important for HCV capsid assembly 

and envelopment (41), and recently, the HCV RNA-dependent RNA polymerase (RdRp) 

protein NS5B has been found to have a role in viral assembly, although the mechanism 

was not described (40). Therefore, to test if interactions between the identified culture-

adapted mutations in p7 and NS5B contributed to the increased specific infectivity of JFH-

1-M9, we generated HCV constructs that contained the culture-adapted p7 (C766Y) or 

NS5B (R2676K) mutations alone or in combination or p7 along with the complement of 

nonstructural gene mutations (JFH-1-p7+NS) (Fig 7A). All of these RNAs displayed less 

than 1-log difference of intracellular viral RNA and produced similar levels of extracellular 

viral RNA (Fig 7B and D). The JFH-1-p7+NS virus was the most similar to JFH-1-M9 in all 

the parameters of HCV infection tested (Fig 7B-D). While the JFH-1-p7 and JFH-1-NS5B 

viruses had viral titers and extracellular RNA levels similar to those of JFH-1, addition of 
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both the p7 and NS5B mutations to JFH-1 increased the titer and specific infectivity of 

JFH-1 to nearly the same level as that of JFH-1-M9 (Fig 7C-E). This demonstrated that 

these 2 amino acid changes together were responsible for the majority of the increased 

specific infectivity of JFH-1-M9 compared to JFH-1. 

 

 
 

Figure 7: Culture-adapted mutations in p7 and NS5B enhance the titer and specific 
infectivity of JFH-1. (A) Schematic diagram of the JFH-1 open reading frame with 

mutations indicated by an asterisk. For exact position in the HCV genome, please see 
Table 2. At 72h post transfection of the indicated RNA constructs into Huh-7.5 cells, (B) 
HCV intracellular RNA levels by qRT-PCR, (C) extracellular titer by focus forming assay, 
(D) HCV RNA release into the supernatant by qRT-PCR, and (E) specific infectivity were 

determined. Values are presented as mean ± SD (n=3). Panels shown are 
representative of three independent experiments. Data generated by Mounavya Aligeti 

and Allison Roder. 
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2.2.5 Specific HCV culture-adapted mutations alter lipid droplet size 
and circularity 

JFH-1 viral assembly is known to take place in association with ER membranes 

around cytosolic lipid droplets (116, 138), and the localization of the HCV core protein in 

relationship to lipid droplets has been shown to correlate with viral infectivity (143). 

Therefore, we analyzed the localization of the HCV core protein in relationship to lipid 

droplets in Huh-7.5 cells by immunostaining and confocal microscopy following 

transfection of the HCV RNA constructs containing various culture-adapted mutations. 

However, we did not observe any remarkable changes to the localization of the HCV core 

protein in relationship to lipid droplets under any condition, even in the JFH-1-M9 virus 

that had the highest viral titers and virion specific infectivity (Fig 8A). Interestingly, we did 

find that the lipid droplets were larger in JFH-1-M9-transfected cells than those in JHF1-

Wt-transfected cells (Fig 8A-B). In addition, the lipid droplets were also larger in size in 

cells that had ben transfected with any construct containing the culture-adapted mutation 

in p7, C766Y. While strict calculation of lipid droplet size suggested that the NS5B R2676K 

change also increased lipid droplet size, we noticed that this was a result of many smaller 

lipid droplets in close proximity, giving the appearance of larger, non-spherical lipid 

droplets (Fig 8A-B). This lipid droplet aggregation gives the illusion of large lipid droplets 

with reduced average circularity in our calculations (Fig 8C). Taken together, these results 

suggest that the C776Y culture-adapted mutation in p7 promotes an increase in lipid 

droplet size, but that the NS5B R2676K mutation alone does not promote a similar 

increase in lipid droplet size and instead induces aggregation of small lipid droplets.  
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Figure 8: Specific culture-adapted mutations in HCV affect lipid droplet size and 
circularity. (A) Confocal micrographs of Huh-7.5 cells transfected with indicated in vitro 
transcribed HCV RNAs that were stained for lipid droplets (Bodipy, green), HCV Core 

protein (red) and nuclei (DAPI, blue). Crop is taken from the region with the white box in 
the merge image. Scale bar: 10 µm. (B) Percentage of lipid droplets larger than 1.5µm2 
is graphed in box and whisker plots, representing the minimum, 1st quartile, median, 3rd 

quartile, and the maximum. (C) The average circularity of lipid droplets is graphed in box 
and whisker plots. Values are presented as in (B). For (B-C), all quantifications were 

conducted on at least 8 cells per HCV clone.  **P≤0.01, ***P≤0.001 by unpaired Student 
t test. 
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2.2.6 JFH-1-p7+NS5B virions have decreased sphingomyelin content  
While p7 C766Y did promote a change in lipid droplet size during HCV replication, 

this amino acid change is not sufficient to explain the increase in virion specific infectivity 

that we saw with both culture-adapted amino acid changes in p7 and NS5B. Interestingly, 

the NS5B R2676 amino acid residue is in the sphingomyelin-binding pocket of NS5B, in 

close proximity to the exit tunnel of the RdRp (246, 247). As sphingomyelin is known to be 

present in the HCV virion (117), we hypothesized that the increased infectivity of the 

p7+NS5B virus could be due to alterations in sphingomyelin virion content as compared 

to JFH-1. To test this, we used a sphingomyelin assay to directly determine the 

sphingomyelin levels in supernatants harvested 72h following HCV RNA electroporation 

into Huh-7.5 cells (Fig 9A). We found that the relative amount of sphingomyelin 

(normalized to viral RNA in the supernatant) was decreased in the supernatants of JFH-

1-p7+NS5B-transfected cells, as compared to JFH-1-transfected cells (Fig 9A). Our 

results suggest that the culture-adapted mutations in p7 and NS5B are required to 

enhance the infectivity of JFH-1 by decreasing the sphingomyelin content of the virion. 

 

Figure 9: Role of sphingomyelin in the infectivity of HCV. At 72h post transfection 
of the indicated constructs into Huh-7.5 cells (A) the sphingomyelin content of virions 
was determined by a fluorometric sphingomyelin assay and the sphinogomylein content 
relative to the extracellular RNA was calculated, (B) the extracellular titer was determine 

by focus forming assay, (C) HCV RNA release into the supernatant was measured by 
qRT-PCR, and (D) the specific infectivity was determined. Values are presented as 
mean ± SD (n=3). ***P≤0.001 by.one-way ANOVA comparing p7+NS5B to the other 

viruses. 
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2.3 Discussion  

Our results demonstrate that the mechanism of culture adaptation of a JFH-1 strain 

of HCV is primarily due to the concerted actions of the p7 and NS5B proteins to promote 

enhanced virion infectivity. These two culture-adapted amino acid changes in p7 and 

NS5B contributed to 90% of the increase of infectious titers of the culture-adapted variant 

compared to the parental JFH-1, while neither amino acid on its own contributed very 

much to the increased infectivity of the virions. In addition, we found that culture-adapted 

amino acid changes in p7 and NS5B reduce sphingomyelin incorporation into the virion, 

making the viral particles more infectious. Therefore, p7 and NS5B together contribute to 

the specific infectivity of the JFH-1 virus, providing evidence for a cooperative role of these 

viral proteins in HCV particle maturation. 

Previous studies on cell culture adaptation of JFH-1 have identified many different 

culture-adapted mutations and varying mechanisms responsible for the culture adaptation 

(233-243). While our culture-adapted virus had nine amino acid substitutions within the 

genome, only one of these amino acid changes (NS5A V2440L) had been identified 

previously. This amino acid change in NS5A had been found to delay the processing of 

the NS5A/NS5B junction in the viral polyprotein, resulting in increased viral replication 

(234, 235, 239). Our work confirms these findings, in that JFH-1 having only the NS5A-

V2440L change does indeed have higher levels of intracellular viral RNA and viral titer 

than JHF1-Wt. However, we found that our culture-adapted virus with all 9 amino acid 

changes has 2 logs higher viral titer than JFH-1 with only NS5A-V2440L, demonstrating 

this single amino acid change at NS5A does not play a large role in the increased infectivity 

of this virus as compared to the parental JFH-1. Unexpectedly, we also found that addition 

of the NS5A-V2440L amino acid to JFH-1-S resulted in decreased levels of intracellular 
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HCV RNA as compared to JFH-1 or JFH-1-S. This result supports the finding that the 

structural and nonstructural genes can act together to regulate HCV RNA levels (142, 

143).  

The complete mechanistic details underlying HCV assembly are not yet 

understood. However, the viral p7 transmembrane protein plays an important role in this 

process, as it is required for efficient virion assembly, release, and envelopment (140, 141, 

148, 242). The 63 amino acid p7 protein oligomerizes to form a proton channel, and 

mutational analysis of p7 has revealed that this proton channel contributes to virion 

infectivity at a post-assembly step (248). Interestingly, amino acid changes within p7 have 

been identified in many of the previous studies on culture-adaptation of JFH-1 as 

contributing to increased viral titers (143, 234, 237, 241, 242). Similarly, our culture-

adapted JFH-1 also identified an amino acid change in p7, C766Y, that contributed to the 

higher viral titers of a culture-adapted JFH-1. This C766Y mutation is directly adjacent to 

the N765D mutation identified previously as contributing to JFH-1 cell culture adaptation 

(234, 237, 241). Both of these residues are located in the N-terminal transmembrane helix 

of p7 directly adjacent to a flexible hinge that connects this helix to transmembrane helix 

2 in the protein (249). Further, these residues line the inner pore of the proton channel 

formed by these helices, and they are required for proton channel activity (248, 249). We 

found that the C766Y change in p7 increased the overall size of lipid droplets in the 

infected cell. Of note is the fact that the NS5B culture-adapted mutation did not induce a 

similar increase in lipid droplet size; instead this mutation caused lipid droplet aggregation. 

Therefore, this result indicates that the p7 mutation plays the primary role in increasing 

lipid droplet size during infection with this culture-adapted JFH-1 virus.   
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Lipid droplets, in association with ER membranes, are the sites of HCV particle 

assembly (138). While HCV infection does induce transcriptional activation of lipogenic 

genes that enhance viral assembly (250), we did not find that the p7 C766Y virus induced 

the transcriptional activation of these same genes (data not shown), suggesting another 

mechanism for regulating lipid droplet size in our system. Lipid droplet size is regulated 

by cellular enzymes involved in the biosynthesis of lipids and also by the number of ER 

connections with lipid droplets, including during HCV infection (251-253). We hypothesize 

that the identified p7 C766Y protein alters the targeting of lipid synthesis enzymes to lipid 

droplets to regulate the size, as well as the phospho- and sphingolipid content of the lipid 

droplet (254). We further hypothesize that the C776Y amino acid change in p7 modulates 

its ion channel activity resulting in an increased size of lipid droplets. Under this 

hypothesis, the altered p7 ion channel activity in the JFH-1-p7 virus would change the 

intracellular pH to target lipid synthesis enzymes to lipid droplets that modulate their size. 

This hypothesis is supported by the fact that intracellular pH has been described to 

regulate protein binding and targeting to certain lipids (255). Alternatively, the C766Y 

amino acid change could directly increase ER-lipid droplet contacts through yet unknown 

membrane-protein interactions via the p7 transmembrane domain (256).  

The C766Y culture-adapted mutation in p7 on its own does not substantially 

increase viral titer. Indeed, we found that a genetic interaction between p7 and NS5B 

contributes to virion infectivity. It is known that p7 interacts with other viral proteins to 

facilitate its role in viral assembly (141-143, 188, 206). Further, a previous study has 

suggested that p7 and NS5B might act in a coordinated function to promote viral assembly 

(206). Our work confirms this finding and importantly shows that only a single amino acid 

change in each protein is required for the two proteins to enhance virion infectivity in 
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coordinated fashion. We found that the mechanism for these proteins participating in virion 

infectivity is through decreased sphingomyelin content of the virus containing both the 

culture-adapted p7 and NS5B. The R2676K culture-adapted mutation in NS5B is directly 

in the sphingomyelin-binding pocket of the enzyme (246). In this sphingomyelin-binding 

pocket within NS5B, the R2676 amino acid residue is located in an amphipathic α-helix 

antiparallel to another amphipathic α-helix. It forms a bidendate salt-bridge with a 

glutamine located in the antiparallel α-helix (112). While mutation of this arginine to a 

lysine could alter the affinity of NS5B for sphingomyelin, how this would alter the 

sphingomyelin content of the virion is unclear as NS5B is not known to be part of the virion. 

More likely, the changes in sphingomyelin in the virion are the result of interactions 

between p7 and NS5B. Our data did not reveal any increase in intracellular viral RNA 

levels by JFH-1 containing the NS5B R2676K mutation, supporting previous data that has 

shown that the RdRp activity of JFH-1 NS5B is not affected by sphingomyelin (247). While 

sphingomyelin has been shown to be required for the infectivity of JFH-1 virions as a result 

of increased internalization of HCV particles containing sphingomyelin during infection 

(229), the mechanism of how a decrease in sphingomyelin would increase the virion 

specific infectivity requires further investigation. Interestingly, a study of the lipid 

composition of HCV and VLDL particles found that VLDL has a reduced sphingomyelin 

content compared to HCV particles (117), and so perhaps the lipid content of JFH-1-

p7+NS5B particles is altered to more closely resemble that of VLDL. Our results support 

the hypothesis that virions produced from JFH-1 with p7 and NS5B culture-adapted 

mutations have decreased sphingomyelin content that likely enhances their infectivity, but 

we note that this could be a result of broad changes in the lipid composition of the viral 

particles.  
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While other studies of culture-adapted viruses have shown that relocalization of 

core protein from lipid droplets to the ER facilitates an increase in viral titer (143), we did 

not see any changes in the localization of core in relationship to lipid droplets in cells 

following transfection with any of our HCV RNA constructs. Besides p7 and NS5B, the 

other culture-adapted amino acid changes that we identified in JFH-1 may very well 

contribute to the full culture adaption of the virus. However, after the culture adaptation 

has occurred these other amino acid changes do not seem to play a major role in the 

increased infectivity of the culture-adapted JFH-1. As the JFH-1-p7+NS virus does have 

higher replication, titer, and virion specific infectivity that JFH-1-p7+NS5B, the culture-

adapted amino acid changes in NS5A clearly are playing some role in these increases. In 

addition to the V2440L mutation, we identified two amino acid changes in domain 3 of 

NS5A, a functional domain known to be important for HCV assembly (257), which could 

be contributing to the increased replication of the JFH-1-p7+NS virus.   

