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Abstract 

Hepatitis C virus (HCV) is a hepatotropic pathogen present in approximately 2.8% of the 

population with 3-4 million new infections every year. Up to 85% of infections progress 

to a chronic disease associated with development of steatosis, cirrhosis and hepatocellular 

carcinoma. Viral protein, Nonstructural 5A (NS5A), has eluded a defined role in the 

HCV life cycle despite being essential to viral propagation and host cell modulation. 

NS5A is a phosphoprotein appearing as two molecular weight proteoforms by SDS-

PAGE referred to as the basally phosphorylated and hyperphosphorylated forms. 

Different NS5A phospho-proteoforms may direct its function acting as a molecular 

switch between replication and assembly.  Two aspects of NS5A biology were addressed: 

1) NS5A host cell protein-protein interactions and 2) defining phosphorylation sites on 

NS5A. To identify NS5A-host protein-protein interactions, a novel tandem affinity 

purification (TAP) technique was implemented. A HBH (histidine-biotin-histidine) tag 

was affixed to NS5A-2a (JFH1) and cells were generated stably expressing this construct. 

Tagged proteins were purified using native-state (nTAP) and cross-linked, denaturing 

(xdTAP) using immobilized metal chelate and streptavidin resins. Purified samples were 

subjected to tandem-mass spectrometry and database searching to generate an NS5A 

interacting protein list.  Co-immunoprecipitation and colocalization confirmed host cell 

Cell Cycle and Apoptosis Regulator protein 2 (CCAR2) as an NS5A interacting protein.  

Phosphorylation analysis used NS5A isolated as a tagged protein, part of a subgenomic 

(SG) replicon, or a tagged protein within a SG replicon. Subsequent tandem mass 

spectrometry allowed for identification of 28 phosphorylation sites, 20 of which were 
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novel. Phosphoablatant and phosphomimetic mutation of the phosphoacceptor sites were 

used to evaluate the impact of phosphorylating these residues to the JFH1 virus. While 

majority of these mutations had no impact, T204D, T210A/D, S225D, S229A/D, 

S232A/D, S235A/D, S238A/D, T334A/D, and T363A/D mutants were reduced in their 

replicative capacity. NS5A phospho-proteoform ratios were evaluated with S151D, 

S225A and S232A mutants primarily basally phosphorylated while T213D, T210A/D 

were mainly hyperphosphorylated. Mutants T210D, S229A, S229D, and S235A failed to 

produce virus.  A novel observation was made that NS5A is principally 

hyperphosphorylated at early time-points post RNA electroporation but past 72 hours the 

basally phosphorylated form predominates.   
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Chapter 1: Introduction 

1.1 Hepatitis C Virus 

1.1.1 Burden 

1.1.1.1 HCV Global Impact 

Hepatitis C virus (HCV) is a hepatotropic pathogen present in approximately 2.8% of the 

world’s population, newly infecting 3-4 million individuals every year (1).  In 

approximately 80% of those afflicted, acute infection progresses to chronic disease which 

can result in the development of hepatic steatosis, fibrosis, cirrhosis and hepatocellular 

carcinoma (HCC) (2).  Globally, approximately 27% of liver cirrhosis, 25% of HCC and 

366,000 deaths annually are attributed to HCV infection (3). End-stage liver cirrhosis due 

to HCV infection is now the leading indicator for liver transplantation in developed 

countries (4).  Data from the USA has determined that HCV related mortality rates 

increased more than 50% from 1999-2007, and that 50% of HCC cases were due to viral 

infections. These continually rising HCC incidence rates have led HCC related fatalities 

to become the fastest growing cancer-related deaths (5,6). HCV and is now responsible 

for more fatalities in the USA than human immunodeficiency virus (HIV) (7).   

 

HCV morbidity and mortality forecast modeling based on 2005 incident rates predicted a 

dire future.  If infections were left undiagnosed and untreated, by 2060 HCV would be 

responsible for cirrhosis in 1.76 million people, resulting in 400,000 cases of HCC and 

one million deaths (8).  The incidence of HCV is concentrated in the baby boomer 
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population, born between 1945-1964. The spread was primarily due to the lack of 

adequate blood screening methodologies prior to 1992.  The CDC has recommended 

screening the entire US baby boomer population due to the often asymptomatic nature of 

the infection (9).  In contrast, a Canadian-based task force recommended identifying 

those at increased risk of HCV in order to implement screening (10).  This decision has 

been met with disappointment from many prominent Canadian scientists citing the fact 

that risk-based approaches have failed previously, that harms to the patient were 

overemphasized and that the potential for patient isolation were alleviated by the 

development of new direct-acting antivirals (DAA) and their price reductions (10). 

 

HCV is a bloodborne pathogen and transmission is primarily through injection drug use 

although unsafe healthcare practices, vertical transmission, and sexual contact also 

contribute (11).  Currently, no HCV vaccine exists and, until recently therapy was limited 

to a combination of pegylated-α-interferon (IFN) and ribavirin with varying efficacy (12).  

Despite the dire statistics surrounding HCV, dramatic success with recently approved 

DAAs have achieved a sustained virological response (SVR) (absence of HCV genome 

detection 12 or 24 weeks post treatment) in the majority of patients enrolled in clinical 

trials thus “curing” individuals of the infection. Although extremely efficacious, high 

drug and administration costs coupled with the potential for drug resistance indicate that 

continued HCV studies and the development of novel treatment modalities will remain in 

high demand. 
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1.1.1.2 HCV Pathogenesis 

Humans, chimpanzees and possibly tree shrews are the only organisms susceptible to 

HCV infection with hepatocytes serving as the primary cellular target (13).  Other cell 

types support viral replication, albeit at extraordinarily low levels. HCV replication has 

been observed in non-hepatocytes of infected patients and cell culture models including: 

cholangiocarcinoma cells (bile duct epithelial cells) (14), endothelial cells of the blood-

brain barrier (15), cerebral spinal fluid (16), epithelial intestinal cells (17), B cells (18–

20) and T cells (21–24). 

 

HCV infection has been able to spread relatively easily as the acute phase of infection is 

often asymptomatic leaving afflicted individuals undiagnosed. If symptoms are present, 

they are often nebulous and may include malaise, nausea, fatigue, anorexia, and jaundice 

(25).  There are very rare occurrences where acute HCV infection can result in fulminant 

hepatitis, a prodigious liver necrosis leading to impairment of liver functions and 

encephalitis but these cases are exceptional (26).  In 15-20% of acute cases, there is 

spontaneous clearance of the virus within one week to three years after the original 

infection and this clearance is believed to be the result of a vigorous T cell assault 

(27,28).  For those individuals that are unable to clear HCV during the acute phase, the 

infection becomes persistent and progresses to a chronic disease in 80-85% of those 

afflicted (2).  Liver disease progression is gradual and protracted in chronic HCV 

infection and can take 20 years for damage to become apparent (29).   
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Failure of the host immune response to eliminate persistent HCV infection results in 

chronic liver inflammation that activates regenerative mechanisms leading to fibrosis and 

eventually liver cirrhosis (30).  The estimated incidence of cirrhosis in HCV patients was 

found to be 20%, 20 years following infection and 41% at 30 years post infection (31).  

HCC is a major risk factor for individuals with HCV-induced cirrhotic livers with an 

annual rate increase per year of up to 4% (5).  HCV is considered to be carcinogenic both 

by direct expression of the viral proteins and indirectly through chronic inflammation, 

oxidative stress and increasing hepatocyte proliferation (32). There is a discrepancy in the 

risk of developing HCC based on infecting HCV genotype with genotype 1b infections 

representing a higher risk factor (33).  Steatosis, (accumulation of fatty acids/lipids in the 

liver) is a frequent complication observed in HCV infections, with a higher prevalence 

observed in genotype 3 infections (34). A single point mutation in the HCV Core protein, 

Y164F, in vitro resulted in a significant increase in cellular lipid droplet accumulation 

when compared to wild-type (wt) virus (35).  

 

In spite of HCV’s propensity for hepatocyte infection, several extrahepatic complications 

have been associated with HCV infection and include insulin resistance, type 2 diabetes 

(36–38), non-Hodgkin lymphoma (39,40), mixed cryoglobulinemia (41), renal disease 

(42) and cognitive dysfunction (43).  However, it has not been elucidated whether the 

extrahepatic manifestations of HCV infection are the result of direct virus infection of the 

tissue or is occurring indirectly via the host immune response and impaired liver 

functions. 
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1.1.1.3 HCV Treatment 

One of the largest hurdles in treating HCV infection is the identification and diagnosis of 

infected individuals. It is estimated that 44% of infected individuals unknowingly harbour 

the virus and are chronic carriers (44).   Currently, there is no protective or neutralizing 

vaccine or prophylactic measure capable of preventing HCV infection, and thus treatment 

is applied post-exposure.  Historically, HCV therapy was limited to a combination of 

pegylated-α-interferon (IFNα) and the non-specific ribonucleoside analog, ribavirin, with 

varying efficacy: 40% response for genotype 1 and 80% for genotype 2 or 3 infections 

(12). Treatment was typically accompanied by severe side effects and was further 

complicated by the presence of liver damage.   

 

The HCV epidemic and the expectant rise in HCV morbidity and mortality rates spurred 

efforts to develop antiviral medications.  2011 heralded a new age of HCV treatment 

when two HCV DAAs, Boceprevir and Telaprevir were approved for clinical use in 

combination with IFNα and ribavirin (45,46).  Unfortunately, DAA-resistant strains 

quickly emerged due to the rapid and large production of virus daily coupled with the 

high mutation rate associated with the viral polymerase (47). As therapeutic targets, three 

HCV nonstructural (NS) proteins; NS3 (protease), NS5A, and NS5B (polymerase) have 

been successfully pursued by targetting the enzyme’s active site (48), binding the protein 

directly (49) or halting genome replication (50), respectively.   These compounds include: 

Asunaprevir, Boceprevir, Telaprevir, Paritaprevir, Grazoprevir, Simeprevir, Vaniprevir, 

and Voxilaprevir (NS3) (51), Daclatasvir, Ledipasvir, Ombitasvir, Elbasvir, and 

Velpatasvir (NS5A) (49) and Sofosbuvir and Dasabuvir (NS5B) (50) (Table 1.1).  
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Successful anti-HCV compounds need to achieve an SVR, exclude the need for IFN 

treatment, and can be functional even in a damaged liver (52).  However, HCV can 

develop resistance to DAAs due to the error-prone nature of the NS5B polymerase in 

combination with selection of resistant quasispecies variants (53,54).  The genetic barrier 

to resistance of the first generation of NS3 and NS5A DAAs and non-nucleoside 

inhibitors of NS5B proved to be quite low in in vitro based systems with several 

resistance mutations observed (55).  Due to the high likelihood of developing genetic 

resistance, the most successful treatment regimens use a combination of DAAs targeting 

more than one viral protein.  Epclusa which incorporates an NS5A inhibitor, and a 

nucleoside analog reported a SVR in 99% of liver non-complicated patients (56). 