We propose the following mechanism for how amino acid changes in both p7 and 

NS5B contribute to HCV particle infectivity. First, the C766Y change in p7 results in an 

increased size of lipid droplets as a result of phospho- and sphingolipid trafficking to the 

lipid droplets, likely as a result of increased contacts between the ER and lipid droplets or 

by specific p7 protein-protein interactions at these sites (252). These interactions alter the 

local concentration of lipids in or near the lipid droplet. We hypothesize that the NS5B 

R2676K mutation alters the affinity of NS5B for lipids, perhaps near the lipid droplet, and 

thereby contributing to the relative distribution of lipids within the ER near sites of HCV 

assembly. The assembling and/or maturing virion would then incorporate an altered lipid 

profile as it matures through the VLDL secretion pathway in the Golgi for release from the 

infected cell. Importantly, these virions with decreased sphingomyelin would have an 
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altered lipid profile that would ultimately increase their infectivity. Taken together, our data 

support the hypothesis that interactions between the structural and non-structural HCV 

proteins with host lipids and lipid-associated machinery work collectively to increase viral 

specific infectivity. Indeed, this idea is supported by a recent study that found that a lipid 

regulatory enzyme, phosphatidylserine-specific phospholipase A1, enhances interactions 

between the viral structural and nonstructural proteins to promote viral assembly (258). 

Therefore, the combination of culture-adaptive mutations in both p7 and NS5B facilitate 

an increase in lipid droplet size and reduced sphingomyelin incorporation into the virion 

that results in an increase in virion infectivity. Importantly, modulation of these interactions 

of NS5B with sphingomyelin or p7 could provide novel therapeutic targets for hepatitis C 

treatment. 

2.4 Materials and Methods 

2.4.1 Cell lines.  

Human hepatoma Huh-7.5 cells (259) were grown in Dulbecco’s modification of 

Eagle’s medium (DMEM; Mediatech) supplemented with 10% fetal bovine serum (Thermo 

Scientific) and 1% Penicillin, Streptomycin and L-Glutamine (Life Technologies). The 

identity of the Huh-7.5 cells used in this study was verified by using the Promega 

GenePrint STR kit (DNA Analysis Facility, Duke University).  

2.4.2 Cell culture-adapted HCV.  

The culture-adapted JFH-1 strain of HCV genotype 2A, which was generated by 

>30 passages in Huh-7.5 cells, was kindly provided by Dr. Michael Gale Jr. (University of 

Washington). To identify the sequence of this culture-adapted strain of JFH-1, RNA was 

isolated from HCV-infected Huh-7.5 cells by using an RNeasy kit (QIAGEN) and reverse 
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transcribed by using the iScript cDNA synthesis kit (Bio-Rad). Subsequently, sequence 

analysis was performed with a set of primers covering the complete HCV genome 

(Tacgen). In most cases, three clones were sequenced for each amplicon, and only 

mutations identified in more than one clone were considered for further study.  

2.4.3 Plasmids and site-directed mutagenesis.  

All nucleotide and amino acid positions refer to the JFH-1 genome (GenBank 

accession number AB047639). Mutations in the HCV coding region were introduced into 

pENTR-SJ*, molecular clone of JFH-1 that has the sequence of JFH-1 and a T7 promoter 

(pENTR-SJ*) (133), by using site-directed mutagenesis (Quikchange Lightning Kit; 

Stratagene). Following sequence verification, correct sequences were subcloned back 

into pENTR-SJ* as described below and verified again by DNA sequencing. The following 

constructs were made: psJFH-1-M9 with nine identified culture-adapted amino acid 

changes was generated by site-directed mutagenesis and sequence verified (Genscript); 

psJFH-1-M9-GND was generated by site-directed mutagenesis of psJFH-1-M9 to insert 

the NS5B D318N mutation, followed by subcloning of the HindIII-XbaI fragment; psJFH-

1-S (Core G32S, E1 A378T, E2 H614D, and p7 C766Y) was generated by subcloning the 

AgeI-KpnI fragment of psJFH-1-M9 into psJFH-1; psJFH-1-NS (NS5A D227V, S2338G, 

L2410P, and V2440L; and NS5B R2676K) was generated by subcloning the AgeI-KpnI 

fragment of psJFH-1 into psJFH-1-M9; psJFH-1-S+NS5A-#4 and psJFH-1-NS5A-#4 were 

generated by site-directed mutagenesis of the psJFH-1-NS or psJFH-1 to insert the NS5A 

V2440L mutation, followed by subcloning of the SpeI-HindIII fragment; psJFH-1-p7 and 

psJFH-1-p7+NS were generated by site-directed mutagenesis of psJFH-1 or psJFH-1-NS 

to insert the p7 C766Y mutation, followed by subcloning of the BsiW1-NotI fragment; 

psJFH-1-5B and psJFH-1-p7+NS5B were generated by subcloning of the HindIII-XbaI 
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fragment of psJFH-1-M9 into psJFH-1 and psJFH-1-p7 to insert the NS5B R2676K 

mutation. The following oligonucleotides were used for mutagenesis: p7 C766Y (5’-

gctgcgagtgcggctaactatcatggcctcctatattttg-3’; 5’-caaaatataggaggccatgatagttagccgcac-

tcgcagc-3’), NS5A V2440L (5’-gaggacgataccaccttgtgctgctccatgt-3’; 5’- 

acatggagcagcacaaggtggtatcgtcctc-3’), Core K78E (5'-ggggcgacctggctctccccaggccttgc-3'; 

5'-gcaaggcctggggagagccaggtcgcccc-3'), and E2 T563I (5'-cgcgccacaagtcttgatga-

aaccagtggagtt-3'; 5'-aactccactggtttcatcaagacttgtggcgcg-3'). 

2.4.4 In vitro transcription and electroporation of HCV RNA.  

Plasmid DNA encoding HCV (pENTR-SJ* (133)) was linearized by using XbaI. 

Purified linearized DNA was used as a template for in vitro transcription with a MEGAscript 

T7 Transcription Kit (Promega). RNA was purified free of DNA and transfected into Huh-

7.5 cells via electroporation, as follows: 5µg of RNA was mixed with 4x106 Huh-7.5 cells 

in PBS and electroporated at 250 V and 950µF with a Gene Pulser Xcell system (Bio-

Rad). Four or twenty-four hours post electroporation cells were washed extensively with 

PBS and cDMEM.   

2.4.5 HCV infection.  

JFH-1 was propagated and infectivity was determined by using anti-NS5A (9E10) 

antibody (gift of Dr. Charles Rice; Rockefeller University), by focus forming assay as 

described (230, 245). Intracellular infectivity was determined following four freeze-thaw 

cycles of infected cell pellets followed by focus forming assay, as described (260). All HCV 

infections were done at a multiplicity of infection (MOI) of 0.2. Specific infectivity was 

calculated as a ratio of extracellular titer (focus forming units (FFU)/mL) to extracellular 

HCV RNA copies/mL at 72h post infection.  
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2.4.6 Quantification of HCV RNA.  

Viral RNAs were isolated from cellular supernatants by using a QIAamp viral RNA 

kit (QIAGEN) or from cells by using an RNeasy kit (QIAGEN), as recommended by the 

manufacturer. HCV RNA copy number was measured in triplicate by quantitative real-time 

PCR (qRT-PCR) by using a TaqMan one-step assay (TaqMan Fast Virus 1-Step Mix, 

QIAGEN) with an HCV-specific probe targeting the 5' untranslated region of HCV (Assay 

ID: Pa03453408_s1), as previously described (261). Analysis was done with an Applied 

Biosystems Step One Plus RT-PCR system. The copy number of HCV was calculated by 

comparison to a standard curve of a full-length in vitro transcribed HCV RNA. 

2.4.7 Determination of sphingomyelin content.  

Sphingomyelin content of culture supernatants harvested at 72h post-transfection 

of in vitro transcribed HCV RNA into Huh-7.5 cells was measured using a Fluorometric 

Sphingomyelin Assay Kit (Abcam). Supernatants were spun down to pellet virions, filtered, 

or directly measured, all resulting in similar sphingomyelin content readings. Subsequent 

supernatants were therefore measured directly. Sphingomyelin content of untransfected 

Huh-7.5 cell supernatant was measured and subtracted as a control.  The relative 

sphingomyelin content was determined by dividing the sphingomyelin content (μM) by the 

viral RNA (copies/mL) in the supernatant.  

2.4.8 Immunofluorescence analysis and confocal microscopy.  

Cells were fixed in 4% paraformaldehyde in PBS, permeabilized with 0.2% Triton 

X-100 in PBS, and blocked with 10% FBS in PBS.  Slides were stained with HCV core 

antibody (Abcam; 1:500 dilution), washed 3x with PBS, and stained with conjugated Alexa 

Fluor 633 secondary antibody (Life Technologies) along with DAPI (Life Technologies). 
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Samples were incubated with Bodipy (493/503, Invitrogen; 1:1000 dilution) for the last 10 

minutes of secondary staining, washed, and mounted with ProLong Gold (Invitrogen). 

Imaging was performed by using a Zeiss 710 laser-scanning confocal microscope (Light 

Microscopy Core Facility, Duke University). All images were processed with NIH 

Fiji/ImageJ (262). 

2.4.9 Quantitative imaging analysis.  

Lipid droplet size was calculated by using a macro written in Fiji. Lipid droplets 

were counted as particles in each of 8 to 15 cells, and the area of each was measured in 

square microns. Lipid droplets were grouped into those with an area below 0.5μm2, 

between 0.5μm2 and 1.5µm2, and above 1.5μm2. The percentage of total lipid droplets 

with an area above 1.5μm2 for each cell is represented with a box and whisker plot. 

Circularity of lipid droplets was measured in Fiji by using the circularity function, where a 

value of 1 would indicate perfect circularity.  

2.4.10 Statistical Analysis.  

Student’s unpaired t test and one-way ANOVAs were used for statistical analysis 

of the data. Graphed values are presented as mean ± SD (n=3 or as indicated); *P≤0.05, 

**P≤0.01, and ***P≤0.001. 
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3. The acidic domain of the hepatitis C virus NS4A 
protein is required for viral assembly and envelopment 
through interactions with the viral E1 glycoprotein 

This chapter was adapted from a pre-print manuscript of the same title published 

online in its preliminary form that is currently under review (263). The authors are Allison 

E. Roder, Christine Vazquez, and Stacy M. Horner.  

3.1 Introduction 

Hepatitis C virus (HCV) is a positive-sense RNA virus of the genus Hepacivirus in 

the Flaviviridae family. Over 70 million people worldwide are chronically infected with HCV 

and this chronic infection can lead to liver cirrhosis and hepatocellular cancer (7). In the 

years spanning 2003-2013, HCV-related deaths numbered more than any other CDC-

reported infectious disease (264). Despite the availability of newly designed, highly 

effective direct-acting antivirals, disease prevalence remains high, and no vaccine exists 

for the virus (19, 220, 265).  

HCV encodes a single stranded, positive-sense RNA genome of approximately 9.6 

kilobases in length. Upon virus entry into hepatocytes, the viral genome is translated to 

form a single polyprotein. The polyprotein is co- and post-translationally cleaved by both 

host and viral proteases, including the NS3-NS4A viral protein complex, to form ten 

individual proteins. These ten proteins include both structural proteins, which eventually 

make up the virion, and nonstructural proteins, which coordinate RNA replication and the 

other steps in the viral lifecycle, including virion assembly and envelopment (reviewed in 

(266)).  

The late stages of the viral lifecycle, including assembly and envelopment, are just 

beginning to be dissected. While many details of these processes are not understood, 
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recent work has uncovered several key steps that lead to production of infectious virus. 

Following RNA replication, HCV RNA is shuttled to the lipid droplet where Core protein 

accumulates, oligomerizes, and also recruits the NS3 and NS5A proteins (138, 170, 257, 

267). NS5A is thought to play a role in RNA recruitment to the lipid droplet, whereas NS3 

likely aids in movement of Core bound to RNA from the lipid droplet to nearby sites on the 

endoplasmic reticulum (ER) (172, 175, 198, 199, 204, 236). This process is coordinated 

by the NS2 protein which acts as a bridge between the nonstructural protein NS3 and the 

structural protein E2, to link virion assembly at the lipid droplet to envelopment at the ER 

(141, 142, 144, 147, 188, 242). The role of NS2 in these steps is supported by the actions 

of the p7 protein (143, 148). Lastly, Core oligomers bound to viral RNA bud into the ER 

lumen, acquiring an ER-derived lipid bilayer envelope that contains the viral E1 and E2 

transmembrane glycoproteins (176, 268). It is unclear what signals are necessary for the 

membrane curvature that results in budding, but it is clear that E1 and E2 are necessary 

for successful envelopment, as deletion of E1 and E2 prevents formation of the viral 

envelope and production of infectious virions (148). Following virion budding into the ER 

lumen, the virion is transported through the very-low-density lipoprotein (VLDL) secretory 

pathway acquiring apolipoproteins and other lipids, and is ultimately released from the cell 

in a noncytolytic manner as a lipoviroparticle (152, 211, 213, 214). In addition to the viral 

proteins mentioned here, a number of host proteins also facilitate HCV morphogenesis 

(120)(reviewed in (226)).  

In addition to its roles in viral assembly and envelopment, the NS3-NS4A protein 

complex has several other well-established functions in the HCV lifecycle. It is essential 

for viral polyprotein processing, viral RNA replication, and negative regulation of antiviral 

innate immunity (reviewed in (269)). NS3 functions as both a serine protease and an RNA 
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helicase and requires its cofactor NS4A to enhance these activities and to target the 

protease complex to intracellular membranes (270, 271). NS4A is 54 amino acids long 

and contains three domains, an N-terminal transmembrane domain that anchors NS3 to 

intracellular membranes, a central NS3-interaction domain required for proper folding of 

NS3, and a C-terminal domain that contains a kink region followed by an acidic region with 

a high number of acidic amino acids (100, 127, 130, 272). While the specific roles of NS4A 

in the HCV lifecycle are largely thought to occur indirectly through its function as a cofactor 

for NS3, mutation-based studies of the NS4A acidic domain suggest some independent 

roles for NS4A in regulating the HCV lifecycle, including during assembly and 

envelopment, as described below (100, 201).  

There is strong evidence that NS3 and NS4A are each involved in the steps of 

virion assembly and envelopment. Specifically, NS3 has been shown to be involved in 

viral particle production through interactions with both Core and NS2 (142, 144, 145, 175). 

In addition, culture adaptive amino acid mutations in the α0 helix of NS3 have been shown 

to promote viral assembly (199). Separately, HCV particle production is also regulated by 

specific amino acids in the NS4A acidic domain such that when mutated, infectious virus 

formation is inhibited without affecting RNA replication. Some of these mutations can be 

partially rescued by compensatory amino acid substitutions in NS3, suggesting that NS3 

and NS4A together can cooperate to regulate HCV particle production (201). However, 

both the extent of the role of NS4A in assembly and envelopment and the specific function 

of NS4A in regulating the production of infectious HCV remain unclear.  

Here, we define a new role for the NS4A protein in regulating HCV envelopment. 

We have identified amino acids in the acidic domain of NS4A that are required for the 

formation of the viral envelope. Further, we have found that NS4A alone can interact with 
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a number of viral proteins that coordinate viral envelopment, including Core, E1, E2, and 

NS5A. Interestingly, disruption of the NS4A-E1 interaction, by mutation of either NS4A or 

E1, prevents envelopment of the HCV particle and results in secretion of Core particles 

that are not associated with viral RNA. Taken together, our findings reveal a new role for 

NS4A in coordinating the HCV lifecycle and define new viral interactions that lead to 

successful HCV particle envelopment.     
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3.2 Results 

3.2.1 A Y45F mutation in the hepatitis C virus NS4A protein causes a 
decrease in infectious viral titer. 

 The acidic domain of NS4A has significant sequence homology between all HCV 

genotypes, with amino acids 40-54 in the acidic domain differing by at most 3 amino acids 

(Fig 10A). In particular, the tyrosine residue at position 45 is conserved across 99.5% of 

the 865 HCV genome sequences in the Los Alamos HCV sequence database, which 

includes sequences from seven genotypes (273). While previous studies have implicated 

the acidic domain of NS4A in regulating HCV RNA replication and particle production, the 

mechanism of this regulation was not explored (201). We sought to investigate how the 

NS4A acidic domain contributes to HCV particle production. We engineered a structurally 

conservative amino acid substitution, changing the tyrosine residue (Y, TAT) at position 

45 to a phenylalanine (F, TTT) in a genotype 2A strain of HCV, Japanese fulminant 

hepatitis-1 (JFH1) (274). We then generated wild-type (WT) or NS4A Y45F in vitro 

transcribed RNA and transfected it into Huh7.5 cells. At 3-days post-transfection, while 

the WT RNA produced more than 3 logs of infectious virus, no infectious virus was 

detected from cells transfected with RNA containing the Y45F mutation, as measured by 

focus forming assay (Fig 10B). After several cell passages, Y45F RNA began to produce 

infectious virus, and after 14 days it produced equivalent titers to that of the WT virus (Fig 

10B). Sequencing of the NS4A region of HCV RNA extracted from cells at 1, 3, and 14 

days post-transfection revealed that the Y45F mutation had reverted back to WT by day 

14, with some reversion detected as early as day 3 (Fig 10C). The entire HCV genome 

was also sequenced following passage of the Y45F-transfected cells over 6 weeks. In this 

time, we only observed reversion of the Y45F mutation back to WT and did not detect the 
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emergence of any second-site mutations. These results reveal that substitution of the 

tyrosine at position 45 with phenylalanine in NS4A prevents production of infectious HCV, 

indicating that Tyr-45 is required for the production of infectious virus. 

 

Figure 10: A Y45F mutation in hepatitis C virus NS4A causes a decrease in 
infectious viral titer. (A) Schematic of the NS4A protein. * indicates location of Y45F 

mutation. Numbers correspond with the amino acid position within NS4A (aa 1-54) or the 
full-length polyprotein (aa 1690-1711). Strain names are listed as found in the Los 

Alamos HCV sequence database. (B) Focus forming assay of supernatants harvested 
from Huh7.5 cells at the indicated days post-electroporation with HCV WT or NS4A 
Y45F in vitro transcribed RNA. FFU/mL = focus forming units/milliliter. Values are 

presented as mean ± SD (n=3). Data are representative of three independent 
experiments. N.D. = not detected. L.D. = limit of detection. (C) Sequencing of the NS4A 
region (nt 4710-5251) of cDNA amplified from Huh7.5 cells transfected with HCV WT or 

NS4A Y45F RNA (JFH1) in (B) at indicated days. 
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3.2.2 The NS4A Y45F mutation in HCV does not alter viral RNA 
replication.  

To determine if the loss of infectious HCV production by the NS4A Y45F amino 

acid change was due to altered HCV RNA replication, we engineered the Y45F mutation 

into an HCV subgenomic replicon construct containing a luciferase reporter and measured 

luciferase production over time following transfection of Huh7.5 cells with in vitro 

transcribed HCV RNA. We found that HCV replicon RNA with the Y45F mutation in NS4A 

replicated as efficiently as WT, while the HCV RNA with a lethal mutation in the NS5B 

RNA dependent RNA polymerase (GND) did not replicate (Fig 11A). Additionally, the HCV 

proteins NS3, NS4A and NS5A were expressed in lysates harvested at 48 hours post-

transfection of either WT or Y45F RNA, indicating that the Y45F mutation did not affect 

the production of these viral proteins (Fig 11B). Of note, the epitope of the NS4A antibody 

is in the C-terminal domain of NS4A that contains Tyr-45. Therefore, the reduced detection 

of the NS4A band by immunoblotting in the mutant condition suggests that the Y45F 

mutation reduces NS4A recognition by this antibody (Fig 11B). Further, the fact that HCV 

RNA replication is not altered by the Y45F mutation indicates that the NS4A protein must 

be stably expressed, as NS4A is required for HCV RNA replication (100, 201, 275). We 

also confirmed that the Y45F mutation did not impact RNA replication in another genotype 

of HCV by measuring long-term HCV RNA replication in cells transduced with a genotype 

1B subgenomic replicon RNA encoding a G418 selectable marker (259). Indeed, there 

was no difference in the number of G418-resistant colonies that arose between WT and 

Y45F transduced cells, revealing that the Y45F mutation also did not impact replication of 

a genotype 1B subgenomic replicon (Fig 15A-B). Since the interaction of NS3 with NS4A 

is essential for viral replication, we tested if the Y45F mutation affected this interaction 
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using a co-immunoprecipitation experiment with overexpressed proteins. The results 

show that the Y45F mutation does not alter NS3-NS4A complex formation (Fig 11C). 

Together, these results indicate that the Y45F mutation in NS4A does not alter HCV RNA 

replication, HCV protein expression, or NS3-NS4A complex formation. Therefore, the 

NS4A Y45F mutation in HCV must cause a defect at a later stage of the viral lifecycle.  

 

 
 

Figure 11: The NS4A Y45F mutation in HCV does not alter viral RNA replication. 
(A) Renilla luciferase assay to measure HCV replicon luciferase reporter (JFH1-SGR-

luc) activity from Huh7.5 cells at indicated times following electroporation. GND = lethal 
mutation in HCV NS5B RNA-dependent RNA polymerase. RLU = Renilla luciferase 

units. Data are presented as mean ± SEM (n=3). (B) Immunoblot analysis of extracts of 
Huh7.5 cells at 72 hours post-transfection with indicated HCV RNA. (C) Immunoblot 
analysis of anti-Flag immunoprecipitated extracts and whole cell lysates (WCL) from 

Huh7.5 cells transfected with indicated tagged HCV proteins or vector. 
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3.2.3 The NS4A Y45F mutation inhibits viral envelopment. 

As the NS4A Y45F mutation did not alter HCV RNA replication but did prevent 

infectious virus production, we next tested if this mutation affected viral assembly and 

envelopment or viral release. We first examined if the Y45F mutation caused a viral 

release defect by measuring both intracellular and extracellular titer. We transfected 

Huh7.5 cells with WT, Y45F, or GND HCV RNA and measured the viral titer from the 

supernatant (extracellular titer) or from lysates generated by freeze-thaw cycles 

(intracellular titer) by using a focus forming assay. As before, HCV NS4A Y45F RNA did 

not produce extracellular titer (Fig 12A), and here we found that it also did not produce 

intracellular titer (Fig 12B). Taken together, these results indicate that the Y45F mutation 

impairs viral particle production prior to the formation of fully infectious virions.  

An infectious HCV virion contains viral RNA, encapsidated by the viral Core 

protein, surrounded by an outer lipid envelope containing the viral glycoproteins, E1 and 

E2, and cellular lipids and lipoproteins (226, 276, 277). Taking advantage of these 

structural properties of the HCV virion, we next tested if the Y45F mutation prevented viral 

envelopment by using a proteinase K protection assay. The HCV Core protein in 

enveloped virions is protected from degradation following proteinase K treatment by the 

outer lipid envelope (148). Because the HCV glycoproteins are required for acquisition of 

the lipid bilayer membrane, a viral RNA with a deletion in the E1 and E2 coding region 

(ΔE1/E2) can be used a negative control for envelopment (148). Lysates were harvested 

from HCV RNA (WT, Y45F, or ΔE1/E2) transfected Huh7.5 cells, incubated with 

proteinase K, and analyzed by immunoblot for Core. We found that while Core was 

protected from proteinase K digestion in WT, it was not protected in lysates containing the 

Y45F mutation, similar to ΔE1/E2 (Fig 12C). These data indicate that the Y45F mutation 
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prevents envelopment of the virion, resulting in a lack of both intracellular and extracellular 

viral titer, suggesting that Y45 may be an important residue for HCV envelopment. 

 

 
 

Figure 12: The NS4A Y45F mutation inhibits HCV envelopment. (A, B) Focus 
forming assay of supernatants for extracellular titer, or cellular lysates for intracellular 
titer, respectively, from Huh7.5 cells at 48 hours post-electroporation with HCV WT, 
Y45F, or GND (JFH1) in vitro transcribed RNA. N.D. = not detected. L.D. = limit of 

detection.  (C) Immunoblot analysis for HCV Core protein of cell lysates of Huh7.5 cells 
at 48 hours post-electroporation with in vitro transcribed HCV RNA subjected to the 

indicated treatments in a proteinase K protection assay. ΔE1/E2 = complete deletion of 
E1 and E2 coding regions.  For panels A and B, data are presented as mean ± SEM 

(n=3). C is representative of 3 independent experiments. 
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3.2.4 Multiple amino acids in the acidic domain of NS4A are required 
for HCV envelopment. 

Based on our findings that HCV RNA with the NS4A Y45F mutation has a defect 

in viral envelopment, we hypothesized that other amino acids in the NS4A C-terminal 

acidic domain may also play a role in envelopment. To test this, we introduced several 

mutations into the acidic domain of NS4A that were previously found to be important for 

production of infectious HCV particles (K41A, L44A, and E52A) and tested their effects on 

viral envelopment (201). We performed a proteinase K protection assay, as in Figure 12, 

and found that the K41A, L44A and E52A mutants all resulted in a quantifiable decrease 

in protease-resistant Core as compared to WT, suggesting that these mutations also 

caused a defect in envelope formation (Figs 13A-B).  

We additionally tested the impact of these amino acids on RNA replication, HCV 

protein expression, and production of both intracellular and extracellular titer; and also 

tested two additional mutations with known replication defects, Y45A and D49A, as 

controls (201). HCV RNA containing the NS4A K41A, L44A, and E52A mutations all 

replicated and expressed HCV proteins to a similar extent as WT, while NS4A D49A and 

Y45A showed mild to severe replication defects (Figs 13C-D). All of these mutations 

prevented intracellular and extracellular infectious virus from being produced, as seen 

previously by others (Figs 13E-F) (201). Taken together, these data show that multiple 

amino acids within the acidic domain of NS4A are important for formation of the viral 

envelope and production of infectious virus.    
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Figure 13: Multiple amino acids in the acidic domain of NS4A are required for HCV 

envelopment. (A) Immunoblot analysis of HCV Core protein from lysates of Huh7.5 
cells at 48 hours post-electroporation of in vitro transcribed HCV RNA (JFH1) containing 

the indicated mutations in the NS4A region, after the indicated treatments in a 
proteinase K protection assay. (B) Quantification of percentage of protease-resistant 
Core relative to untreated Core from (A). ΔE1/E2 = deletion in the E1 and E2 coding 
regions. Data are presented as mean ± SEM (n=3) and were analyzed by one-way 

ANOVA. *P < 0.05, **P < 0.01. (C) Renilla luciferase assay to measure HCV replicon 
luciferase reporter (JFH1-SGR-luc) activity from Huh7.5 cells following electroporation of 

indicated constructs, with individual replicates from three experiments plotted. GND = 
lethal mutation in HCV NS5B RNA-dependent RNA polymerase. RLU = Renilla 

luciferase units. (D) Immunoblot analysis of lysates from the 72-hour time point of (C). 
(E, F) Focus forming assay of supernatants for extracellular titer or cellular lysates for 

intracellular titer, respectively, from Huh7.5 cells at 48 hours post-electroporation with in 
vitro transcribed HCV RNA (JFH1) containing the indicated mutations in NS4A. N.D. = 

not detected. L.D. = limit of detection. For (B, E, F), data are presented as mean ± SEM 
(n=3). Panel A is representative of three independent experiments.   
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3.2.5 NS4A Y45 is required for NS4A interaction with the E1 
glycoprotein 

Because a complex network of HCV proteins regulates HCV assembly and 

envelopment, we hypothesized that NS4A may facilitate an interaction between either 

structural (Core, E1, or E2) or nonstructural (p7, NS2 or NS5A) proteins to regulate these 

processes. Therefore, we first tested if overexpressed NS4A WT or Y45F interacted with 

Core, E1, or E2 using co-immunoprecipitation in Huh7.5 cells. We found that 

overexpressed NS4A WT interacts with Core, E1 and E2 (Figs 14A, 16A-B). While Core 

and E2 interactions with NS4A were equivalent for WT and Y45F (Figs 16A-B), the NS4A 

Y45F mutation greatly decreased NS4A and E1 interaction (Figs 14A-B). We also 

performed this immunoprecipitation with NS4A and E1 overexpression constructs from 

two additional genotypes, 1B and 3. Indeed, we found that in both of these genotypes, 

NS4A interacts with E1 during overexpression and that the Y45F mutation reduces this 

interaction (Fig 15C-D). To determine if NS4A WT interacts with E1 in the context of HCV 

infection we transfected Huh7.5 cells with an infectious clone of HCV containing an N-

terminal HA tag on E1 (145). We then immunoprecipitated E1 by using an anti-HA antibody 

and found that, indeed, NS4A and E1 can interact during HCV infection (Fig 14C). We 

also tested the interactions of NS4A with p7, NS2, and NS5A, nonstructural proteins that 

all have roles in HCV envelopment (141-143, 147, 148, 172, 188, 204, 242, 257). NS4A 

did interact with NS5A, but this interaction was not altered by the Y45F mutation in NS4A 

(Fig 16D). We found no interaction between overexpressed NS4A WT and either NS2 or 

p7 (Fig 16C). To determine if a tyrosine at position 45 was absolutely essential for NS4A-

E1 interaction, we created several additional mutations at position 45 (Y45T, Y45R, and 

Y45D) and tested their ability to interact with E1. Interestingly, both NS4A Y45T and Y45D, 
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but not Y45R, interacted with E1 (Fig 17A). Together, these data show that NS4A can bind 

to Core, E1, E2, and NS5A, and that specific mutation of NS4A at Y45 can disrupt its 

binding to the E1 protein.  