Remarkably the treatment was broadly effective in a genotype independent manner (56). 

This was a significant achievement as many of the previous and current treatments were 

more successful with specific genotypes (Table 1.1).  One of the greatest hurdles to DAA 

treatment is affordability. Simeprevir, Sofosbuvir, and Ledipasvir/Sofosbuvir treatments 

range in price from $80,000 to $94,500 for a 12-week course (57,58).  As new drugs 

come to market, price competition will help in alleviating some of the associated costs. 
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Table 1.1. FDA approved treatments for HCV infection.  Information adapted and 

compiled from review article: Li and De Clercq, 2017 (56). 

Treatment FDA Approval Date and 

Genotypes Approved 

Average SVR12 from 

clinical trials without 

cirrhosis(56) 

Victrelis® 

IFNα/RBV + Boceprevir  

May 2011 

Genotype: 1 

Discontinued 

Incivek® 

IFNα/RBV + Telaprevir 

May 2011 

Genotype: 1 

Discontinued 

Sovaldi® 

RBV + Sofosbuvir  

or 

IFNα/RBV + Sofosbuvir 

 

December 2013 

Genotypes: 1, 2, 3, 4 

G1: 87.6% 

G2: 95.6% 

G3: 91.3% 

G4: 92.3% 

G5: 100% 

G6: 100% 

Olysio® 

Simeprevir + Sofosbuvir 

or 

IFNα/RBV + Simeprevir  

November 2013 

Genotypes: 1, 4 

Genotype: 1 

G1: 93.8% or 65.9% 

G4: 97.9% or 66.6% 

Harvoni® 

Ledipasvir + Sofosbuvir 

October 2014 

Genotypes: 1, 4, 5, 6 

G1: 96.1% 

G4: 91.6% 

G5: 96.8% 

G6: 95.6% 

Viekira Pak™ 

Ombitasvir + Paritaprevir 

+ Ritonavir + Dasabuvir  

December 2014 

Genotype: 1 

G1: 96.9% 

Technivie™ 

Ombitasvir + Paritaprevir 

+ Ritonavir 

or 

+RBV  

July 2015 

Genotype: 4 

G1: 95% 

G4: 90.9% or 100% 

Daklinza™ + Sovaldi® 

Daclatasvir + Sofosbuvir  

July 2015 

Genotypes: 1, 3 

G1: 99% 

G3: 96.3% 

Zepatier™ 

Grazoprevir + Elbasvir  

January 2016 

Genotypes: 1, 4 

G1: 95.5% 

G4: 94.1% 

Epclusa® 

Sofosbuvir + Velpatasvir 

June 2016 

Genotypes: 1,2,3,4,5,6 

G1: 98.7% 

G2: 99.5% 

G3: 96.8% 

G4: 98.9% 

G5: 96.5% 

G6: 100% 

G7: 100% ** one patient 
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1.1.2 HCV Virology 

1.1.2.1 HCV Diversity 

HCV was postulated to be a novel virus in 1975, responsible for inducing transfusion-

induced hepatitis in patients negative for hepatitis-A and B antigens (59). In 1989 the 

virus was isolated, sequenced, and was formally identified as the agent responsible for 

non-A, non-B hepatitis (60). HCV was classified into the Hepacivirus genus of the 

Flaviviridae virus family (61). Seven genotypes and 67 subtypes have been recognized 

with genotypes differing by 31-33% and subtypes differing by 12-20% at the nucleotide 

level (61,62). Worldwide, the genotypic distribution of HCV varies.  Genotype 1 is the 

most prevalent and along with genotypes 2 and 3, are found globally.  Genotypes 4, 5, 6 

and 7 are found less broadly with discreet areas in Africa, the Middle East, and Southeast 

Asia (63).  HCV circulates in afflicted individuals as a heterogeneous population of 

closely related quasispecies, the result of error-prone generation of nascent genomes 

combined with selection of these sequences for both viral function and immune evasion 

(53).  The HCV polymerase, NS5B, contributes to this diversity, as it lacks proof-reading 

ability and is particularly error-prone with the propensity to produce uracil to cytosine 

substitutions. The error rate is estimated to be 3.5 x 10-5 per replication cycle (54).  

Infection of new individuals creates an HCV quasispecies genetic bottleneck whereas 

only virions that have successfully avoided antibody-mediated neutralization and display 

an efficient entry phenotype are selected for new infection (64).   

 

The origin of HCV remains unknown, as a zoonotic source has never been conclusively 

determined.  Recently, two hepaciviruses were identified as HCV homologs in both dogs 
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and horses with up 50% nucleotide consensus, but no evidence of zoonotic transmission, 

even among highly susceptible veterinarians, has been documented (65,66).  

 

1.1.2.2 HCV Virion 

HCV exists as a lipoviroparticle. The virion is composed of viral RNA encapsulated by 

the Core protein and is cloaked with a host-derived lipid envelope spiked with the two 

HCV glycoproteins, E1 and E2, which exist as a heterodimer.  HCV virions appear as 

pleomorphic particles with an asymmetrical internal structure and a smooth surface when 

viewed by electron microscopy (67).  The lipoviroparticle is the result of tight association 

of the core virion with serum derived lipoproteins whose function is to transport lipids in 

serum (68).  Two models have been proposed for the structure of this particle: first, 

inclusion suggests a particle where the lipids and accompanying proteins are incorporated 

into the virion (69) and second, a model where the association is peripheral and is 

facilitated by apolipoproteins (70).  An inverse correlation between buoyancy and HCV 

infectivity exists. Low-density virus isolated from human plasma, chimpanzee or 

hepatoma cell culture have a higher infectivity, and therefore the most highly infectious 

HCV particles are associated with very low density and low-density lipoproteins (71–73).  

However, the associated apolipoproteins differ between virions isolated from patients or 

cell culture. Serum-derived virus contains apoA1, apoB48, apoB100, apoC1 and apoE 

whereas cell culture derived HCV include apoE, apopC1, variable apoB (74), with apoE 

being essential for infectivity (75).  A schematic representation of the HCV virion and 

two lipoprotein association models is presented in Fig.1.1. 
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Figure 1. 1. Schematic representation of the HCV virion. (A) The positive strand RNA 

genome (red) is contained within the viral capsid by the Core protein (purple).  A lipid 

envelope (blue) is derived from host membranes, which is studded with the E1 (green) 

and E2 (pink) glycoproteins. (B) HCV lipoviroparticle association models.  There 

currently are two hypothesizes as to how the HCV virion associates with host 

lipoproteins.  The inclusion model (left) proposes that lipoproteins incorporate directly 

into the virion (69). The association model (right) suggests that lipoproteins are 

peripherally attached to the virion.  Image modified from Lindenbach et al., 2013 and 

Vieyres, 2014 (74,76). 

 

1.1.2.3 HCV Genome 

The HCV genome consists of a 9.6 kb single-stranded positive sense RNA encoding for a 

single open reading frame (ORF) of ~3000 amino acids flanked by 5´ and 3´ untranslated 

regions (UTRs) (Fig.1.2) (77).  The positive sense RNA genome provides a replication 

template for negative polarity RNA strands intermediates required for genome 

amplification.  The 5´ and 3´ termini of the RNA genome are highly ordered containing 

complex secondary structures that are involved in regulating the HCV life cycle.  The 5´ 

UTR contains an internal ribosome entry site (IRES), a structural motif that initiates cap-
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independent translation. Whereas canonical eukaryotic translation recruits ribosomes and 

proteins required for host protein translation via the 5´ terminal cap on mRNA, (78,79)  

the HCV IRES itself directly recruits the 40S subunit of the ribosome followed by eIF3 

and the eIF2-GTP-tRNA complexes (80).  

 

The 3´ UTR possesses a polypyrimidine/polyuridine tract that terminates in three stem 

loops described as the 3´X box regions, with genome replication believed to be initiated 

at this site (81). The 3´UTR has also been shown to stimulate IRES-mediated translation 

of the viral polyprotein (82).  A stretch of RNA within the NS5B coding region 

(5BSL3.2) binds to a region within the 3´UTR to form a “kissing loop” structure required 

for RNA replication (83,84). The 3´UTR-5BSL3.2 interaction may circularize the 

genome and enhance replication by allowing the replication complexes to remain 

continuously in contact with the genomic template (84). A functional link between the 

two distant viral termini has been suggested whereby elements in the 5´ UTR IRES bind 

the 5BSL3.2 cruciform structure in NS5B to mediate circulization of the HCV genome 

and modulate HCV protein translation (85) (Fig. 1.2).  

 

The HCV polyprotein is cleaved co- and post-translationally by both host and viral 

proteases to liberate ten mature HCV proteins.  Three structural proteins include Core, 

E1, and E2.  The Core protein is an RNA-binding protein that envelopes the HCV 

genome creating the viral capsid that is post-transnationally cleaved at the C-terminus 

into a 21 kDa mature protein (86).  A ribosomal frameshift in the Core protein reading 

frame results in the production of a 17 kDa F protein (87). E1 and E2 are 30 kDa and 64 
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kDa highly glycosylated proteins anchored within the HCV envelope as a disulfide-

linked covalent heterodimer that engages host cellular receptors facilitating viral entry 

(88).  p7 is a small hydrophobic protein that hexamerizes to form a viroporin ion channel. 