 

 
 

Figure 14: NS4A Y45 is required for NS4A interaction with the E1 glycoprotein. (A) 
Immunoblot analysis of anti-Flag immunoprecipitated extracts from Huh7.5 cells 

transfected with indicated HCV proteins or vector. (B) Quantification of the signal of 
NS4A relative to E1 from the immunoprecipitation from (A). Data are presented as mean 

± SEM (n=3) and were analyzed by unpaired t-test. ***P< 0.001. (C) Immunoblot 
analysis of anti-HA or anti-IgG immunoprecipitated extracts from Huh7.5 cells at 48 
hours post-electroporation with in vitro transcribed HCV HJ3-E1/HA-NS2/YFP (145) 
RNA which contains an N-terminal HA tag on E1. Panel C is representative of three 

independent experiments. 
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Figure 15: NS4A Y45 is required for NS4A interaction with the E1 glycoprotein in 
genotypes 1b and 3. (A) Representative images of Huh7.5 cells electroporated with 

either WT or Y45F in vitro transcribed genotype 1B HP subgenomic replicon RNA. Cells 
were plated in serial dilutions as indicated and then stained with crystal violet after three 
weeks of G418 selection. (B) Quantification of colony numbers from A. Data is presented 

as mean ± SEM (n=3). (C-D) Immunoblot analysis of anti-Flag immunoprecipitated 
extracts or whole cell lysate (WCL) from Huh7.5 cells transfected with indicated HCV 

proteins from either genotype 1B (C) or genotype 3 (D) or vector. Panels are 
representative of three independent experiments. Data in A and B courtesy of Christine 

Vazquez. 
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Figure 16: NS4A binds to Core and NS5A but not p7 or NS2. Immunoblot analysis of 
anti-Flag immunoprecipitated extracts and whole cell lysate (WCL) from Huh7.5 cells 

transfected with NS4A-HA WT, NS4A-HA Y45F, and vector or Flag-tagged Core (A), E2 
(B), p7/NS2 (C), or NS5A (D). 
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Figure 17: NS4A mutations Y45T and Y45D bind E1, but not Y45R. (A) Immunoblot 
analysis of anti-Flag immunoprecipitated extracts and whole cell lysate (WCL) from 

Huh7.5 cells transfected with the indicated HA-NS4A proteins and Flag-tagged E1 or 
vector. 

3.2.6 NS4A binds to the first hydrophobic region of E1 

To investigate the mechanism of how the NS4A-E1 interaction might facilitate viral 

envelopment, we mapped the binding site of NS4A on E1. The E1 and E2 glycoproteins 

are translated in the ER membrane and are cleaved from the viral polyprotein by a host 

protease. After cleavage, E1 and E2 form a stable heterodimer and are retained in the 

ER. E1 has an N-terminal ectodomain, two hydrophobic regions, and a transmembrane 

region near the C-terminus (Fig 18A) (reviewed in (278)). We therefore created a series 

of N-terminally Flag-tagged E1 truncation mutants based on these known domains of E1 

(Fig 18A). We overexpressed the truncation mutants with NS4A containing a C-terminal 

HA-tag in Huh7.5 cells and then performed Flag immunoprecipitations followed by 

immunoblotting for NS4A-HA. We found that NS4A co-immunoprecipitated with E1 aa 1-

106, aa 1-138, and aa 67-192, all of which contain the first hydrophobic region of E1, but 

did not interact with aa 1-66 or aa 107-192, which lack this region (Fig 18B). These data 

suggest that NS4A binds to E1 via the first hydrophobic region of the protein. The first 

hydrophobic region of E1 has previously been implicated in HCV particle production, and 
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several amino acids within this region are important for viral infectivity (59, 187). In 

particular, one specific E1 mutation, D72A (HCV polyprotein aa 263), attenuated viral 

infectivity even though Core protein was still secreted into cellular supernatants (187). 

Because of these data and our finding that NS4A binds to the first hydrophobic region of 

E1, which contains D72, we hypothesized that the D72A mutation in E1 would specifically 

disrupt the NS4A-E1 interaction, similar to the Y45F mutation in NS4A (Fig 14A). Indeed, 

the E1 D72A mutation diminished the interaction between NS4A and E1 during 

overexpression, supporting the conclusion that NS4A binds to the first hydrophobic region 

of E1 (Fig 18C). Together, these data suggest that NS4A binds to the first hydrophobic 

region of E1 and this interaction specifically involves NS4A Y45 and E1 D72. 
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Figure 18: NS4A binds the first hydrophobic region of E1. (A) Schematic of the HCV 
E1 protein with functional domains indicated and amino acids numbered based on the 
E1 coding region of JFH1. (B) Immunoblot analysis of anti-Flag immunoprecipitated 

extracts and whole cell lysate (WCL) from Huh7.5 cells transfected with NS4A-HA WT 
and Flag-tagged E1, either full-length (WT) or as indicated. Data is representative of 3 

independent experiments. (C) Immunoblot analysis of anti-Flag immunoprecipitated 
extracts and whole cell lysate (WCL) from Huh7.5 cells transfected with Flag-tagged E1 

WT or D72A and NS4A-HA or vector. Panel C is representative of 2 independent 
experiments. 

3.2.7 NS4A Y45F results in release of Core oligomers devoid of HCV 
RNA 

Others have shown that the D72A mutation in E1 in full-length HCV RNA results 

in release of non-infectious, partially formed virions containing Core protein but lacking 

HCV RNA (187). Taken together with our findings that NS4A binds to the first hydrophobic 

region of E1, which contains D72, we hypothesized that Y45F may have a similar 

phenotype. Therefore, we measured the secretion of HCV RNA and Core protein into 

supernatants from cells replicating HCV NS4A WT or Y45F RNA. As a control, we also 

measured secretion of RNA and Core protein from cells transfected with HCV ΔE1/E2 

RNA. We found that the Y45F mutation resulted in lower levels of extracellular HCV RNA 

as compared to WT, similar to ΔE1/E2, as measured by RT-qPCR. However, secretion of 

Core into the supernatant was only slightly reduced, as measured by ELISA (Figs 19A-B). 

In contrast, Core levels in the supernatant from HCV ΔE1/E2 were about 65% of what was 

seen for WT. These results for Y45F were similar to the previously published profile of 

Core and RNA secreted from cells transfected with the D72A mutant (187). Because of 

these data, we sought to profile the viral components in the supernatants from Y45F-

transfected cells. We collected and concentrated cellular supernatants from HCV NS4A 

WT or Y45F-transfected cells and then centrifuged these samples over iodixanol 

gradients. We collected 10 equal fractions from the top, with fraction 1 having the lowest 
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density and fraction 10 having the highest density. Each fraction was analyzed by RT-

qPCR for HCV RNA, by focus forming assay for viral titer, and by immunoblot for Core 

protein. In the WT samples, fractions 2 and 3 had the highest levels of both HCV RNA and 

viral titer (Fig 19C). These fractions also contained high molecular weight complexes of 

Core protein (Fig 19D, lanes 3-5). These Core complexes could be reduced to the 

molecular weight of monomeric Core protein (21 kDa) by treating the fractions with 

reducing agents and boiling them before SDS-PAGE analysis (Fig 19D, bottom panels). 

We observed a second peak of HCV RNA in fractions 7, 8, and 9, however these fractions 

had significantly less viral titer (Fig 19D, lanes 7-9). Therefore, the HCV RNA in these 

higher density fractions is likely non-infectious and may represent secreted membrane-

associated RNA from replication complexes (279). On the other hand, we saw little to no 

infectious viral titer from any fraction in the Y45F samples and found the majority of HCV 

RNA present in fractions 7-9, while the expected infectious fractions (2-4) had little RNA 

(Fig 19C). Interestingly, high molecular weight complexes of Core protein were still 

observed in fractions 3-5, similar to the distribution of Core in WT samples (Fig 19D). The 

fact that Core formed oligomers that were in a different fraction than the peak of HCV RNA 

suggests that the Y45F mutation results in release of partially formed virions containing 

Core protein oligomers but lacking HCV RNA. Furthermore, the fraction containing the 

majority of Core protein in both WT and Y45F also contained the E1 and E2 glycoproteins, 

suggesting that the primary component missing from the partially formed virions in Y45F 

is HCV RNA (Fig 20B).  

Aside from Y45, we identified several amino acids within the acidic domain of 

NS4A that have roles in HCV envelopment (Fig 13A-B). To determine if one of these amino 

acids regulates the same function during envelopment as Y45, we also performed the 
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fractionation on supernatant from cells transfected with HCV RNA containing the NS4A 

K41A mutation. Similar to what we observed earlier, neither Y45F or K41A RNA produced 

infectious virions (Figs 13E and 20A). We also included the E1 D72A mutant in these 

experiments to confirm the work of others showing that E1 D72A causes a defect in viral 

envelopment (Fig 20A) (187). While the profile of RNA and Core protein from the 

supernatants of cells transfected with E1 D72A RNA was similar to that of cells transfected 

with the NS4A Y45F RNA, we found that the distribution of the K41A RNA in the 

supernatant was different from that of both NS4A Y45F and E1 D72A. The RNA secreted 

from the K41A transfected cells was present in fractions 2-4 as in WT, but not in fractions 

7-9, where the peak of RNA for Y45F and D72A was found. However, the supernatant of 

cells transfected with K41A RNA did contain high molecular weight oligomers of Core 

protein in the infectious fraction, similar to that seen with WT and Y45F (Fig 20A-B). These 

results suggest that while K41A does have a defect in envelopment, K41 likely contributes 

to envelopment through a different mechanism than Y45 and E1 D72. Together our data 

suggest that the NS4A Y45F mutation results in secretion of low-density, partially formed 

virions, devoid of HCV RNA.  
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Figure 19: The NS4A Y45F mutation results in production of partially formed 
virions. Supernatants harvested from Huh7.5 cells 48 hours post-electroporation of 

NS4A WT, NS4A Y45F, or ΔE1/E2 in vitro transcribed HCV RNA (JFH1) were analyzed 
for HCV RNA by RT-qPCR (A) or Core protein by ELISA (B). Data in A are presented as 

mean ± SEM (n=3) and analyzed by unpaired t-test. ****P<0.0001. Data in B are 
representative of 2 independent experiments and are presented as mean ± SD (n=2). 
Supernatant harvested from Huh7.5 cells 48 hours post-electroporation with in vitro 

transcribed HCV WT or NS4A Y45F RNA (JFH1) were concentrated, fractionated over a 
10-50% iodixanol gradient, and collected into 10 equal fractions. Fractions were 

analyzed by focus-forming assay for infectivity, represented as FFU/mL, and RT-qPCR 
for HCV RNA, shown as a measure of copy number (C) and by immunoblot for Core (D). 
In the bottom panels of the immunoblots, fractions were treated with 2-mercaptoethanol 

and DTT and then boiled before immunoblotting for anti-Core. Fractions 1-10 correspond 
with fractions running from top to bottom of the gradient, with the densities listed at the 

bottom. Data in C is presented as mean ± SD (n=3); C-D are representative of 2 
independent experiments. 
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Figure 20: Supernatant composition of NS4A K41A differs from that of E1 D72A 
and NS4A Y45F. Supernatants from Huh7.5 cells electroporated with in vitro transcribed 
WT, NS4A Y45F, E1 D263A, or NS4A K41A in vitro transcribed RNA were concentrated, 

fractionated over a 10-50% iodixanol gradient, and collected in 10 equal fractions. 
Fractions were analyzed by focus-forming assay for infectivity and RT-qPCR for HCV 

RNA (A) and fractions 3 and 4 were analyzed for HCV structural proteins by immunoblot 
(B). Fractions from left to right correspond with fractions running from top to bottom of 
the gradient, and the density of each is listed below. Data in A is presented as mean ± 

SD (n=3), A and B are representative of 2 independent experiments. 
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3.3 Discussion 

Our results define a new role for NS4A in the late stages of the HCV lifecycle. 

Specifically, we have found that the acidic domain of NS4A is important for regulating 

assembly and that mutation of specific amino acids within this domain prevents formation 

of the viral envelope. Further, we have identified new interactions between NS4A and HCV 

structural and nonstructural viral proteins. This suggests that NS4A may act to bridge two 

stages of the HCV lifecycle, linking virion assembly at the lipid droplet to virion 

envelopment at the ER, similar to the actions of the NS2 protein. Importantly, we found 

that NS4A binds to E1 and that antagonizing this interaction with one amino acid change 

in NS4A prevents viral envelopment. We mapped the binding site of NS4A on E1 and 

found that it interacts with the first hydrophobic region, specifically at D72, an amino acid 

that is known to be important for viral particle production (59, 187). Finally, we found that 

the Y45F mutation in NS4A, which prevents envelopment, also results in secretion of 

noninfectious, incompletely formed virions that are composed of low-density Core protein 

oligomers that lack HCV RNA. Together our results reveal a new role for NS4A in 

coordinating the proper assembly and envelopment of HCV particles to make infectious 

virus.   