While dispensable for RNA replication, p7 is critical for HCV assembly and release 

(89,90).  NS2 is a 23 kDa cysteine protease that cleaves the junction between NS2 and 

NS3. It has intrinsic protease activity only requiring residues 1-2 from NS3, but its 

activity is significantly enhanced in the presence of residues 81-213 of NS3 (91).  The 70 

kDa NS3 protein contains both a serine protease domain at the N-terminus and an 

NTPase/helicase domain at the C-terminus. Along with its cofactor, NS4A, NS3 is 

responsible for the liberation of the HCV nonstructural proteins (92,93).  The cofactor, 

NS4A, is 8 kDa and, in addition to enhancing the protease activity of NS3, also contains 

a transmembrane alpha helix that tethers the NS3/4A complex to membranes (94).  NS4B 

is a 27 kDa integral membrane protein with an undefined function in the viral life cycle 

but has been reported to have NTPase activity (95).  NS4B also triggers host membrane 

alterations leading to the formation of localized vesicles termed the “membranous web” 

that presumably provides a platform for HCV replication (96).  NS5A is a 

phosphoprotein of undefined function that exists, by SDS-PAGE analysis, in both a basal 

(56 kDa) and a hyperphosphorylated (58 kDa) form and is essential for viral replication 

and assembly (97–99).  The RNA-dependent-RNA polymerase, NS5B, is a 68 kDa 

protein containing characteristic fingers, palm and thumb subdomains and a typical GDD 

polymerase active site that is responsible for HCV genome replication (100) (Fig.1.2). 
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Figure 1. 2. HCV genome. HCV has a 9.6 kb single-stranded positive-sense RNA 

genome.  Translation of the viral polyprotein is driven by the IRES located in the 5´UTR.  

The polyprotein is cleaved co- and post-translationally by host proteases (purple arrows), 

the viral NS2 autoprotease (pink arrow) and the viral NS3/4A protease (teal arrows) to 

release ten mature viral proteins. Cores, E1, and E2 are structural proteins that 

compromise the capsid and envelope glycoproteins, respectively (purple).  The 

nonstructural proteins, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B, are required at 

different steps of viral replication and assembly (blue). Adapted from Bartenschlager et 

al., 2013 (101) 

 

1.1.3 HCV Life Cycle 

HCV entry into host cells is mediated by a series of interactions between the virion and 

cellular receptors. Initial attachment of HCV to a cell surface is mediated by a low-

affinity interaction with heparin sulfate proteoglycans (HSPG) via positively charged 

residues within E2 and the negative residues within glycosaminoglycans and through 

virion-incorporated apoE interacting with the Low-density lipoprotein receptor (LDLR) 

(102–105).  The cellular receptor, Scavenger receptor class B type I (SR-B1) is involved 

in the attachment process by interacting with the HCV-associated lipoproteins and by 

utilizing its lipid transfer activities to both expose and bind the E2 glycoprotein (106–

108).  With E2 now unsheathed, the glycoprotein can bind the receptor cluster of 

differentiation 81 (CD81) (109,110).   
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Several other HCV entry factors have been identified and include: occludin (OCLN) 

(111,112), transferrin receptor 1 (TfR1) (113), Niemann-Pick C1-Like 1 (NPC1L1) 

(114), epidermal growth factor receptor (EGFR) and ephrin type-A receptor 2 (EphA2) 

(115).  Binding of E2 to CD81 and antagonism of Ras and Rho signaling through EGFR 

promotes the lateral movement of attached virions to cellular tight junctions where CD81 

contacts the tight junction protein, Claudin-1 (CLDN1) (115–117).  This interaction 

promotes the internalization of HCV through receptor-mediated endocytosis into clathrin-

coated, Rab5 containing early endosomes (117,118). The HCV envelope fuses with the 

endosomal membrane upon acidification of the endosome that is potentially mediated by 

a change in conformation in putative class II fusion peptide within E1, and releases the 

HCV genome into the cytoplasm (119,120) (Fig.1.3).   HCV may also spread to naïve 

cells through direct cell-to-cell transmission relying on the same entry factors (CD81, 

CLDN1, OCLN, SR-BI, and LDLr) to facilitate entry (121,122) (Fig.1.3). 

 

With the positive-polarity RNA genome released from the virion, translation and 

proteolytic processing results in the generation of 10 proteins, which become membrane 

associated either by transmembrane integration or through protein-lipid bilayer 

association.  The HCV proteins, principally NS4B, induce vesicular alterations in the 

membranes of the endoplasmic reticulum (ER), termed the membranous web, where the 

HCV NS proteins and RNA accumulate to produce the HCV replication complex 

(96,123).  The NS5B polymerase produces negative strand genome to serve as replication 

templates for positive-sense RNA genome that are packaged into nascent virions, 
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translated, or utilized for replication.  The control over which template is used for each 

function or how the switch from replication/translation to packaging occurs is ill defined.  

 

The viral assembly process is completed as the newly produced virions bud through the 

ER.  The Core protein, located on the surface of cellular lipid droplets, in complex with 

NS5A, is recruited to nascent viral particles egressing from the ER.  NS2 works as a 

mediator to bring together a complex of E1-E2, p7, and NS3/4A and in turn, the p7-NS2-

NS3-4a complex recruits Core from the lipid droplets to the sites of virion assembly 

(124–127).  RNA is delivered to the Core protein present on lipid droplets and initiates 

formation of the nucleocapsid (124,128).  E1/E2 are trafficked to the ER, possibly by 

interaction with NS2, and form a heterodimer complex that passes through the Golgi to 

obtain their glycan modifications and impregnates the viral envelope (88,127,129).  The 

p7 protein is believed to function as an ion channel to neutralize the acidic pH of the host 

secretory compartment as HCV utilizes the host secretory pathway to exocytose the 

nascent virions (130).  Through exocytosis HCV acquires its lipid envelope and 

associated lipoproteins becoming lipidated in a post-ER compartment and by the same 

process as VLDL synthesis (131) (Fig.1.3).   
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Figure 1. 3. HCV life cycle. (1) HCV hepatocyte entry is mediated by the initial 

attachment of the lipoviroparticle binding HSPG, LDLR, and SR-B1.  (2) HCV 

glycoproteins E1/E2 interact with several cellular receptors CD81, TfR1, NPC1L1, 

EGFR and EphA2.  (3) Binding of E2 to CD81 promotes lateral movement of CD81 and 

attached virions move to cellular tight junctions where CD81 and CLDN1 initiate the 

internalization of HCV through receptor-mediated endocytosis into clathrin-coated, 

Rab5-containing early endosomes. (4) Fusion between the HCV envelope and the 

endosomal membrane is triggered by acidification releasing the positive sense RNA 

genome into the cytosol and allowing (5) direct translation of the HCV polyprotein 

driven by the IRES.  (6) Ten viral proteins, three structural (Core, E1, E2) and seven non-

structural (p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B) are produced by host and cellular 

proteases and associate with host ER membranes. (7) NS4B induces the formation of the 

membranous web by altering host ER membranes.  (8) The HCV replication complex is 

formed within the membranous web where the NS5B viral polymerase copies the positive 

strand genome into negative strand genome. These negative strand RNAs serve as 

templates for generating positive sense genomic RNA which is subsequently packaged 

into nascent virions, translated or used for further genome amplification.  Nascent virions 

are assembled while budding through the ER where interaction between NS2-p7 NS3/4a 

recruits Core/NS5A on the surface of lipid droplets to the replication complexes.  (9) 

RNA is loaded onto the Core protein located on lipid droplets to form the nucleocapsid. 

E1/E2 are recruited to the newly acquired viral envelope. HCV utilizes the host secretory 

pathway to exocytose the virions and the p7 ion channel buffers the process maintaining a 

neutral pH.  (10.a.) Nascent HCV particles become lipidated and obtain their low 

buoyancy using the VLDL intra- and extra-cellular maturation and secretion pathways.  

(10.b.) Alternatively, HCV may spread to naïve cells through direct cell-to-cell 

transmission.  Figure adapted from Lindenbach et al., 2013 and Bartenschlager et al., 

2013 (74,101). 
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1.1.4 HCV Cell Culture Models 

Historically, HCV infection has been difficult to study because of an inability to 

propagate the virus in cell culture.  Considerable efforts were made to overcome these 

deficits by developing systems modeling HCV infection. The first breakthrough in a cell 

culture system was the development of an HCV Con1b subgenomic (SG) replicon.  The 

SG replicon is a biscistronic construct which contains an HCV IRES that translates 

neomycin phosphotransferase (neomycin/G418 drug resistance) followed by an 

encephalomyocarditis virus (EMCV) IRES which drives expression of HCV structural 

genes (NS3-NS5B) (132) (Fig. 1.4).  Upon transfection of SG replicon RNA into a 

human hepatoma cell line (Huh-7), the RNA is translated and initiates autonomous 

replication of viral RNA. Cells with productive SG RNA replication can be selected for 

with the drug G418 whereas cells not supporting RNA replication quickly lose the input 

RNA and the ability to produce the necessary drug resistance protein (132).  

 
 

Figure 1. 4. Structure of the HCV subgenomic replicon. The HCV subgenomic replicon 

is a bicistronic positive sense RNA molecule.  The IRES present at the 5’ end allows for 

the direct translation of a neomycin resistance cassette allowing for drug selection of cells 

containing the subgenomic replicon.  The EMCV IRES is responsible for driving 

translation of the HCV nonstructural proteins.  Once introduced into a susceptible cell 

line (Huh-7, Huh7.5 or Huh7.5.1) the SG replicon perpetually replicates HCV NS RNA 

without any production of infectious virus thereby specifically modeling HCV 

replication. Adapted from Woerz, et al., 2009 (133). In addition, full-length replicons 

have the same general structure except that the EMCV IRES drives the entire HCV 

coding region Core-NS5B. 
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Serial passage of SG replicons in cell culture, accompanied with continuous selection, 

typically causes the accumulation of mutations in the NS proteins resulting in SG 

replicons with enhanced replicative capacity.  Single replication enhancing mutations 

were identified in the Con1b replicons in the central region of NS5A, NS4B and NS5B as 

well as synergistic mutations in the N-terminus of NS3 and NS5A-NS5B (134–139). The 

most potent Con1b mutant harbored an S2204I mutation in NS5A that increases 

replication by 10,000 fold also causing a significant reduction in the hyperphosphorylated 

form of NS5A known as p58 (134,140,141).  Replication enhancing mutations appear to 

be specific to the cell culture model as these mutations are unable to produce viable 

infectious HCV when injected into chimpanzee models. Where the mutated viruses do 

propagate in the animal model, it is due to reversion to a wild-type sequence (142,143).   

 

Huh-7 cells that are permissive for SG replicons (132) and were originally isolated from 

an epithelial cell colony from hepatoma tissue surgically removed from a Japanese male 

with will differentiated HCC (144).  However, over time Huh-7 cells have diverged from 

the original line resulting in disparate phenotypes that differ in their ability to support 

productive HCV replication (145).  This may have led to a number of the discrepancies 

seen in the literature regarding basic HCV cell culture analysis.   

 

An attempt to improve upon the Huh-7 cells came about with the development of Huh7.5 

cells. These cells were derived from Huh-7 cells that were supporting a HCV Con1b SG 

replicon. The cells were cured of replicon by treatment with IFN and the resulting cells 

when re-transfected with SG replicons were found to be more capable of supporting HCV 
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replication (146).  This clearly showed that, in addition to the viral sequence, the host 

environment is also crucial for productive viral replication.  The increased susceptibility 

of Huh7.5 cells is possibly due to an impediment in the host innate immune system 

resulting from a T155I mutation in the double-stranded RNA helicase enzyme, retinoic 

acid-inducible gene I (RIG-I) that leads to ineffectual interferon regulatory transcription 

factor 3 (IRF3) signaling (147).  Huh7.5.1 cells were a subsequent cell line developed by 

curing Huh7.5 cells of a SG Con1b replicon with IFN further increasing susceptibility to 

HCV replication. It is also believed that this increase in HCV replication support is due to 

additional deficiencies in the innate immune response (148). 

 

While SG replicons became the standard for HCV studies, a model that allowed analysis 

of the complete virus replication cycle, from infection to virus production was lacking. A 

monumental stride was made with the discovery of the HCV strain JFH1, the first HCV 

isolate capable of producing infectious virus in cell culture without adaptive mutations 

(Fig.1.4).  The JFH1 strain (Japanese fulminant hepatitis 1), was isolated from a 32-year 

old Japanese male with fulminant hepatitis and when sequenced and phylogenetically 

analyzed, clustered with HCV genotype 2a sequences (149).  A SG replicon was 

constructed utilizing the JFH1 sequence and was found to be the first replicon that 

replicated with reasonable efficiency in the absence of cell culture mutations (150).  The 

most salient feature of JFH1 was that wt viral RNA when introduced into cell culture 

produced infectious progeny capable of generating infection in chimpanzees 

(73,148,151).  Attempts to characterize the uniqueness of JFH1 have been inconclusive 

implicating elements across almost the entire HCV ORF with some studies highlighting 
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sequences within NS3, NS5A, NS5B and Core (100,152–155).  JFH1 produces moderate 

titers typically <103 ffu/ml in cell culture leading several groups to serial passage JFH1 

replicons and virus to generate cell-culture replication enhancing mutations (155–159).  

Two intra-strain chimeric HCV viruses generated from splicing the N-terminal to NS2 

region of strain J6 (another genotype 2a virus) with the NS3 to C-terminus region of 

JFH1 (J6/JFH1) or utilizing a splice site within NS2 (Jc1) replicate, spread and produce 

more viral particles than JFH1 alone (73,160,161).   

 

A further improvement has been made in cell culture models when Huh7.5 cells were 

transduced with a cDNA library and identified SEC14L2 as a factor promoting 

replication of HCV from patient samples (162).  Stable expression of SEC14L2 in 

Huh7.5 cells supported 1a, 1b and J6 replicons as well as 1a, 1b and 3a viruses from 

patient sera although replication levels are still weak overall (162).  

 

1.1.5 HCV Animal Models 

In 1997, RNA transcribed from cDNA clones of HCV genotype 1a strain H77 was used 

to infect chimpanzees and thus established the first, albeit very inconvenient, animal 

model (163). Since using chimpanzees for HCV research is difficult, expensive and 

highly restricted the development of additional small animal models has been a high 

priority research endeavor. Xenograft transplantation of human hepatocytes into 

immunodeficient mice expressing a plasminogen activator transgene were developed as 

the first murine model to sustain HCV infection (164).  However, experimentation with 

these mice is susceptible to human donor variability, low scalability and high cost.  There 
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has been some success in creating humanized mice containing human CD81 and OCLN 

genes that allowed HCV entry (165). Further refinement by the addition of an immune 

suppressant allows recapitulation over the entire HCV life cycle (166).  Unfortunately, 

this model is still expensive and is not widely available. Tree shrews (Tupaia belangeri 

chinenesis) have recently emerged as a potential small animal model for HCV infection 

as 14 of 30 animals were successfully infected with J6/JFH1 virus (167).  While many 

molecular tools would need to be developed for use in tree shrews, there is potential to 

develop these animals for laboratory use. 

 

1.2 Non-Structural 5A Protein 

NS5A is a viral phosphoprotein that is vital for the HCV life cycle as it is essential for 

replication, virion production and for modulating the host cell to create an environment 

favorable for the HCV life cycle. NS5A is also the target for a number of DAAs. Despite 

the integral requirement of NS5A to HCV propagation and its targeted role in drug 

therapy, its mechanism of function in each every case has remained ill defined.  

 

1.2.1 NS5A Structure and Function 

NS5A is composed of three discrete domains separated by low-complexity sequences 

(LCSI and LCSII) and is located within the cell cytoplasm anchored to membranes via an 

N-terminal amphipathic helix (168–171) (Fig.1.5.A). Crystal structures of domain 1 have 

revealed that NS5A contains a zinc-coordination motif, a putative RNA-binding groove, 

and that functional NS5A exists as a dimer in open, closed or multiple conformations 

(172–174) (Fig.1.5.B).  Domain 1 is required for RNA replication and facilitates NS5A’s 
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interaction with Core and LDs, a key provision for viral assembly (128). The crystal 

structure of domain I revealed that the dimer creates a pocket that can facilitate RNA 

binding and that a single zinc atom is coordinated by cysteine residues (C39, C57, C59, 

C80) within the N-terminus (172) (Fig.1.5.B, left).  Domains 2 and 3 are intrinsically 

disordered which may provide a flexible region conducive to phosphorylation and 

multiple protein interactions (175–177).  Domain 2 is essential for viral replication but is 

dispensable for virion production (178,179). Domain 3 is crucial for HCV assembly 

(98,180).  Domains 2/3 have both demonstrated some plasticity as deletions have not 

impaired RNA replication, and viable infectious virus has been cultivated containing 

large insertions in D3 (134,141,181–183).  Based on these observations it has been 

suggested that numerous NS5A dimers may anchor themselves to membranes via the 

amphipathic helix creating a long basic cleft suitable for coordinating the movement of 

HCV RNA during viral RNA replication and packaging (184).  In support of this, 

previous studies have confirmed the RNA binding capacity of NS5A (185). 

 

HCV produces only ten proteins and given a comparison with other viruses who produce 

many more; it suggests multiple roles for each protein. Moreover, a previous study 

determined that less than 5% of the HCV NS proteins participated in active HCV 

replication (186).  This begs the question: what other function(s) does NS5A have? 

 

By SDS-PAGE analysis, NS5A appears as two forms with molecular weights of 56, and 

58 kDa. In JFH1 there is an 18 amino acid insertion near the C-terminus of NS5A that 

increases its size on SDS-PAGE to 63 and 65 kDa.   For historical reasons, the JFH1 
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phospho-proteoforms are still referred to as “p56” and “p58”, representing the basally 

phosphorylated and hyperphosphorylated states (187).  Phosphorylation of NS5A is 

believed to occur post-cleavage primarily on serine but also on a small number of 

threonine residues (188).  The function(s) of NS5A phosphorylation remains unknown, 

but hypotheses have suggested roles in subcellular localization, virus RNA replication 

and packaging, and effects on cellular physiology (189).   

 

NS5A is localized to the cytoplasm associated with membranes of the ER and Golgi at 

the perinucleus, the mitochondrial inner membrane and matrix and also on LDs via 

interaction with the Core protein (128,171,190–192).  Interestingly, NS5A contains a 

stretch of proline and valine residues at its C-terminus (positions 354-362, Con1b 

accession numbering) that is characteristic of a nuclear localization signal (NLS) and in 

fact, has functional activity when this sequence is added to various proteins (193) 

(Fig.1.5.A).  N-terminal truncated versions of the NS5A protein have been shown to 

transit to the nucleus and activate transcription (193,194).  It is likely that the 

amphipathic sequence in the N-terminus prohibits nuclear transit by tethering the protein 

to the membrane. As full-length NS5A is not observed in the nucleus of cultured cells, 

the biological relevance of these observations are not clear (128,171,190,191). The NS5A 

NLS region supports interaction with nuclear pore complex proteins (NUPs) resulting in 

the relocation of the NUPs and their associated cargo to the membranous web likely to 

aid in the establishment of the virus replication complex (195,196).   

NS5A amino acids 237-276 in genotype 1b NS5A have been termed the Interferon 

Sensitivity Determining Region (ISDR). Early studies provided evidence that ISDR 



 24 

substitutions lead to favorable outcomes in genotype 1b infected patients treated with 

IFNα therapy although other studies have not been able to confirm these observations 

(197–200) (Fig.1.5).  NS5A also contains Class I and Class II polyproline motifs present 

within LCSI and II, respectively which are capable of interacting with host proteins 

containing a Src homology 3 (SH3) domain (201–204) (Fig.1.5).  There are also three 

Bcl-2 homology domains (BH3, BH1, and BH2) that belong to the Bcl-2 family of 

proteins involved in cellular apoptosis regulation (205) (Fig.1.5). 

 

 
Figure 1. 5. Organization of the HCV NS5A protein. (A) The NS5A protein is composed 

of three domains (D) separated by two low-complexity sequences, LCSI and LCSII.  D1 

contains an amphipathic helix that directs NS5A membrane association (168–170).  