The NS4A protein contains only 54 amino acids and yet has three distinct domains 

with specific functions in the HCV lifecycle. While the functions of the NS4A 

transmembrane domain and the NS3 interaction domain are largely defined (269), much 

less is known about the function of the C-terminal region, which contains a high number 

of acidic amino acids (Fig 10A). We found that mutation of several amino acids in the 

acidic domain, including Y45F, did not affect viral RNA replication, but did disrupt the 

formation of the viral envelope and therefore prevented production of infectious virus (Figs 
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11A, 12A, 12C, and 13). Indeed, the presence of a Tyr at amino acid 45 of NS4A was so 

essential for the viral lifecycle that a viral RNA containing the Y45F mutation reverted back 

to the WT sequence after only a few days of passage in cell culture (Fig 10B-C). Given 

that a Tyr to Phe change is a structurally conservative mutation removing only the hydroxyl 

group, it is formally possible that NS4A could be phosphorylated at this tyrosine. Indeed, 

a Y45D substitution, which mimics the charge of phosphorylation, retained NS4A binding 

to E1 (Fig 17A). However, it is unlikely that lack of phosphorylation of this tyrosine would 

be the sole contributor to the envelopment defects, as several other amino acids within 

this region also prevented envelopment (Fig 13) (201). Therefore, the acidic domain likely 

regulates envelopment through the concerted actions of the amino acids in this acidic 

region of NS4A.   

Changing the amino acids in NS4A at K41, L44, Y45, and E52 to alanine all 

resulted in loss of viral titer due to defects in envelopment (Fig 13). The acidic domain of 

NS4A, which has been proposed to have an alpha helical structure, is important for 

replication, and indeed the Y45A change results in less replication (100, 201). However, 

because mutation of the other amino acids within this C-terminal domain did not alter viral 

RNA replication, it is unlikely that they disrupt the conformation of the alpha helix. 

Structural predictions of this alpha helix suggest that K41, Y45, and E52 all are on one 

face of the helix while L44 and D49 would be on the opposite face (100). Therefore, it is 

possible that the amino acids we studied in this region could facilitate different protein 

interactions on opposite faces of the protein, each contributing to HCV envelopment. In 

support of this hypothesis, previous work has shown that an adaptive mutation in NS3 

partially rescues an assembly defect resulting from the K41A mutation, suggesting that 

NS4A can cooperate with NS3 via K41 for viral particle production (201). We found that 
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NS4A WT and Y45F bound NS3 equivalently (Fig 11C) but that the Y45F mutation 

prevented NS4A interaction with E1 (Fig 14A). Additionally, analysis of cellular 

supernatants from cells transfected with HCV NS4A K41A RNA showed a profile of RNA 

secretion in supernatant fractions that was different than the RNA secreted from both WT 

and Y45F transfected cells. These data reveal that while the K41A and Y45F mutations 

both prevent HCV envelopment, these amino acids may function to facilitate different 

NS4A-protein interactions that regulate envelopment. 

Supporting the hypothesis that NS4A interacts with several HCV proteins to 

coordinate virion envelopment, we did identify several previously unknown interactions of 

NS4A with overexpressed structural and nonstructural proteins, such as Core, E1, E2, 

and NS5A. However, while NS2 is thought to be a main organizer of envelopment, we 

found that NS4A did not interact with NS2 during overexpression. Therefore, these data 

suggest that during infection NS2 and NS4A likely work together through a multi-protein 

complex or perform similar roles in the lifecycle (147). Indeed, NS2 is considered to be the 

main organizer of envelopment, binding both structural and nonstructural proteins to link 

viral assembly steps at the lipid droplet to viral envelopment steps at the ER (141-143, 

147, 148, 188, 242). NS4A also binds to proteins involved in both early (Core, NS3, and 

NS5A) and later (E1 and E2) steps of assembly and envelopment, which could suggest 

that NS4A may also serve as a link between virion production steps at the lipid droplet 

and the ER, similar to NS2. Overall, these results suggest that NS2 and NS4A could play 

similar roles in organizing and facilitating viral envelopment. 

 We found that NS4A binds to E1 and that this interaction is disrupted by the Y45F 

mutation in NS4A and also by the D72A mutation in E1 (Fig 14, Fig 18C), suggesting that 

the NS4A-E1 interaction is important for envelopment of the virion. The E1 protein has an 



 

74 

N-terminal ectodomain, two internal hydrophobic domains, a transmembrane domain, and 

a very short, 2 amino acid cytoplasmic, C-terminal tail (Fig 18A) (278). The first 

hydrophobic domain of E1 has previously been shown to bind to Core, and mutations 

within this region diminish viral particle production (59, 173, 174, 187, 280). Surprisingly, 

we found that NS4A binds to this region of E1 (Fig 18B). Supporting this finding, we also 

found that a point mutation in the first hydrophobic domain of E1, D72A, disrupted the 

NS4A-E1 interaction. Curiously, this E1 domain is hydrophobic and is proposed to 

associate with the lipid membrane bilayer, while the NS4A acidic domain is cytoplasmic 

and not known to be membrane-associated. It is possible that the acidic domain of NS4A 

could associate with the ER membrane to interact with this region of E1. However, it is 

equally likely that NS4A and E1 can interact through a membrane-associated host protein 

or with cellular lipids. Future studies designed to determine how NS4A interacts with E1 

would yield further insights into the HCV envelopment process. 

The finding that NS4A binds to the first hydrophobic region of E1 is particularly 

interesting, as this region in E1 has recently been shown to regulate viral particle 

production (59, 187). In fact, the D72A mutation in E1 (polyprotein aa 263), resulted in 

decreased viral titer and secretion of Core particles that were devoid of HCV genomic 

RNA. Further, others have shown that this mutation disrupts the localization of E1 with 

HCV RNA in fluorescence in situ hybridization experiments (187). In our studies, 

fractionation of supernatant from cells replicating HCV NS4A Y45F RNA revealed that 

low-density fractions contained little to no HCV RNA, similar to E1 D72A (Fig 19, Fig 20A). 

However, these low-density fractions contained secreted Core oligomers, suggesting that 

these oligomers were associated with cellular lipids or apolipoproteins. Indeed, transfected 

Core protein has been shown to self-assemble into higher order complexes, and non-
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enveloped particles have been found in the serum of HCV infected patients (281, 282). 

Transfection of Core alone can also alter VLDL secretion, and therefore it is possible that 

secreted Core may be associated with cellular lipids and lipoproteins (283). Taken 

together, these data suggest that the NS4A acidic domain and the E1 first hydrophobic 

domain cooperate during envelopment to aid in the incorporation of viral RNA into the 

virion. While NS4A itself does not have RNA binding capability, it does form a complex 

with NS3, which contains an RNA binding helicase domain, and thus, NS3-NS4A together 

could cooperate with E1 to incorporate HCV RNA into the developing virion.  

 Our study contributes new insights into the steps required for HCV to form 

infectious viral particles. As the viral particle lifecycle stages that occur in association with 

lipid droplets and the ER are tightly linked and likely occur nearly simultaneously, it’s 

unclear if nucleocapsid intermediates (Core protein assembled around HCV RNA) exist 

separate from fully enveloped nucleocapsids (226). Our data show that Core protein 

assembles into oligomers prior to envelopment and suggest that the function of NS4A in 

viral assembly and envelopment is after this Core oligomerization step. Further, the fact 

that we identified Core protein oligomers that did not contain a protective envelope or HCV 

RNA suggests that RNA incorporation into the virion at or near envelopment sites could 

be a necessary signal for virion budding events to occur. Our data therefore support a 

model by which NS4A interacts with E1 to link viral RNA to Core oligomers in the forming 

virion and signal the envelopment of the Core-RNA complex. 

3.4 Materials and Methods 

3.4.1 Cell lines and culture conditions.  

Huh7.5 cells, which have been previously described (259), were maintained in 

Dulbecco’s modification of eagle’s medium (DMEM; Mediatech) supplemented with 10% 
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fetal bovine serum (FBS; HyClone) and 25 mM HEPES (Thermo-Fisher) at 37°C with 5% 

CO2. The identity of the Huh7.5 cells used in this study was verified by using the Promega 

GenePrint STR kit (DNA Analysis Facility, Duke University), and cells were verified as 

mycoplasma free by the LookOut Mycoplasma PCR detection kit (Sigma). 

3.4.2 Plasmids and site-directed mutagenesis.  

These plasmids have been described previously: psJFH1-p7+NS (207), pHCV-HP 

WT (259), HJ3-E1/HA-NS2/YFP ((145), gift of Dr. MinKyung Yi), and pFL-J6/JFH-1-

FlagE2 ((284), gift of Dr. Matthew Evans). psJFH1-p7+NS is a culture adapted strain of 

JFH1 containing 7 mutations within p7 and the nonstructural proteins that we have 

described previously (207). pJFH1-SGR-luc contains a bicistronic replicon as follows: 

[JFH1-derived untranslated region (UTR; nt 1-397)]-[in frame Renilla luciferase reporter]-

[EMCV IRES-nonstructural genes (NS3-NS5B)]. To make this plasmid, a DNA fragment 

encoding Renilla luciferase was fused between the T7 promoter sequence-5’ UTR of JFH1 

and the EMCV IRES-nonstructural genes from pSGR-JFHI (285) following PCR (for 

oligonucleotide sequence see Table 1), digestion (with inserted BglII site between 5’UTR 

and 5’end of Renilla, a PmeI site between the 3’end of Renilla and 5’end of the ECMV 

IRES, and an existing AgeI site in the 5’UTR of pSGR-JFH1), and a 3-piece ligation. 

Mutagenesis of constructs was performed using the QuikChange lightning site-directed 

mutagenesis kit (Stratagene) on pJFH1-SGR-luc, pHCV-HP, psJFH1-p7+NS, pFL-

J6/JFH-1-FlagE2, pEF1 NS4A-HA, or pEF-Tak Flag-E1 using the indicated 

oligonucleotides (Table 1). psJFH1-p7+NS ΔE1/E2 was constructed by removing amino 

acids 192-720 from the psJFH1 p7+NS background (148). HCV over-expression 

constructs (noted below) were constructed by PCR amplification of the gene of interest 

from psJFH1-p7+NS and insertion of the PmeI-NotI digested fragment into pEF-Tak-Flag 
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(286) or the EcoRI-XbaI digested fragment into pEF1. pEF-Tak Flag-NS2 was created 

using InFusion (Clontech) after PCR. pEF-Tak Flag-E1 (genotypes 1B and 3) and pEF1 

NS4A-HA WT and Y45F (genotypes 1B and 3) were made using gBlocks (IDT) of the 

entire coding region with vector overlap, followed by InFusion cloning (Clontech). Table 1 

provides the sequence of all oligonucleotides used. Bold letters in the oligonucleotide 

sequences indicate overlap with vector sequence, and the sequence of the HA tag within 

the oligonucleotides is underlined. All nucleotide and amino acid positions refer to the 

JFH1 genome (GenBank accession number: AB047639). The sequences of all plasmids 

were verified by DNA sequencing and are available upon request. 

Table 2: Oligonucleotides used in this study 

Construct Name Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Oligonucleotides used for site-directed mutagenesis 
pJFH1-SGR-luc  
(5’UTR to BglII) 

CATGAATCACTCCCC
TGTGA 

TAGATCTTGGGCGACGGTTGG
TG 

pJFH1-SGR-luc 
(BglII - Renilla - PmeI) 

AAGATCTATGACTTCGAAAG
TTTATGA TC 

TGTTTAAACTTATTGTTCATTTT
TGAGAACTC 

pJFH1-SGR-luc Y45F CCATCTCATCAAAAGCCTCG
AACAGGACCTCCTTATCCGG 

CCGGATAAGGAGGTCCTGTTC
GAGGCTTTTGATGAGATGG 

psJFH1-p7+NS Y45F CCATCTCATCAAAAGCCTCG
AACAGGACCTCCTTATCCGG 

CCGGATAAGGAGGTCCTGTTC
GAGGCTTTTGATGAGATGG 

pJFH1-SGR-luc K41A CGTCGTTGCGCCGGATGCG
GAGGTCCTGTATG 

CATACAGGACCTCCGCATCCG
GCGCAACGACG 

psJFH1-p7+NS K41A CGTCGTTGCGCCGGATGCG
GAGGTCCTGTATG 

CATACAGGACCTCCGCATCCG
GCGCAACGACG  

pJFH1-SGR-luc L44A CGCCGGATAAGGAGGTCGC
GTATGAGGCTTTTGATG 

CATCAAAAGCCTCATACGCGA
CCTCCTTATCCGGCG 

psJFH1-p7+NS L44A CGCCGGATAAGGAGGTCGC
GTATGAGGCTTTTGATG 

CATCAAAAGCCTCATACGCGA
CCTCCTTATCCGGCG 

pJFH1-SGR-luc Y45A TTCCTCCATCTCATCAACAG
CCTCATACAGGACCT 

CATCTCATCAAAAGCCTCAGC
CAGGACCTCCTTATCCGGC 

pJFH1-SGR-luc 
D49A 

CCTGTATGAGGCTTTTGCTG
AGATGGAGGAATGCG 

CGCATTCCTCCATCTCAGCAAA
AGCCTCATACAGG 

pJFH1-SGR-luc E52A GCTTTTGATGAGATGGCGGA
ATGCGCCTCTAGG 

CCTAGAGGCGCATTCCGCCAT
CTCATCAAAAGC 

psJFH1-p7+NS E52A GCTTTTGATGAGATGGCGGA
ATGCGCCTCTAGG 

CCTAGAGGCGCATTCCGCCAT
CTCATCAAAAGC 

pHCV-HP Y45F CCCGACAGGGAAGTCCTTTT
CCGGGAGTTC 

GAACTCCCGGAAAAGGACTTC
CCTGTCGGG 

pFL-J6/JFH1-FlagE2 
NS4A Y45F 

CCATCTCATCAAAAGCCTCG
AACAGGACCTCCTTATCCGG 

CCGGATAAGGAGGTCCTGTTC
GAGGCTTTTGATGAGATGG 
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pFL-J6/JFH1-FlagE2  
E1 D72A 