NS5A contains two characteristic polyproline motifs, a Class I and Class II motif known 

to interact with host protein SH3 domains (201–204).  Three Bcl-2 homology domains 

exist within the NS5A sequences (BH1, BH2, BH3) (205) as well as a nuclear 

localization signal (193).  A controversial interferon sensitivity determining region 

(ISDR) is present within LCSI and D2 where specific amino acid sequences are believed 

to affect the virus’ response to IFN (197–200).  All numbering is from the NS5A 1b 

genotype. NS5A from JFH1 has an 18 amino acid insertion within D3.  Figure adapted 

from references (206,207). (B) Crystal structures of NS5A domain 1.  NS5A domain 1 

1ZH1 (172), 3FQM (173) and 4CL1 (174) were obtained from the Protein Data Bank 

(208,209) and visualized using JSmol viewer in the symmetry display mode. Different 

conformations of NS5A dimers/multimers were obtained using X-ray crystallography and 

the NS5A-D1 dimer from genotype 1b is in an open conformation (172) (left) while 

NS5A-D1 dimer from genotype 1a is closed (173) (middle) and two NS5A-1a -D1 

dimeric forms (174). 
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1.3 NS5A Interactions within the host cell 

NS5A has been deemed the “promiscuous protein” as it has the ability to bind a 

prodigious array of host proteins, with more than 130 interactions now reported 

(207,210).  Since the exact function of NS5A remains elusive, and the majority of the 

proteins are not involved directly in viral replication (186), a major role of NS5A may be 

to modulate the host environment through protein-protein interactions (PPIs) thereby 

making it conducive to HCV propagation.  While this many interactions may seem 

improbable, it is worth considering that many of these PPIs may be the result of 

identifying proteins within complexes and are not due to direct interaction with singular 

proteins.  Furthermore, many interactions may not occur concurrently and may be 

influenced by temporal and spatial constraints as well as by the different isoforms 

(genotype specific) and proteoforms of NS5A. Many model systems and environments 

have been employed in identifying NS5A PPIs and evaluating their biological 

consequences.  The following section summarizes a subset of identified NS5A host 

protein interactions and their influence on the host cell and the HCV life cycle. 

 

1.3.1. NS5A and apoptosis 

Apoptosis is a mechanism utilizing programmed cell death to eliminate extraneous and 

inimical host cells.  Halting cellular apoptosis is one method employed by some viruses 

to persist and continue their propagation.  Numerous studies have demonstrated the anti-

apoptotic properties of NS5A through its association with host cellular proteins.  

However, the biological association with apoptosis is somewhat controversial as HCV 

proteins overall have been suggested to have both pro- and anti-apoptotic effects (211).  
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Huh7.5 cell infection with J6/JFH1 virus induces apoptosis (212), and HCV infected 

patient histology analysis suggested an increase in hepatocyte apoptosis although there 

was no correlation with viral load (213).  Increased apoptosis in hepatocytes can induce 

fibrosis by constitutively activating regenerative mechanisms while suppressing apoptosis 

extends cell survival and allows for the accumulation of mutations (214).  NS5A 

expression has been found to be protective against cellular apoptosis by obstructing 

several host cellular pathways mediated through protein interactions as described below. 

 

1.3.2 TRAF2 and TRADD 

Tumour necrosis factor alpha (TNFα) is a pleiotropic cytokine that initiates various 

cellular signaling cascades resulting in differentiation, proliferation, and extrinsic 

apoptosis activation.  TNFα, a ligand binding the TNFR1 receptor, results in receptor 

trimerization and recruitment of Tumour necrosis factor receptor type 1-associated 

DEATH domain protein (TRADD).  TRADD can initiate both apoptotic and cell 

proliferative pathways through additional PPIs.  TRADD binds to Fas-associated protein 

with death domain (FADD) which then recruits procaspase-8 leading to the cleavage and 

activation of effector caspase-3 protease that in turn cleaves targets such as Poly ADP 

ribosome polymerase (PARP) and results in DNA fragmentation and apoptosis (215).  

TRADD is also capable of recruiting TNF receptor-associated factor 2 (TRAF2) to 

activate the NF-ΚB, JNK and p38 signaling pathways ultimately leading to cellular 

proliferation and apoptosis (215) (Fig.1.6).   
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NS5A has been implicated in the circumvention of TNFα signaling, resulting in increased 

cellular survival.  Initial observations were made that HepG2 cells stably expressing 

NS5A-1a were resistant to TNFα induced apoptosis by both a lack of Annexin V staining 

and PARP cleavage (216).  This refractory effect was substantiated in Huh-7 cells stably 

expressing NS5A-1b as increased survival and a lack of apoptotic products were 

observed compared to control cells during TNFα exposure (217).  Mechanistically, NS5A 

may influence the TRADD-FADD interaction upstream of caspase-8 activation as 

overexpression of NS5A-1b failed to stop cell death when FADD or caspase-8 was 

overexpressed (217). However, TNFα activation of TNFR-1 also recruits TRADD and 

TRAF-2 and leads to NF-KB activation and increased cellular proliferation (218).  As 

such, NF-ΚB reporter activation was tested and NS5A expression did not reduce TNFα’s 

ability to induce NF-KB activation. Therefore, NS5A expression resulted in protection 

from TNFα induced apoptosis but did not affect TNFα’s ability to promote cellular 

proliferation through NF-KB. 

 

In contrast to the previous report, TNFα stimulated, actinomycin D-treated HEK293 cells 

when transfected with NS5A-1b, did not activate an NF-KB reporter gene, while control 

cells showed full reporter stimulation (219).  NS5A-1b was shown to interfere with 

TRADD-TRAF2 interaction as determined by in vitro binding assays and co-

immunoprecipitation (Co-IP) experiments. Overexpressing FLAG-TRAF2 and NS5A in 

Cos-7 cells indicated that TRAF2 and NS5A interacted resulting in TRAF2’s inability to 

activate the NF-KB reporter (219).  TRAF2 also activates the JNK pathway, and a 

follow-up study determined that the NS5A-TRAF2 interaction in HEK293 cells 
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synergistically potentiates TNFα stimulation of the JNK pathway by increasing 

phosphorylation of c-Jun (downstream effector of the JNK pathway) (220).  Co-IP 

experiments in HEK293 cells revealed that while NS5A did not directly interfere with the 

TRADD/TRAF2 interaction, NS5A did affect the TRADD/FADD interaction (220).  

However, when HEK293 cells were induced with TNFα and actinomycin D to induce 

apoptosis, it was determined that transfected NS5A-1b was not protective as determined 

by PARP cleavage and cell viability assays (220).  There are many possible reasons for 

the discrepancy between the two studies, but the most obvious explanation is the different 

cell lines were utilized and there was most likely a discrepancy in NS5A abundance given 

expression differences between stable integration and plasmid transfection.   

 

The protective effects of NS5A on TNFα induced apoptosis were also evaluated in vivo 

with transgenic mice expressing NS5A-1a under the control of the liver-specific apoE 

promoter. Cells expressing NS5A-1a exhibited less histological apoptotic effects than 

matched controls (221).  Evidence for a TRADD/NS5A-1a interaction was determined by 

performing in vitro pull-down of purified proteins and cellular Co-IPs in doubly 

transfected HEK293 cells coupled with colocalization experiments. NS5A also interfered 

with the TRADD/FADD complex as FADD failed to retrieve TRADD in the presence of 

NS5A (221).  These studies reveal that NS5A is able to modify the TNFα induced 

signaling cascade through two key effectors, TRAF2 and TRADD (219–221). 
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Figure 1. 6. NS5A interaction with the TNFα/TNFR-1 signaling cascade.  TNFα binding 

to TNFR-1 activates cellular apoptotic, proliferation and survival pathways.  The 

activated TNFR1 receptor recruits the TRADD protein.  TRADD has the ability to 

initiate both apoptotic and cell proliferative pathways through additional PPIs.  On the 

apoptosis, side TRADD binds to FADD recruiting procaspase-8 leading to the cleavage 

and activation of effector caspase-3 protease that in turn cleaves targets such as Poly 

ADP ribosome polymerase (PARP) and results in DNA fragmentation and apoptosis.  On 

the proliferation side TRADD recruits TRAF2 and leads to activation of the NF-ΚB and 

JNK and p38 activation of transcription effectors cFos and cJun ultimately leading to 

cellular proliferation.  Interactions between NS5A and TRADD and NS5A and TRAF2 

(red double headed arrows) have been demonstrated (219–221) that interfere with their 

ability to bind effector proteins (red X) and influences the downstream signalling 

cascade. Figure modified from references (215,218).  

 

1.3.3 Bax 

Bcl-2 proteins are organized into a family based on the presence of conserved Bcl-2 

homology domains that regulate intrinsic apoptosis (222).  Sequence analysis of NS5A-

1b revealed the presence of three Bcl-2 domains, BH1, BH2 and BH2, suggesting NS5A 

may be a Bcl-2 homologue and thus an effector of intrinsic apoptosis (205).  Huh-7 and 

Hep3B cells stably expressing NS5A-1b were challenged with an intrinsic apoptotic 

inducer, sodium phenylbutyrate , and both cell lines were resistant to apoptosis as 

indicated by a DNA fragmentation assay (205).  Bax is a proapoptotic protein containing 
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Bcl-2 homology domains, BH1, BH2 and BH3, that upon mitochondrial insertion induces 

the release of cytochrome C resulting in apoptosis (222). Sodium phenylbutyrate 

treatment results in the relocation of Bax from the cytoplasm to the nucleus and then 

finally to the nuclear membrane. In FLAG-NS5A transfected cells treated with Sodium 

phenylbutyrate, Bax failed to reach the nuclear membrane thus inhibiting apoptosis. It 

was also demonstrated that NS5A colocalized with Bax in the nucleus.  An NS5A/Bax 

interaction was confirmed by Co-IP experiments in Hep3B cells, and deletion analysis 

revealed the interaction was dependent of NS5A’s Bcl-2 domains (205).  Interestingly, 

these studies were unable to replicate the NS5A/Bax interaction in transfected Cos-7 cells 

(205). NS5A has since been reported as a Bcl-2 homologue and a Bax interactor based on 

this landmark paper. However, while NS5A N-terminal deletions do enter the nucleus 

(193,194) the biological relevancy of Sodium phenylbutyrate treated Hep3B cells must be 

carefully considered as NS5A has not been observed in the nucleus in any standard cell 

culture model or in patient samples (128,171,190,191).  

 

1.3.4 p53 

p53 is a multifaceted tumor suppressor protein involved in several cellular processes 

including metabolism, inhibition of cell proliferation and cell death.  Regulation of p53 

functions are mediated through its subcellular localization, stability, and conformation.  

As a transcriptional activator, activated p53 relocalizes from the cytoplasm to the nucleus 

eliciting responsive gene expression (223).  The NS5A-1a/p53 interaction was 

determined by in vitro pull-downs, mammalian two-hybrid assays (M2H) and Co-IP of 

NS5A-1a and p53 transfected HepG2 cells (224). In these cells, NS5A transfection 
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repressed p53 transactivation of a luciferase reporter construct containing p53 binding 

sites (224).  The inability of p53 to induce transcription was due to sequestration of p53 

to the perinuclear membrane by NS5A (224).  Co-IP confirmed a p53/NS5A-1b 

interaction in Cos-7 and Hep3B cells overexpressing both constructs. Similarly, p53 

transcriptional transactivation was inhibitory, and subcellular sequestration was observed 

in NS5A expressing cells (225).  Sequestering of p53 was also deemed responsible for a 

lower percentage of Hep3B cell undergoing apoptosis in the presence of NS5A (225).  

The NS5A-p53 interaction, which suppresses apoptosis, appears to be consistent with 

NS5A from sub-genotypes 1a and 1b. 

 

1.3.5 PI3K 

Phosphoinositide 3-kinases (PI3Ks) are a group of kinases that catalyze the 

phosphorylation of the inositol ring of phosphatidylinositol lipids. These in turn act as 

secondary messengers, modulating downstream proteins to activate cellular processes 

such as cell growth, proliferation, immunity, metabolism, and apoptosis.  Akt kinase is 

recruited to membranes by binding to these phospholipids where it has a direct effect on 

glucose metabolism, protein translation, and deactivation of pro-apoptotic signals (226).  

Co-IPs in epidermal growth factor (EGF) treated NS5A-1b Tet-Off HeLa cells and in 

Huh-7 SG replicon cells determined that the NS5A N-terminus interacts with the p85 

catalytic subunit of PI3K (227).  Phospho-specific antibodies revealed increased 

phosphorylation of the PI3K subunit p85, Akt, and Akt’s downstream effector, Bad. 

EGF-treated cells expressing NS5A-1b or point mutations in the N-terminus of NS5A 



 32 

were incapable of binding p85 in Tet-off HeLa cells indicated that the interaction with 

PI3K was essential for apoptotic suppression (227).   

 

A second study demonstrated an interaction between NS5A-1b and 2a with PI3K subunit 

p85 in transfected Cos-7 cells and SG replicon Huh-7 cells (228).  This interaction was 

shown to enhance the phosphotransferase activity of PI3K 10-fold when PI3K was 

isolated from SG replicon cells compared to control cells. Phospho-specific antibodies 

revealed that in addition, NS5A expression increased Akt and Bad phosphorylation (228).  

SG replicon Huh-7 cells were also found to be resistant to apoptosis stimulated by serum 

starvation and etoposide treatment over Huh-7 cells without replicons although the 

precise involvement of NS5A was not elucidated (228). 

 

1.3.6 Bin1 (Amphiphysin II) 

Altered expression of Bin1 is associated with several malignancies due to its involvement 

in clathrin-mediated endocytosis, membrane recycling, membrane remodeling, actin 

polymerization, transformation, stress signaling, cell cycle regulation and apoptosis 

(229).  Bin1 contains an SH3 domain capable of binding polyproline motifs, such as 

those present in NS5A.  Bin1 was identified as an NS5A interacting partner by GST-

NS5A-1b capture of 33P labeled Huh-7 cell lysate followed by identification of spots on a 

2-dimensional gel by mass spectrometry (230).  The Bin1/NS5A-1b interaction was 

confirmed by Co-IP in SG replicon cells with the interaction mapped to the SH3 domain 

in Bin1. However, the interaction was deemed non-essential to HCV replication when the 
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Bin1 SH3 domain was added to SG replicon cells as a competitive inhibitor of the 

interaction (230).   

 

A subsequent investigation involving deletion mutants revealed that both the Bin1 SH3 

domain and the Class II polyproline LCSII motif in NS5A were crucial in facilitating the 

protein interaction. Additionally, an NS5A mutant with alanines substituted for prolines 

was unable to inhibit apoptosis induced by ectopically overexpressing Bin1 in Bin1-

lacking HepG2 cells while wt NS5A prevented apoptotic cell death (203).  These same 

mutations were introduced into an HCV-1b infectious clone, but when inoculated into a 

chimpanzee, no productive infection was observed.  This is not necessarily a conclusive 

test to state that the NS5A/Bin1 interaction is essential for infectious virus production in 

chimps but rather that the NS5A polyproline motif likely plays a role in either protein 

stability or, these regions have other roles related to virus production (203).   

 

The Bin1/NS5A interaction has also been implicated in the reduction of NS5A 

hyperphosphorylation. NS5A isolated from double transfected NS5A-3XFLAG and HA-

Bin1 293T cells produced less hyperphosphorylated NS5A (p58) in an in vitro kinase 

assay compared to when NS5A-3XFLAG was transfected alone (231).  D2-D3 from 

NS5A are disordered protein regions, and when the Bin1 SH3 domain was complexed 

with NS5A-1b D2-D3, NMR spectroscopy revealed a conformational change in NS5A 

that increased flexibility and accessibility of NS5A D3 thus demonstrating that this 

protein interaction induces a conformational change in NS5A (177). 
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1.3.7 FKBP8/FKBP38 

NS5A has been shown to interact with FK506 binding proteins 8/38.  There is confusion 

in the literature regarding FKBP8 and FKBP38, and although numerous articles use the 

names synonymously, they are in fact unique isoforms. FKBP8 and FKBP38 both have 

identical sequences in the FK506-binding domain, the three sets of tetratricopeptide 

repeats, calmodulin binding site, and a transmembrane domain. The exception is that 

FKBP8 contains an extra 58 residues at its N-terminus and produces a 50 kDa versus 38 

kDa protein (232).  Both of these proteins are immunophilins with cis-trans peptidyl 

propyl enzymatic activity that bind to Bcl-2 domains (233).   

 

A yeast-2-hybrid (Y2H) screen of human brain and liver libraries revealed FKBP38 as an 

NS5A-1b binding partner, but it was unclear whether this article was referring to FKPP38 

or FKBP8. Co-IP experiments confirmed that NS5A was able to precipitate both isoforms 

(232).  An FKBP8/38 antibody, reactivate to both isoforms, was developed to assess 

endogenous expression levels of both isoforms in 293T, Huh-7, HepG2 and FLC-4 cells.  

FKBP8 was the dominant isoform, and thus subsequent tests focused on FKBP8 (232).  

Co-IPs were used to determine a genotype independent interaction as transfected NS5A-

1a, 1b and 2a all successfully precipitated overexpressed FKBP8 in 293T cells. NS5A 

directly interacted with the tetratricopeptide repeat domain on FKBP8, and a ternary 

complex was formed between NS5A, FKBP8, and Hsp90 utilizing FKBP8 as the docking 

site (232).  RNA interference studies of FKBP8 in Huh-7 cells revealed that HCV 

replication required FKBP8 both in the SG replicon and in the JFH1 infection models 

(232).   
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A follow-up study utilized alanine scanning substitutions in NS5A to determine that 

FKBP8 interaction required a single valine, V121, in NS5A and that this substitution 

reduced the replicative capacity of the SG replicon in Huh-7 cells (234).  NS5A-1b 

cloned from an IFN resistant patient was employed in a Y2H screen and revealed an 

interaction with FKBP38 that was confirmed by Co-IP with HA-FKBP38 and Myc-His-

NS5A-1b doubly transfected Cos-7 cells. Co-IP of endogenous FKBP38 with NS5A was 

also demonstrated in SG replicon Huh-7 cells (235).  Interestingly, deletion mapping 

revealed that the interaction was facilitated by NS5A amino acids 148-236, containing 

the Bcl-2 domain and not V121. This contradiction might be due to the different 

FKBP8/38 isoforms which were not evaluated at the time (234,235).   

 

Stably expressed NS5A in Huh7 cells depleted of Bcl-2 were resistant to staurosporine 

and cycloheximide-induced apoptosis when measured by PARP cleavage. This 

phenotype was reversed by FKBP38 siRNA suggesting that NS5A may be able to inhibit 

apoptosis through its interaction with FKBP38 (235).  Under serum-starved conditions, 

NS5A was able to out-compete FKBP38 binding to mTOR kinase. FKBP38 binding 

inactivates mTOR which in turn fails to phosphorylate its downstream targets to initiate 

apoptosis (236).  Interestingly there appears to be further regulation of the 

NS5A/FKBP8/38/Hsp90 complex formation as the calcium-regulated S100 proteins 

(S100A1, S100A2, S100A6, S100B and S100P) can bind the tetratricopeptide repeat 

domain of FKBP8/38 and displace both NS5A and Hsp90 in a calcium-dependent manner 

(237). Overexpression of the S100 proteins and treatment with a calcium ionophore 

caused displacement of NS5A from FKBP8/38, which impacted the protein levels of SG 
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replicons in Huh-7 cells(237).  These studies identified the dependence of HCV on the 

NS5A/FKBP8/38 interaction for both virus propagation and suppressing apoptosis. 

 

1.3.8 Other Proteins 

Besides apoptosis regulation, NS5A has been implicated in additional interactions to 

create an environment conducive to HCV propagation. eIF4F, a protein crucial for 

initiation of protein translation, has been reported to interact with NS5A (238,239). This 

interaction causes an NS5A association with the polysome, increase in eIF4E 

phosphorylation, eIF4F complex assembly, mTOR pathway activation and eIF4E-40S 

assembly (238,239).  NS5A has also been implicated in facilitating IFN resistance, and 

the NS5A-1b-PKR interaction may contribute to this phenotype. However, this 

interaction may be either genotype or strain specific as studies using NS5A-2a and 3a 

failed to interact with PKR (240–243).  NS5A has also been shown to disrupt cellular 

metabolism, and interaction with Hexokinase resulted in increased glucose metabolism 

via the glycolysis pathway (244).  TIPE2 is a protein involved in the regulation of 

inflammation and neoplasia and its interaction with NS5A led to its degradation and an 

increase in genome instability (245).   