CTGCGGACGCACATCGCTAT
GGTTGTGATGTCC 

GGACATCACAACCATAGCGAT
GTGCGTCCGCAG 

pFL-J6/JFH1-FlagE2 
NS4A K41A  

CGTCGTTGCGCCGGATGCG
GAGGTCCTGTATG 

CATACAGGACCTCCGCATCCG
GCGCAACGACG 

pEF1 NS4A-HA Y45T GCCGGATAAGGAGGTCCTG
ACTGAGGCTTTTGATGAGAT
G 

CATCTCATCAAAAGCCTCAGTC
AGGACCTCCTTATCCGGC 

pEF1 NS4A-HA 
Y45R 

GCCGGATAAGGAGGTCCTG
CGTGAGGCTTTTGATGAGAT
G 

CATCTCATCAAAAGCCTCACG
CAGGACCTCCTTATCCGGC 

pEF1 NS4A-HA 
Y45D 

CGGATAAGGAGGTCCTGGAT
GAGGCTTTTGATGAG 

CTCATCAAAAGCCTCATCCAG
GACCTCCTTATCCG 

pEF-Tak Flag-E1 
D72A 

CTGCGGACGCACATCGCTAT
GGTTGTGATGTCC 

GGACATCACAACCATAGCGAT
GTGCGTCCGCAG 

Oligonucleotides used for cloning into expression vectors 
pEF-Tak Flag-Core GATGATAAAGCGGCCGCTA

GCACAAATCCTAAACCTCAA
AG 

CTGATCAGCGGGTTTAAACCT
AAGCAGAGACCGGAACGG 

pEF-Tak Flag-E1 GATAAAGCGGCCGCTGCCC
AGGTGAAGAATAC 

CGGGTTTAAACCGCGTCCACC
CCAGCGG 

pEF-Tak Flag-E2 ATGATAAAGCGGCCGCTGG
CACCACCACCGTT 

GGGTTTAAACTTCGGCCTGGC
CCAACAAGA 

pEF-Tak Flag-p7 TGATAAAGCGGCCGCTGCA
GCATTGGAGAAG 

CGGGTTTAAACGGCATAAGCC
TGCCGGG 

pEF-Tak Flag-NS3 ATAAAGCGGCCGCTGCTCC
CATCACTGCT 

CGGGTTTAAACGGTCATGACC
TCAAGGTCA 

pEF-Tak Flag-NS5A GATAAAGCGGCCGCTTCCG
GATCCTGGC 

CGGGTTTAAACGCAGCACACG
GTGGTATCG 

pEF NS4A-HA AATTCTGCAGATAGCTTATG
AGCACGTGGGTCCT 

CTCTAGACTAAGCGTAGTCTG
GGACGTCGTATGGGTAGCATT
CCTCCATC 

pEF NS4A-HA Y45F AATTCTGCAGATAGCTTATG
AGCACGTGGGTCCT 

CTCTAGACTAAGCGTAGTCTG
GGACGTCGTATGGGTAGCATT
CCTCCATC 

pEF-Tak Flag-NS2 TGATGATGATAAAGCGGCC
GCTTATGACGCACCT 

CTGATCAGCGGGTTTAAACAA
GGAGCTTCCACCCCT 

pEF-Tak Flag-E1 1-
66 

GATGATGATGATAAAGCGG
CCGCTGCCCAGGTGAAGAAT
A 

GGCTGATCAGCGGGTTTAAAC
CTAACCCTGCGTGAGGGCA 

pEF-Tak Flag-E1 1-
106 

GATGATGATGATAAAGCGG
CCGCTGCCCAGGTGAAGAAT
A 

GGCTGATCAGCGGGTTTAAAC
CTAGTACTGCGGCGAGACG 

pEF-Tak Flag-E1 1-
138 

GATGATGATGATAAAGCGG
CCGCTGCCCAGGTGAAGAAT
A 

GGCTGATCAGCGGGTTTAAAC
CTACGTGGGCGACCAGTTC 

pEF-Tak Flag-E1 67-
192 

GATGATGATGATAAAGCGG
CCGCTCTGCGGACGC 

GGCTGATCAGCGGGTTTAAAC
CTACGCGTCCACCCCAGCGG 

pEF-Tak Flag-E1 
107-192  

GATGATGATGATAAAGCGG
CCGCTCACTGGTTTGTGCAA
G 

GGCTGATCAGCGGGTTTAAAC
CTACGCGTCCACCCCAGCG 
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3.4.3 In vitro transcription of HCV RNA and electroporation.  

Plasmid DNA encoding the described HCV constructs was linearized using the 

XbaI restriction enzyme for full-length or SGR-luc HCV RNA or ScaI for HP subgenomic 

replicon RNA. Purified linearized DNA was used as a template for in vitro transcription 

with a MEGAscript T7 transcription kit (Thermo-Fisher). The in vitro transcribed RNA was 

treated with DNase (Thermo-Fisher) and then purified by phenol-chloroform extraction. 

The quality of the RNA was verified on a denaturing gel. For electroporation, 1 μg (HCV 

replicon RNA) or 5 μg (HCV full-length RNA) was electroporated into 4x106 Huh7.5 cells 

in Cytomix electroporation buffer (120 mM KCl, 10 mM Potassium Phosphate Buffer, 5 

mM MgCl2, 25 mM HEPES, 0.15 mM CaCl2, 2 mM EGTA, pH 7.6) at 250 V and 950 μF in 

a 4 mm cuvette with a Gene Pulser Xcell system (Bio-Rad). Four hours post 

electroporation, cells were washed extensively with Phosphate Buffered Saline (PBS) and 

cDMEM. 

3.4.4 Focus forming assay.  

Extracellular titer: Supernatants were harvested from Huh7.5 cells electroporated 

with HCV RNA at indicated time points, serially diluted, and used to infect naïve Huh7.5 

cells in triplicate wells of a 48-well plate for 2 hours. Plates were harvested at 48 hours 

post infection and fixed with 4% paraformaldehyde. Cells were permeabilized (0.2% 

Triton-X-100 in PBS), blocked (10% FBS in PBS) and immunostained with mouse anti-

HCV NS5A antibody (9e10, 1:500, gift of Dr. Charles Rice). Infected cells were visualized 

following incubation with horseradish peroxidase (HRP)-conjugated secondary antibody 

(1:500; Jackson ImmunoResearch) and VIP Peroxidase Substrate Kit (Vector 

Laboratories). Foci were counted at 40X magnification. Titer (FFU/mL) was determined as 

previously described (260). Intracellular titer: Cell pellets were washed with PBS and 
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resuspended in serum-free DMEM. Cells were then lysed using a series of freeze/thaw 

cycles in a dry ice/Ethanol bath. Post-nuclear supernatants were used to infect naïve 

Huh7.5 cells, and a focus forming assay was performed as described above. 

3.4.5 Luciferase assays.  

JFH1 SGR-luc in vitro transcribed RNA (1 μg) was electroporated into Huh7.5 

cells. Cells were suspended in 20 mL cDMEM and plated in 12-well plates. Cells were 

harvested after a PBS wash by incubation in Renilla lysis buffer (Promega). Renilla 

luciferase values were measured according to manufacturer’s instructions (Renilla 

Luciferase Assay System, Promega) using a BioTek Synergy 2 microplate reader.  

3.4.6 HCV NS4A sequencing. 

RNA was extracted from cells by using the Qiagen RNeasy kit according to 

manufacturer’s instructions and then used as a template for cDNA synthesis with the 

Superscript cDNA synthesis kit (Thermo Fisher). The NS4A region of the HCV genome 

was amplified by nested PCR with the following oligonucleotides: Round 1: 5’ – 

CAGTCCGATGGAGAAGAAGG - 3’, 5’ - GCATGGGATGGGGCAGTC - 3’, Round 2: 5’ - 

ACACATAGACGCCCACTTCC - 3’, 5’ - GTATGTCCTGGGCCTGCTTA - 3’, and then the 

542bp PCR product was purified and sequenced by Sanger sequencing. 

3.4.7 Quantification of HCV RNA by RT-qPCR.  

RNA from cells was isolated using the RNeasy kit (Qiagen) and RNA from infected 

supernatants was isolated using the QIAamp viral RNA kit (Qiagen), both according to 

manufacturer’s instructions. The RNA copy number of harvested RNA was measured in 

triplicate by RT-qPCR using the TaqMan Fast Virus 1-Step Mix (Qiagen) with an HCV-

specific probe targeting the 5’ untranslated region of HCV (Assay ID: Pa03453408_s1). 
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The copy number was calculated by comparison to a standard curve of a full-length in vitro 

transcribed HCV RNA, as described (207).   

3.4.8 Immunoblotting.  

Cells were lysed in a modified radio immunoprecipitation assay (RIPA) buffer (10 

mM Tris pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100) 

supplemented with protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail 

(Millipore), and post-nuclear supernatants were harvested by centrifugation. Quantified 

protein was resolved by SDS/PAGE, transferred to PVDF membranes using the Turbo-

transfer system (BioRad) and blocked with StartingBlock (Thermo-Fisher) or 3% bovine 

serum albumin (Sigma) in PBS with 0.1% Tween (PBS-T). Membranes were probed with 

specific antibodies, washed with PBS-T and incubated with species-specific HRP 

conjugated antibodies (Jackson ImmunoResearch, 1:5000), washed again with PBS-T, 

and treated with Pico PLUS enhanced chemiluminescent (ECL) reagent (Thermo-Fisher). 

The signal was then captured on X-ray film or by using a LICOR Odyssey FC. Antibodies 

used for immunoblot include mouse anti-HCV Core (1:250, Abcam), mouse anti-HCV NS3 

(1:500, Abcam), rabbit anti-HCV NS4A (1:1000, Genscript (132)), mouse anti-HCV NS5A 

(1:500, 9e10, gift of Dr. Charles Rice), anti-Flag HRP (1:2500, Sigma), rabbit anti-HA 

(1:500, Sigma), and mouse anti-E1 (1:1000, A4, gift of Dr. Charles Rice). 

3.4.9 Proteolytic Protection Assay.  

This protocol was adapted from the manuscript by Gentzsch and colleagues (148). 

Briefly, cells electroporated with JFH1-p7+NS in vitro transcribed RNA were harvested at 

48 hours post electroporation by scraping into cold proteinase K buffer (50 mM Tris-HCl 

pH 8.0, 10 mM CaCl2, 1 mM DTT). Cells were then lysed by five freeze/thaw cycles and 
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aliquots of lysate (50 μL) were either (i) left untreated, (ii) pretreated with 5 μL of 10% 

Triton-X-100 followed by proteinase K treatment (50 μg/mL) for 30 minutes on ice, or (iii) 

treated with proteinase K only. Proteinase K treatment was terminated by incubation with 

10 mM phenylmethane sulfonyl fluoride. The samples were mixed with 4X SDS sample 

buffer (1 M Tris (pH 6.8), 60% glycerol, 0.06% Bromophenol Blue, 12% SDS)), incubated 

at 50ºC for 5 minutes, and immunoblotted for HCV Core protein, as above.  

3.4.10 Immunoprecipitations.  

300-500 μg of protein extracted as above was incubated with 50 μL anti-Flag M2 

magnetic beads (Sigma) in 1X Tris buffered saline (TBS) at 4°C overnight with head over 

tail rotation. Beads were washed 3X in modified 1X RIPA buffer and eluted in 2X Laemmli 

Buffer (BioRad) at 50°C for 5 minutes. Protein was resolved by SDS/PAGE and 

immunoblotting, as above. In the anti-HA immunoprecipitations, protein was incubated 

with equivalent amounts of anti-HA or IgG antibodies in 1X TBS at 4°C overnight with head 

over tail rotation. Then Protein G Dynabeads (Thermo-Fisher) were added and rotated at 

4°C for two hours. Beads were washed and eluted as above.     

3.4.11 HCV replicon transduction assay 

In vitro transcribed genotype 1B HP-HCV RNA (linearized by ScaI) was 

electroporated as above into Huh7.5 cells and plated into 10 cm plates at 2*104 or 2*103 

cells per plate, along with cells electroporated with a non-replicating control. Cells were 

washed thoroughly with 1X PBS and cDMEM at 4 hours post electroporation. cDMEM 

containing 0.4 mg/mL G418 (Life Technologies) was added to cells at 24 hours post 

electroporation to begin selection. Cells were fixed after 3 weeks under G418 selection 



 

83 

and stained with crystal violet (Sigma) in 20% methanol. Colonies from triplicate plates 

were counted and each normalized to the average number of colonies on WT plates.  

3.4.12 ELISA for HCV Core Protein 

Core protein was quantified from filtered supernatants from Huh7.5 cells 72 hours 

post-electroporation using the HCV Core Antigen ELISA kit according to the 

manufacturer’s instructions (Cell Biolabs). 

3.4.13 Biochemical subcellular fractionation. 

Concentrated supernatants were purified over a 10-50% iodixanol gradient, as 

previously described (187). Briefly, at 48 hours post electroporation of HCV RNA in Huh7.5 

cells, supernatant was collected, mixed with polyethylene glycol (PEG) 8000 to a final 

concentration of 8% and incubated with rocking at 4ºC overnight. PEG supernatants were 

centrifuged at 11,000 X g for 30 minutes, supernatant was removed, and remaining pellets 

were suspended in cold 1X PBS. These resuspensions were layered over a 10-50% 

iodixanol gradient and centrifuged at 222,000 X g for 16 hours in a SW41 rotor in a 

Beckman Coulter ultracentrifuge. 10 equal fractions (1ml) were collected with a BioComp 

piston gradient fractionator, and then viral titer (FFU/ml), HCV RNA copy number, and 

HCV Core protein (immunoblotting) was measured from each fraction. To reduce Core 

complexes, protein was incubated for 30 minutes at 37ºC in 2X Urea Loading Buffer 

(50mM Tris-HCL, 1.6% SDS, 7% glycerol, 8M Urea, 4% BME, Bromophenol Blue), 

vortexing every 10 minutes. Samples were then boiled at 95ºC for 10mins and subjected 

to SDS-PAGE and immunoblotted for Core, Flag-E2 or E1. 
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3.4.14 Statistical Analysis. 