 

1.3.9 Reproducibility of NS5A-host cell PPIs 

It is evident even from this limited listing that NS5A has an extensive interactome. While 

NS5A interaction studies have revealed many host protein interactions, the interactome 

must be looked at critically.  In general, there tends to be little overlap generated between 

PPI studies, especially when comparing high-throughput PPI studies. A Y2H study 



 37 

investigating the HCV protein-host protein interactions from each of the ten HCV 

proteins produced a list of 278 HCV protein-host PPIs, but only 10 PPIs had been 

previously described in the literature resulting in a 3.6% overlap (246).  This study 

identified 97 NS5A/host protein interactions with 38 previously published NS5A/host 

PPIs leading to 39% overlap (246).  

 

A Y2H screen used to identify interactions between HCV JFH1 proteins and host cellular 

factors provided another example of the little overlap seen with large studies. This 

resulted in 112 identified PPIs but only 18 of these were previously reported resulting in 

a 16% overlap (247). The same study investigated whether HCV-host PPIs identified 

using one HCV genotype were seen in studies with a different genotype (1b, 1a, and 2a) 

(247). 326 HCV protein-host protein PPIs were evaluated that included 160 PPIs from 

genotype 1b HCV proteins, 81 from genotype 1a and 85 from genotype 2a. Not one PPI 

overlapped when all three genotypes were compared and only 19 PPIs from genotypes 1a 

to 1b, four from 1a to 2a and 14 between 1b and 2a were found (247).  

 

A more recent study into the HCV-host protein interactomes used immunoprecipitation to 

purify HCV Core, NS2, NS3/4A, NS4B, NS5A and NS5B and compared the mass 

spectrometry/database searched  identified host interacting candidate proteins of the six 

HCV proteins (98 total), to a curated list of previously identified HCV interacting 

partners, (543 PPIs total) (248). Here, 74 Core, NS2, NS3/4A, NS4B, NS5A and NS5B 

interactions with host proteins from the author’s study and the literature were identified 
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resulting in a 24.5% overlap (248). In the case of NS5A, 17 PPIs were identified of which 

eight were previously reported (248).  

 

This lack of overlap is not surprising as large-scale interactome studies often have weak 

overlaps. Reports have indicated a 0.03% overlap in yeast PPIs and a 0.1% overlap in 

human PPI large scale studies (249,250).  Much of the discrepancy between studies can 

be attributed to differences in model systems and experimental procedure, but 

reproducibility is still an issue; as such protein interactions really should be evaluated by 

a number of different methods in several model systems where possible. 

 

1.4 Studying protein-protein interactions  

Determining a protein’s interactome provides important insight into a protein’s function 

and global effect and over the years several methods have been developed for performing 

such studies.  One of the most common methods is Co-IP in which a specific antibody 

directed to a protein or an incorporated tag is incubated with a cellular lysate to capture 

the “bait” protein and any other interacting proteins in complex with the bait. While a 

gold standard in many respects, there are some disadvantages: 1) availability of 

antibodies/capture resins that have high specificity and avidity for the protein of interest 

or the affinity tag, 2) potential competition of the antibody and interacting partners for a 

common epitope on the bait protein, and 3) the fact that the lysis procedure destroys any 

spatial constraints, an issue shared by most PPI studies using cell lysates (251).   
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The yeast-two hybrid (Y2H) system has also been used to define PPIs.  The system 

employs two plasmids; the first encodes a yeast promoter DNA binding domain fused in-

frame to a protein of interest (bait) while the second plasmid typically contains a yeast 

RNA transactivation domain  fused to a library of cDNA fragments (prey).  When the 

two plasmids are introduced into yeast cells, if the bait and prey proteins interact, it 

bridges the DNA binding domain and the transactivation domain allowing transcription 

of a reporter gene. Reporter genes enable the selection of positive interactions.  Although 

this system is relatively simple to manipulate and detects typically binary interactions in 

vivo, it too, has disadvantages including, 1) in most varients of the Y2H, interactions 

must occur in the nucleus for transactivation to occur, (an issue for proteins such as 

HCV-NS5A that is absent from the nucleus), and 2) the potential for improper protein 

folding or lack of post-translational modifications due to expression in a heterologous 

system. Although the Y2H has been a workhorse for PPI identification, it has a relatively 

high false positive rate (252).  To improve on some of these potential drawbacks, the 

mammalian two-hybrid system (M2H) is performed similarly to the Y2H but in a native 

environment for protein expression, which is not reliant on nuclear transactivation.  

However, M2H still relies on the complementation of two protein fragments to 

reconstitute a functional enzyme and thus is susceptible to steric hindrance, 

conformational changes and artificial co-expression that negates spatial, temporal and 

abundance constraints (253).   

 

Co-purification using conventional chromatography or batch affinity methods involves 

subjecting lysates to matrices, which separate proteins (and complexes) based on 
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chemical properties of the bait protein. More commonly, a bait sequence is tagged with 

an affinity epitope sequence then expressed prior to lysis. One criticism of this method is 

that weak or transient interactions can be difficult to capture especially if stringent wash 

conditions are employed (254).  Tandem affinity purification (TAP) is a variant method 

in which bait proteins are tagged with two unrelated purification epitopes and are 

subjected to two purification steps.  Affinity tags such as the CBP-protA tag (a 

calmodulin binding peptide and the immunoglobulin-interacting domain of Protein A) 

and variations including FLAG and myc epitopes have been used and due to the two 

rounds of purification substantially reduce non-specific background. However, while the 

process has the benefit of using lysates from natural sources, it is still limited when 

dealing with weak or transient interactions and of course allows cellular compartmental 

mixing during to purification (255).   

 

Recently, a new set of TAP tags has been developed. Originally devised to study 

ubiquitination in yeast, it employs a bait protein with two affinity tags: a biotinylation 

recognition signal (which is biotinylated when expressed in vivo) flanked by two 

hexahistidine sequences (HBH tag) (256).  His-tag purification is based on the high 

affinity of the imidazole side chain of histidine for metal ions that are bound to an 

immobilized chelating agent such as nickel or cobalt (257).  This first step in purification, 

immobilized metal chelate affinity chromatography or HIS-purification, removes many 

contaminants as well as any predominant host biotinylated cellular proteins (258).  The 

second purification step involves a 75 amino acid sequence, found in both prokaryotes 

and eukaryotes, that is recognized by an endogenous host biotinylase which attaches a 
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biotin moiety to a specific lysine within recognition sequence (259). After the amino acid 

sequence has been biotinylated, it can be captured using streptavidin. Streptavidin has a 

very high affinity for biotin (Kd=10-15M) (260).   

 

One unique aspect of this TAP tag combination is that both metal chelate and biotin- 

purification can withstand denaturing conditions. When combined with protein chemical 

cross-linking, it opens up the possibility to purify elements of a protein complex with 

weak/transient interactions to extremely high purity (261). Chemical cross-linking 

involves incubating cells or lysates with small molecules containing reactive side chains 

that form covalent bonds with specific amino acid side chains. Different cross-linkers 

have different length spacer arms, for example: paraformaldehyde (PFA, spacer arm 2 

Å), disuccinimidyl glutarate (DSG, spacer arm 7.7 Å), disuccinimidyl suberate (DSS, 

spacer arm 11.4 Å), and ethylene glycol bis(succinimidyl succinate) (EGS, spacer arm 

16.1 Å) (262). The length of the spacer is an important consideration given that the cross-

link is typically specific to one amino acid such as lysine. In the absence of juxtaposed 

lysine residues within reach of the cross-linkers’ spacer arm reactive sites, no cross-

linking occurs.  Following cross-linking, samples can be purified under denaturing 

conditions through the two affinity tags, and interacting proteins will remain bound to the 

bait protein due to the covalent linkage. Mass spectrometry and database searching can 

then be used to identify interacting proteins.  It is important to remember that the cross-

linking needs to be performed on a limited scale. If all the lysine sites were cross-linked, 

it would severely impair subsequent purification (one large holo-protein complex would 

be created) or analysis (trypsin, which digests at lysine and arginine would be impaired). 
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As NS5A is partially hydrophobic, it can be a more challenging protein to purify 

(169,171).  Native state purification therefore requires more stringent methods including 

detergent addition to isolate NS5A and its potential membrane-associated partners from 

the cellular matrix.  In principle, applying cross-linking prior to cell lysis would cement 

these weaker interactions and limits cellular compartment mixing potentially leading to 

more biologically relevant identification of PPIs. 

 

1.4.1 Protein identification using mass spectrometry and database searching 

The use of mass spectrometry and database searching for the identification of protein 

interaction partners of affinity-purified targets now allows mapping of a protein’s global 

interactome.  Purified “bait” protein in association with its interacting partners are 

digested with a specific protease (commonly trypsin, AspN or GluC), desalted, and 

concentrated prior to analysis (263) (Fig.1.7).  This technique is referred to as a "bottom 

up" approach as peptides are used for the identification of a protein in contrast to the 

"top-down" approach where intact proteins are injected.  Mass spectrometers measure the 

mass to charge (m/z) ratio of ions in the gas phase. In order to generate these charged 

species, mass spectrometry employs two major soft ionization techniques: matrix assisted 

laser desorption ionization (MALDI) and electrospray ionization (ESI).  With MALDI, 

samples are mixed with a matrix solution and plated on a metal surface. Pulsed laser 

ionization energy is adsorbed by the matrix transferring protons to analytes, which are 

transferred into the mass spectrometer analysis chamber. In ESI, analytes are mixed with 

an acidified volatile liquid then injected through a narrow orifice with high voltage 

applied.  A Taylor cone is produced, and desolvation of the sample leads to protonated 
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analytes entering the mass spectrometer. Irrespective of ionization technique, charged 

analytes are assessed by several mechanisms, the one relevant to this work being a hybrid 

device containing a linear ion trap and an Orbitrap mass analyzer. 