Student’s unpaired t-tests and one-way analysis of variance (ANOVA) were used 

for statistical analysis of data. Values are presented as mean ± standard error of the mean 

(n=3 or as indicated).  * - P < 0.05, ** - P < 0.01, *** - P < 0.001, **** - P < 0.0001.  
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4. Conclusion 

4.1 Summary 

The goal of this dissertation was to understand mechanisms of HCV assembly and 

envelopment and specifically, how HCV proteins contribute to these stages of the viral 

lifecycle. The work described here investigates how specific mutations within the viral RNA 

genome impact viral assembly and envelopment. In the first study, culture adaptation of 

HCV revealed 9 non-synonymous changes to the viral genome that increased specific 

infectivity by enhancing viral particle production. The second study used site-directed 

mutagenesis of the acidic domain of the viral NS4A protein, revealing a specific role for 

the protein in HCV envelopment. Together, these studies have elucidated novel roles for 

HCV proteins, identified new viral protein-protein interactions, and expanded our 

understanding of how HCV interacts with its host environment.  

My first project, completed in close collaboration with Mouna Aligeti, worked to 

characterize a culture adapted JFH-1 virus. Sequencing of the virus after >30 passages 

in cell culture revealed 8 synonymous and 9 non-synonymous amino acid changes. These 

changes resulted in a significant increase in extracellular viral titer, viral RNA, and 

therefore specific infectivity. Closer investigation of the identified mutations revealed that 

two mutations, p7 C766Y and NS5B R2676K, were sufficient to recapitulate nearly all of 

the increase in specific infectivity seen in the fully adapted virus. Interestingly, while viral 

titer was significantly increased in the M9 virus, little to no change was observed in 

intracellular RNA levels, suggesting that the adaptive virus mutations in p7 and NS5B 

augmented infectious particle production. Imaging of HCV Core protein and lipid droplets 

in JFH-1 WT, JFH-1 p7+NS5B (contains both p7 C766Y and NS5B R2676K) and JFH-1 

M9, an infectious clone derived virus which contains all 9 mutations in the culture adapted 
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virus, revealed that the adapted virus caused a dramatic increase in lipid droplet size and 

circularity as compared to the original JFH-1 WT virus. We further discovered that these 

mutations resulted in virions with less overall sphingomyelin content that WT virions. 

These experiments highlighted a genetic interaction between the p7 and NS5B proteins 

and revealed an intimate relationship between these proteins and the host lipid 

environment. These studies suggest that interactions with host lipids and lipid storage 

organelles are important for infectivity of HCV virions.  

My second project focused on understanding the role of the NS4A acidic domain 

in the HCV lifecycle. I discovered that multiple site mutations within the C-terminal acidic 

domain of NS4A independently decreased viral titer without affecting viral RNA replication 

and further, specifically inhibited full formation of the viral envelope. I demonstrated that 

NS4A interacts with the E1 glycoprotein and that this interaction could be disrupted with 

point mutations in both NS4A and E1. Transfected HCV RNA containing either of these 

point mutations resulted in secretion of low-density, partially formed virions containing 

Core protein oligomers and the E1 and E2 glycoproteins but lacking genomic RNA. These 

experiments revealed a novel role for the NS4A protein in coordinating production of 

infectious HCV virions. I discovered several protein-protein interactions between NS4A 

and other viral proteins, and the data suggest that NS4A may serve as a link between 

HCV assembly at the lipid droplet and envelopment of the virion at the ER membrane. 

While this research has elucidated new steps in the process of HCV particle production, 

there are many remaining questions and new avenues to explore based on our findings, 

which I will describe in the following sections. 
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4.2 Discussion and Future Directions 

4.2.1 Separating the processes of viral assembly and envelopment 

The precise steps involved in virion morphogenesis of HCV have yet to be fully 

elucidated. Specifically, many studies refer to viral assembly and envelopment as one 

stage, as it is unclear if nucleocapsid intermediates are formed prior to envelope formation. 

A nucleocapsid, in this context, would be defined as a Core-RNA complex in which Core 

is assembled into an oligomeric structure around the viral RNA, rather than an oligomeric 

complex of Core protein that is bound to, but not protective of, the viral RNA. My data 

show that similar to WT cells, cells transfected with HCV RNA containing a Y45F mutation 

in NS4A secrete oligomeric Core protein (Fig 19C-D). Core is a 21 kDa protein in its 

monomeric form but fractionation of Y45F supernatants shows Core protein at ~65 kDa, 

which would be consistent with a Core trimer. Interestingly, these Core protein complexes 

are in the same fraction as similar complexes that are seen in WT supernatants. The 

proteins are found in a fraction with a density of ~1.09 g/mL which is an accepted density 

for infectious HCV particles, suggesting these partially formed virions contain most of the 

protein and lipid components found in fully formed virions (260). However, Y45F fractions 

that contain Core protein are associated with a much lower amount of RNA than WT (Fig 

19C-D). Core protein oligomerization is thought to happen at the lipid droplet early during 

particle production (138, 267). Then Core buds into the ER membrane during 

envelopment, giving it its membrane bilayer envelope that contains the E1 and E2 

glycoproteins (176, 268). I found that within cells transfected with WT HCV RNA, Core 

protein was protected from proteinase K treatment, while in Y45F transfected cells, Core 

protein was degraded following treatment suggesting partial or incomplete formation of 

the protective viral envelope (Fig 12C, 13A). Together with the supernatant fractionation 
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data, this suggests a progression of Core secretion from the cell that does not support the 

presence of nucleocapsid intermediates. During virion production in HCV NS4A Y45F, 

Core protein oligomers are formed but the process of envelopment is either incomplete or 

absent, leaving Core protein susceptible to degradation by proteinase K. However, Core 

from both WT and Y45F cells is then secreted, in this oligomeric form, and is associated 

with presumably the same or a similar set of lipids, giving them the same low density. 

However, the virions secreted from WT cells contain infectious RNA, while the HCV RNA 

is absent from the partial virions secreted from Y45F-containing cells (Fig 19). If early 

stages of HCV assembly included the formation of nucleocapsids, I would expect that 

while Core oligomers from Y45F supernatants would contain RNA, but instead, my data 

suggest that Core oligomers may bind RNA, they likely do not encapsidate the RNA until 

later in the morphogenesis process. In Y45F cells, the RNA is sufficiently replicated, but 

not included in final virions. This suggests that the Core-RNA interaction may not occur 

correctly, or may be lost during the process of envelopment. Several further studies would 

be necessary to delineate these processes and determine exactly the timing of RNA 

incorporation into the final virion.  

A D72A mutation in E1, which we have shown disrupts the NS4A-E1 interaction, 

causes a decrease in the co-localization between HCV RNA and the E1 glycoprotein in 

infected cells (187)(Fig 18C). This suggests that the E1-NS4A interaction is important for 

incorporation of RNA into the forming virion. One interesting follow-up study would be to 

investigate localization of intracellular HCV RNA in WT and HCV NS4A Y45F transfected 

cells. One way to do this would by a protein-RNA proximity ligation assay. Here, an 

antisense oligo to HCV RNA and an antibody to E1 are linked to a DNA tag that can 

facilitate a PCR reaction, resulting in fluorescence, when the RNA and protein are in close 
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proximity (287). We would expect to see a greater number of fluorescent foci in WT cells 

as compared to Y45F cells, indicating that the Y45F mutation causes a mislocalization of 

the RNA, preventing its incorporation into virions at sites of envelopment. I am also 

interested in performing Core-RNA immunoprecipitations in cells transfected with full 

length WT or Y45F RNA to see how this mutation impacts Core-RNA interaction. I would 

hypothesize that Core binds RNA at the lipid droplet initially under both conditions, but this 

interaction may be lost during the unloading of Core from lipid droplets and transfer of the 

complex to the ER membrane for envelopment, leading to a decrease in Core-RNA 

localization at the ER membrane. Immunoprecipitations from isolated lipid droplet or 

membrane fractions could help delineate the specific nature of Core-RNA interaction when 

envelopment is disrupted, as with the Y45F mutation. 

Lastly, our data discussed here suggest that the presence of the viral RNA at the 

ER during envelopment, and perhaps interaction between the RNA and some unknown 

protein, possibly one of the glycoproteins, may be a necessary signal for full envelopment 

of the virion. However, based on the low density of the secreted, partially formed virions, 

it is likely that there is a different signal, separate from the RNA, for secretion of particles 

through the very low density lipoprotein pathway. This raises many new questions about 

the process by which HCV particles are enveloped, asking how the Core protein from 

Y45F could be exposed and vulnerable to proteinase K inside the cell, but then be 

secreted from the cell in association with cellular lipids and the viral glycoproteins, which 

are thought to be maintained within the membrane bilayer envelope. Perhaps it is possible 

for the membrane and glycoproteins to associate with Core protein, without closing around 

the entirety of the capsid. Proteomics and lipidomics of secreted particles from both WT 

and Y45F supernatants could help identify if the ‘virions’ were secreted in the same 
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manner in these cells. Further analysis of the glycoproteins and their specific glycosylation 

marks in each condition could further identify secretion mechanisms. Further studies such 

as these would be necessary to uncover the details of this process. 

 Together, our data showing that Core protein from Y45F transfected cells is 

susceptible to proteinase K within cells (Fig 12C), but forms low density oligomers that are 

secreted from cells (Fig 19D), supports a model of HCV assembly and envelopment that 

is greatly intertwined and unable to be separated into two independent lifecycle stages. 

Instead, these data suggest that RNA is not fully encapsidated inside a complex of Core 

protein until the envelopment process is complete.   

4.2.2 NS4A and the HCV protein-protein interaction network 

My research has identified a new role for NS4A in viral envelopment, a process 

that is coordinated by a complex network of many HCV proteins. NS2 is thought to be the 

central organizer, interacting with NS3, p7, E2 and NS5A, and these proteins each interact 

with other HCV proteins. Ultimately, the interaction network of proteins that makes up the 

‘envelopment complex’ includes almost every single HCV protein (102, 141-144, 147, 148, 

188, 242). In our research, we used overexpression studies of NS4A and many HCV 

proteins in order to further investigate the role of NS4A in viral envelopment. In doing so, 

I identified new interactions between NS4A and Core, both the E1 and E2 glycoproteins, 

and also NS5A (Figs 14, 16). In the manuscript in Chapter 3, we explored the interaction 

with the E1 glycoprotein and discovered that the NS4A Y45F mutation disrupted this 

interaction (Fig 14). However, we found that the Y45F mutation did not alter the interaction 

with Core, E2, or NS5A (Fig 16). Future studies will be necessary to investigate the role 

of each of these interactions. Interestingly, Core and NS5A are thought to act early during 

viral assembly, accumulating at the lipid droplet. Alternatively, the E1 and E2 glycoproteins 
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are ER transmembrane proteins and are thought to be involved in late stages of virion 

morphogenesis (59, 187, 268, 278, 288). I found that NS4A interacts with both of these 

proteins, suggesting that NS4A may serve as a link between the lipid droplet and the ER 

during viral particle production. NS2 is thought to also interact with proteins involved in 

both early assembly at the lipid droplet and also later steps at the ER, which is why it is 

often considered the main organizer of viral envelopment (142, 144). Since NS4A interacts 

with a similar set of proteins, it may play a similar or complementary role to NS2 during 

this process. The acidic domain of NS4A spans from aa 33 to aa 54 and the C-terminus 

of the protein is largely conserved. While the N-terminal region of the NS4A protein is 

anchored to cellular membranes and the central region interacts with NS3, the acidic 

domain is cytoplasmic and therefore capable of binding to many proteins, either 

simultaneously or sequentially (127). I found that the Y45F mutation in a Jc1 genotype 2A 

strain of HCV causes build-up of Core protein on lipid droplets and less Core protein 

associated with ER membranes, suggesting that the Y45F mutation causes increased 

aggregation of Core and prevents proper unloading of the protein from lipid droplets (143) 

(Appendix A, Fig 22). If NS4A does indeed support the unloading of Core from lipid 

droplets, this would demonstrate a role for NS4A early during the viral particle production 

process.  

Our data and that of others suggest that the primary function of the acidic domain 

of NS4A may be in viral assembly and envelopment (Fig 13)(201). Indeed, alanine 

scanning of the acidic region of NS4A revealed that many of the amino acids in this region 

are dispensable for RNA replication. The amino acids that were found to affect replication 

were often dramatic changes to amino acid structure and size, such as with Y45A, 

suggesting they may alter the overall structure of NS4A rather than interfering with a 
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specific role of the domain (201). The tolerance to mutations in this region that still support 

replication also suggests that its main function may be in viral particle production. Indeed, 

we found that several mutations in the acidic domain independently affected formation of 

the viral envelope, suggesting that each amino acid could be important for helping facilitate 

some protein interaction that aids in virion production (Fig 13A-B). One mutation that 

ablates viral titer, K41A, was shown to be partially rescued by a compensatory mutation 

in the NS3 protein (201). This suggests that NS3 may stabilize or interact with the NS4A 

acidic domain during infection. In a gradient fractionation, the K41A mutation caused a 

reduction in secretion of RNA associated with higher density fractions. These fractions 

may represent replication compartments or RNA that is not associated with properly 

formed virions and therefore is not infectious (Fig 20A). These data, combined with the 

fact that the NS4A acidic domain may interact with NS3 in a manner that includes this 

amino acid, suggest that perhaps the helicase domain of NS3 functions improperly in the 

presence of the NS4A K41A mutation. Indeed, the compensatory mutation in NS3 arose 

at Q221 and was a Q to L substitution. Q221 is within the helicase domain of the protein 

(201). Q221L was also found to rescue NS2 related defects in assembly and has been 

found in other studies of culture adaptation to enhance production of virions (147, 198). 

Together these data suggest that Q221L may be an important amino acid in virion 

production and this may be in part through NS4A K41, mutation of which disrupts viral 

envelope formation.  

In addition to its interaction with NS3 through aaQ221, we also identified an 

interaction between NS4A and the E2 glycoprotein, suggesting that NS4A may have roles 

throughout viral envelopment (Fig 16B). E2 has been previously shown to interact with 

NS2 and also heterodimerizes with E1 (147, 288). Mutations that disrupt the interaction 
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between E1 and E2 are known to impact production of HCV particles (187). We found that 

the Y45F mutation in NS4A did not disrupt the interaction with E2. However, in a gradient 

fractionation of supernatants from cells transfected with HCV WT, NS4A Y45F or E1 

D72A, levels of E2 appeared to be slightly reduced as compared to WT levels. Further, in 

WT supernatants, E2 appears as a doublet on the immunoblot, suggesting a post-

translational modification on the protein. This second band is absent in each of the mutant 

conditions. In contrast to E2, levels of E1 protein appeared to be slightly elevated in the 

same mutant conditions as compared to WT (Fig 20B). These data suggest that while 

intracellular binding to E2 is not altered with NS4A Y45F or E1 D72A, these mutations, 

which disrupt NS4A-E1 binding, may cause uneven or unbalanced incorporation of the 

glycoproteins into secreted, partially formed virions. These interactions between NS4A 

and the E1 and E2 glycoproteins demonstrate a late role for NS4A in viral particle 

production. Combined, the Core, NS3 and E1/E2 interactions support a hypothesis where 

NS4A serves as a link between the lipid droplet and the ER to support viral assembly and 

envelopment. 

These data showing that NS4A interacts with Core, E1, E2, NS3, and NS5A 

suggest that NS4A may serve as a main coordinator of envelopment. It is interesting to 

speculate on how NS4A would interact with all of these proteins to contribute to production 

of fully infectious virions. Together, our data could suggest a model where NS4A links 

Core, NS5A, and RNA at the lipid droplets to the E1 and E2 glycoproteins at the ER 

membrane. NS4A could interact at the lipid droplet with Core protein, which is bound to 

HCV RNA. It could then help facilitate unloading of Core and bound RNA from the LD to 

transfer to nearby ER sites for envelopment. E1 is known to bind to Core protein and as 

such, NS4A could bind E1 to facilitate this interaction (173, 174). This Core/E1 interaction 
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could itself be important for RNA retention at envelopment sites. NS4A may bind E2 as an 

extra anchor during this process, or this interaction may have a separate, independent 

function that remains to be uncovered. Our data so far support a model similar to this 

proposed one, and these interactions may include multiple amino acids in the acidic 

domain of NS4A. While investigating the specific function of each of these interactions 

was outside the scope of our initial study described in Chapter 3 it is clear that there are 

many remaining questions about the mechanism of NS4A in envelopment that go beyond 

E1 and the Y45F mutation.  

4.2.3 Further investigation of the E1/NS4A interaction 

Our data indicate that the acidic region of NS4A interacts with the first hydrophobic 

domain of E1 (Fig 18). This is supported by data showing that the NS4A-E1 interaction 

can be disrupted by a point mutation in NS4A, Y45F, and also by a point mutation in E1, 

D72A (Figs 14, 18). E1 is a transmembrane glycoprotein containing an N-terminal luminal 

region, two hydrophobic regions, a transmembrane region and a short C-terminal 

cytoplasmic tail (278). NS4A is also a transmembrane protein, however its transmembrane 

region is located at the N-terminus and it has a cytoplasmic, acidic, C-terminus, which was 

the focus of these investigations. Given the acidic nature of the NS4A C-terminus and that 

it is not known to associate with membranes, it seems biologically unlikely, yet still 

possible, that these two regions directly interact. Rather, they may interact through a 

transmembrane host factor. Determining this host factor may greatly enhance our 

understanding of the roles of NS4A and E1 during envelopment and is therefore of 

particular interest to future studies.  

One limitation to identifying the factor that links NS4A to E1 was the inability to 

immunoprecipitate NS4A Y45F from transfected cells. The epitope for the NS4A antibody 
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is within the acidic domain of the protein and contains amino acid Y45. Mutation of this 

amino acid to F precludes antibody recognition and therefore prevents 

immunoprecipitation or detection of NS4A Y45F in our studies. This technical limitation 

was a roadblock in determining the host factor that links E1 to NS4A. However, recent 

data has revealed that the NS4A-E1 interaction is also disrupted by a point mutation in 

E1, E1 D72A (Fig 18C). This opens up a new possibility for performing an 

immunoprecipitation of E1 in both WT and D72A conditions, coupled with mass 

spectrometry analysis to determine the differential binding factor. Because this is a single 

point mutation, it is unlikely that there will be a great number of proteins that interact with 

the WT E1 but do not interact with E1 D72A. Simple overexpression followed by 

immunoprecipitation studies can be done with candidate proteins and either NS4A WT 

and Y45F or E1 WT and D72A to validate the outcomes of the proteomics. Further, siRNA 

knockdown could be used to determine if loss of the candidate protein disrupts the NS4A-

E1 interaction, which would confirm that the protein serves as a linker of NS4A and E1 

during envelopment. Identification of this linker protein could yield great insights into the 

role of NS4A and E1 during envelopment and also the process of envelopment as a whole. 

4.2.4 Identifying host proteins involved in HCV envelopment 

A major barrier to gaining a full understanding of HCV envelopment is the lack of 

known host factors involved in this process. Several host proteins have been shown to be 

involved in replication of HCV, however the assembly and envelopment stages are much 

less characterized, partially because of how difficult they are to separate, as discussed in 

section 4.2.2.1 (289-291). Some host proteins have been shown to be important for 

assembly at the lipid droplet, and many proteins have been shown to relocalize to these 

sites during HCV infection, suggesting they are important for virion morphogenesis (138, 
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292-294). Some screens have also been designed that identify host proteins that are 

dispensable for HCV RNA replication, but their depletion specifically reduces viral titer. 

This phenotype would suggest a role for the identified proteins in late stages of the HCV 

lifecycle (218). Some of these identified proteins could, in fact, be specifically involved in 

viral envelopment, however extensive in-depth follow up studies on these proteins would 

be necessary to narrow down their function.  

In follow up studies to the research presented here, we hope to design a screen 

that would specifically identify proteins involved in budding of Core-RNA complexes into 

the ER during envelopment. To do this, I would use the BioID system to identify proteins 

that are localized at the ER membrane only after transfection with WT HCV RNA and not 

with HCV NS4A Y45F (295). We did not observe any change in NS4A localization after 

introduction of the Y45F mutation. However, we found that this mutation impacted the 

localization of Core, causing build-up on lipid droplets (Appendix A, Fig 22). We therefore 

could use this differential Core localization to probe for host proteins near Core at the ER 

in WT, but not in Y45F. I would tag the HCV Core protein with a biotin ligase. In the 

presence of its substrate, biotin, the ligase biotinylates all proteins in close proximity for a 

short amount of time, after which the reaction is stopped. Streptavidin beads would then 

be used to isolate the labeled proteins which would be sent for proteomic analysis (295). 

Given that Core protein localizes differently in WT and Y45F transfected cells (Appendix 

A, Fig 22), we would expect to find a different set of labeled proteins in both systems. 

Since Y45F never reaches the stage of full envelopment, subtracting the set of proteins 

labeled in Y45F from the set in WT would yield a list of proteins that are presumably 

involved in the late stages of the HCV lifecycle, specifically envelopment. A simpler 

approach, immunoprecipitation followed by mass spectrometry analysis, would not be as 
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effective for determining host factors as not all proteins involved in envelopment are likely 

to directly interact with NS4A or with Core. For follow up studies on candidate proteins 

found using proximity proteomics, I would prioritize known ER resident proteins, and 

proteins involved in processes similar to those that might be necessary for envelopment, 

such as vesicle formation or membrane curvature. These studies would provide a 

completely novel data set that could greatly contribute to our understanding of HCV 

envelopment. 

4.3 Application of findings to related viruses 

HCV is a Hepacivirus in the family Flaviviridae. The Hepaciviruses are liver tropic 

and transmitted primarily by blood to blood contact. There are other Hepaciviruses, such 

as GB virus and non-primate hepacivirus (NPHV), however these viruses do not cause 

disease in humans. However, the closely related Flaviviruses, such as dengue virus and 

Zika virus, are of major public health interest. These viruses have many things in common 

with HCV, including that they are positive sense, single stranded RNA viruses encoding 

10 proteins. For the sake of this comparison, I will focus on the most common Flavivirus, 

dengue virus. Both dengue virus and HCV induce rearrangements of intracellular 

membranes, referred to as membranous webs, however the architecture of these 

membranous webs differ greatly (296). HCV induces the formation of and replicates in 

large, double membrane vesicles, often connected to the ER (297). Dengue however, 

creates invaginations in the ER membrane which fill with small numerous small vesicles. 

These are known as ‘vesicle packets’ and are thought to contain the dengue replication 

complex (298).  

Dengue virus encodes a protease complex similar to the HCV NS3-NS4A protein 

complex, NS2B-NS3. The HCV NS4A protein is most similar to the dengue NS2B protein, 
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which forms a complex with dengue NS3 and supports its function, similar to NS4A does 

for HCV NS3 (299). Dengue NS2B contains 4 short transmembrane domains, contrary to 

HCV NS4A’s single transmembrane domain. NS2B has a 40 amino acid central 

hydrophilic domain which is highly conserved and located in the cytoplasm (300). This 

central domain of dengue NS2B is essential for proper folding and localization of NS3, as 

NS4A is for HCV NS3 (301). Overall the domain structure of NS2B is quite different to 

HCV NS4A, however there are some similarities. The acidic domain of NS4A would most 

closely resemble the central hydrophilic domain of NS2B. It is similar to the NS4A acidic 

domain in that it contains many similar, hydrophilic amino acids such as aspartate and 

glutamate and is also cytoplasmic (302). However, for dengue NS2B, this domain 

facilitates binding to NS3, whereas NS4A has separate NS3 interaction domains and 

acidic domains (271, 301). The central region of NS2B is responsible for supporting most 

of the catalytic activity of dengue NS3, whereas the acidic domain of NS4A is largely 

dispensable for the catalytic activities of HCV NS3 (270, 301, 303). It’s possible that the 

hydrophilic nature of this central region would allow it to facilitate many protein-protein 

interactions, similar to NS4A. Mutagenesis studies of the central region of NS2B to probe 

for specific functions have not yet been done, but would be interesting to see if this region 

has roles in viral particle production. However, given the importance of this region for NS3 

catalytic function, many mutations may affect earlier stages of the viral lifecycle such as 

polyprotein processing and RNA replication.  

The NS2B protein has been shown to have some roles outside of its NS3 cofactor 

activity, but these studies are limited. In one study, NS2B was shown to localize with lipid 

rafts (304). Lipid rafts are an important component of the Dengue virus life cycle (305-

307). NS3 and NS2B are thought to colocalize with components of lipid rafts, specifically 
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at late stages of the viral life cycle (304). In another study, the dengue NS2B-3 protease 

complex was found to be required for processing of capsid protein to support Flavivirus 

morphogenesis (308, 309).  These data suggest that NS2B may be involved in late steps 

of the viral lifecycle and could have unknown roles similar to the ones discovered here for 

NS4A.  

Overall, very little is known about Flavivirus budding and further investigation will 

be necessary to reveal the details of these processes. The work described in this 

dissertation has greatly expanded our understanding of HCV assembly and envelopment 

and thus could lay the groundwork to gain insights into these processes for other members 

of the Flaviviridae family.  
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Appendix A 

The NS4A Y45F mutation alters Core localization in infected 
cells 

Given that HCV envelopment requires shuttling of the Core protein from lipid droplets to 

the ER for viral envelopment, we hypothesized that unsuccessful envelopment would 

prevent Core protein translocation from the lipid droplet to the ER, as has been shown by 

others (143). To test if Core protein translocation from the lipid droplet to the ER was 

impaired with Y45F, we used the Jc1 strain of HCV. While some HCV strains show 

exclusively lipid droplet-localized Core protein, the Jc1 strain of HCV has increased ER-

localized Core protein which is thought to represent efficient assembly and virion-

associated Core. Therefore, by using this strain we might expect to see a different 

localization pattern of Core protein between WT and Y45F. We first confirmed that Jc1 

Y45F produced no infectious viral titer but was replication competent, as measured by 

intracellular HCV RNA levels, matching the original phenotype we had observed with JFH1 

Y45F (Fig 19A-B). In Huh7.5 cells transfected with Jc1 WT and immunostained for Core, 

TRAP-α (an ER marker), and Bodipy (a lipid droplet marker), we found that Core localized 

to lipid droplets and near the ER, as has been seen by others (143). However, in cells 

transfected with the Y45F RNA, we saw very little Core immunostaining near the ER, but 

instead saw increased Core immunostaining surrounding LDs (Fig 20A). These results 

suggest that in cells expressing HCV Y45F RNA, the viral Core protein is not as efficiently 

trafficked away from lipid droplets to the ER. To quantitatively evaluate the localization of 

Core between the ER and lipid droplets, we used biochemical fractionation to separate 

lipid droplets from ER membranes in Huh7.5 cells transfected with in vitro transcribed WT 

or Y45F RNA. Core was present in both the lipid droplet and lower, presumably 
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membrane, fractions in WT transfected cells, while it was only present in the lipid droplet 

fraction in Y45F transfected cells (Fig 20B). These results suggest that the NS4A Y45F 

mutation prevents translocation of Core from the lipid droplet to the ER. 

 

Figure 21: The Y45F mutation inhibits viral titer, but not RNA replication, in a Jc1 
strain of HCV. (A) RT-qPCR analysis of extracted RNA from Huh7.5 cells 

electroporated with either WT or NS4A Y45F in vitro transcribed HCV RNA from either 
JFH-1 p7+NS or Jc1 strains of HCV and lysed at 48 hours. (B) Focus forming assay of 

supernatants from Huh7.5 cells electroporated with the indicated in vitro transcribed 
HCV RNA. 
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Figure 22: The NS4A Y45F mutation alters Core localization in infected cells. (A) 
Huh7.5 cells transfected with either WT or NS4A Y45F were fixed at 48 hours post-

infection and stained for Core (yellow), lipid droplets (Bodipy, green), and ER (Calnexin, 
purple). (B) Lysates from Huh7.5 cells electroporated with in vitro transcribed WT or 

NS4A Y45F in vitro transcribed RNA was fractionated over a 10-50% sucrose gradient, 
and collected in 10 equal fractions. Fractions were analyzed by immunoblot for HCV 

Core protein and a lipid droplet marker (ADRP) 
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