 

To reduce sample complexity, peptide mixtures are fractionated prior to injection into the 

mass spectrometer. Reverse phase matrices remain the most appropriate choice as they 

uses volatile acetonitrile for peptide elution rather than salt (264) (Fig.1.7).  As peptides 

enter the mass spectrometer their m/z is measured in the Orbitrap mass analyzer at high 

resolution (full width at half height maximum = 65000). Based on initial interrogation of 

the sample, parent ions are then selected, one at a time, typically by abundance and 

charge to be further fragmented in a collision cell. Energy coupled with inert gases leads 

to random fragmentation along the peptide backbone to produce b (contains the N-

terminus) and y (contains the C-terminus) ions of the peptide. The daughter ions are 

reanalyzed in either the ion trap or in the Orbitrap (265) (Fig.1.7). The entire process is 

referred to as tandem mass spectrometry. Coupling the initially determined mass with the 

spacing between fragment ion masses provides information on the sequence present in 

the peptide (266). Several search engines are available to evaluate the data and provide 

statistically meaningful interpretation. Higher confidence in protein identification results 

from the identification of more than one peptide and even more so if the peptides are 

unique to a particular protein isoform.   
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Figure 1. 7. Protein identification by mass spectrometry.  A protein (black) is digested 

with a protease (trypsin, AspN, GluC) to generate peptides (colored) that are subjected to 

soft ionization. In electrospray ionization (ESI) systems, a high voltage source and 

volatile buffers are used to transform the peptide into gas-phase ions before injection into 

the mass spectrometer.  In the mass analyzer, the atomic weights of the peptides are 

determined and presented as data depicting the ion intensity of individual peptides versus 

their mass/charge (m/z) ratio.  Mass spectrometry will detect not every peptide present in 

a protein as illustrated by the absence of the light blue, teal and purple peptides in the 

third box image.  To obtain amino acid sequence information for an individual peptide, 

the most abundant peptide at any given time (indicated by the red peak in box 3, circled) 

is selected for fragmentation by colliding the peptide with an inert gas (CID) or using 

higher Rf voltage (HCD) to introduce random breaks in the polypeptide backbone.  The 

resulting peptide fragments from tandem mass spectrometry produce b and y ions (CID) 

or predominantly y ions (HCD). The molecular weights of these ions can be used to 

determine the sequence of the peptides.  Software algorithms are utilized to determine the 

most appropriate amino acid sequence while database searching compares these 

interpretations to give the identity of a peptide. 
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1.4.1.1. NS5A PPIs identified by mass spectrometry and database searching 

Using affinity purification coupled to mass spectrometry identification has been used in 

various incarnations to study HCV-host PPIs. FLAG-tagged HCV NS5A protein was 

immunoprecipitated from 293 cells expressing NS5A and the proteins were resolved on a 

2D gel, compared to a FLAG-NS5B 293 cell line and a unique spot to the NS5A 2D gel 

was identified as Hsp27 (267).  HeLa cells expressing NS5A-1b-FLAG were used to 

isolate NS5A and bands that were unique (compared to an empty vector control) were 

analyzed by mass spectrometry revealing Bin1 as an interacting partner (231). A TAP 

procedure utilizing protA, TEV protease cleavage site, and CBP tag fused to NS5A and 

NS5B used mass spectrometry to identity Hsp72 as an interacting protein (268).  Another 

series of experiments used an internal FLAG-Streptactin tag within the C-terminus of 

NS5A in a Jc1 infection of Huh7.5.1 cells, to isolate NS5A by streptactin. Combined with 

Stable Isotope Labelling with Amino Acids in Cell Culture  to distinguish real 

interactions from background proteins revealed Rab18 as an NS5A interacting partner 

(269).  

1.5 Phosphorylation as a differential controller of PPIs  

Besides PPI studies, mass spectrometry has made important contributions to studies of 

protein composition, especially with respect to post-translational modification like 

phosphorylation. Protein phosphorylation is a dynamic, reversible process whereby a 

protein kinase catalyzes the transfer of a phosphate moiety from an ATP molecule to a 

serine, threonine or tyrosine residue on a eukaryotic protein (270).  Phosphorylation of a 

protein is a crucial post-translational modification that regulates numerous of cellular 

processes including: signal transduction, immunity, inflammation, cell cycle progression, 
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morphogenesis, metabolism, differentiation, cellular trafficking and apoptosis (271).  

Phosphorylation is believed to effect one-third of all proteins in the proteome (272). 

Phosphorylation affects a protein’s overall structure often leading to a conformational 

change that often serves to activate/deactivate regulatory proteins and promote/interfere 

with protein interactions.  

 

A classic example of phosphorylation impacting protein interaction is with the apoptotic 

regulatory protein Bad.  Unphosphorylated Bad binds to the Bcl-XL protein and 

promotes apoptosis, but when Bad is phosphorylated on serines 112 and 136, it instead 

binds the 14-3-3 protein becoming cytoplasmically sequestered which results in cell 

survival (273).  The polyglutamine expansion of the Ataxin-1 (ATXN1) protein in the 

brain leads to the development of a neurodegenerative disorder known as six 

spinocerebellar ataxia types (SCA).  The polyglutamine expanded form of ATXN1 

preferentially binds the RNA-binding motif protein 17 (RBM17) but only when S776 of 

ATXN1 is phosphorylated resulting in an ATXN1/RBM17 complex that associated with 

increased SCA pathogenicity (274). The Adhesion and degranulation promoting adaptor 

protein (ADAP) in T cells becomes phosphorylated on tyrosine residues following T-cell 

receptor stimulation.  The phosphorylation of Y571 leads to ADAP’s interaction with 

ZAP70 kinase, a complex required for proper T-cell migration and thus phosphorylation 

acts to regulate the migratory signaling pathways in T cells (275).    

1.5.1 NS5A phosphorylation  

HCV NS5A is differentially phosphorylated and two major forms are apparent when 

resolved by SDS-PAGE; referred to as the basally (56 kDa) and hyperphosphorylated (58 
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kDa) phospho-proteoforms (97).  Basal phosphorylation of NS5A occurs after mature 

NS5A is liberated from the polyprotein and following additional phosphorylation 

generates hyperphosphorylated NS5A (188,276,277).  Requirements for the production of 

the p58 vary according to genotype. NS5A-1b may require the expression of other HCV 

proteins including: NS4A (97), NS2 (278) or NS3-NS5A (276,279,280). NS5A from 

HCV genotypes 1a and 2a can produce both phospho-proteoforms independent of the 

other HCV proteins (281). The role that NS5A phosphorylation plays in the HCV life 

cycle is extremely controversial. It has been speculated that phosphorylation plays a role 

in switch the virus life cycle from genome replication to RNA packaging (141,282,283).  

 

NS5A interactions with host proteins can affect the phosphorylation status of NS5A and 

has been proposed as a regulatory mechanism during the HCV life cycle. NS5A-1b (but 

not 1a) interacts with hVAP-A only when basally phosphorylated, and 

hyperphosphorylation disrupts this interaction resulting in decreased genome replication 

(140).  A similar observation was made with the NS5A-1b-PI4KIII interaction whereby 

hyperphosphorylation disrupts the interaction resulting in impeded replication of the 

Con1b replicon (284). An interaction between NS5A-2a and vinexin  was established, 

and the expression of vinexin  was positively correlated with both hyperphosphorylation 

and replication in a CKI- dependent manner (285).  An interaction between NS5A and 

Bin1 has also been found to reduce NS5A phosphorylation (231).  
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1.5.2 Kinases involved in NS5A phosphorylation 

Several cellular kinases appear to have involvement in phosphorylating serine and 

threonine residues within NS5A.  These kinases have been identified using either direct 

in vitro kinase assays or by kinase inhibition studies utilizing RNA interference or 

inhibiotory drugs and include: CKII (180,286–288), CKI- (282,289–291), CKI- 

(287,292), Plk1(293), PKA- (294), LATS2 (295), MEK1, MKK6, AKT1 and hp70S6K 

(287).  The importance of CKI-, CKII, PlK1, and CaMKII expression were studied in 

the context of the HCV life cycle and expression of these kinases positively correlated 

with levels of NS5A hyperphosphorylation, genome replication and infectious viral titer 

(289,290,292,293,296).  Using a phospho-specific NS5A S235 antibody, it was 

discovered that inhibitors to CKI-, PlK1, or CaMKII specifically reduced 

phosphorylation at S235 suggesting kinase redundancy in the kinases that operate at this 

site (296). 

 

1.5.3 NS5A phosphoacceptor sites 

1.5.3.1 Identification of phosphorylated residues in NS5A by mass spectrometry 

Identification of phosphorylated residues by mass spectrometry generally proceeds as 

described in section 1.4.1 where proteins are digested into peptides, and tandem mass 

spectrometry coupled with database searching identifies the amino acid signatures of a 

parental ion.  The search is run with a variable modification (phosphorylation) to identify 

phosphates on S/T/Y residues. While including a variable modification has the detriment 

of increasing the search space, the phosphate moiety itself introduces additional issues, 
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which complicates identification of these modifications.  First, phosphates are labile 

features, and during tandem mass spectrometry fragmentation energy destined for 

backbone fragmentation is instead used to strip the phosphate from the polypeptide thus 

providing less abundant daughter fragments necessary for determining the peptide 

sequence. Second, phosphorylated peptides tend to be more hydrophilic than non-

phosphorylated species and can be more easily lost during capture or certain resin types.  

Third, phosphorylated peptides often appear less frequently than their unphosphorylated 

cognates and less abundant species are typically detected less often thereby necessitating 

enrichment prior to analysis.  Fourth, when a phosphopeptide is detected, fine-mapping 

the modified residue can be complicated when a peptide contains multiple S, T, and Y 

residues and unless tandem mass spectrometry fragmentation has occurred between these 

sites, it cannot be determined exactly which amino acid was the acceptor site (297).  

Fifth, since phosphorylation adds negative charge to a peptide, it can lead to loss of 

detection of a peptide by mass spectrometry analysis. Following trypsin digestion (and in 

an acidic environment), most peptides have at least a +2 charge (one positive charge for 

the N-terminus NH3 group, and a second from the lysine/arginine side chain). In ESI, the 

mass spectrometer is typically programmed to exclude +1 charged ions, which are often 

chemical contaminants. However, if phosphorylation decreases the net peptide charge 

below +2, that peptide will not be considered for subsequent fragmentation. (298).   

 

Although some of these issues are difficult to resolve, a number of improvements can be 

made. Using purified or partially-purified samples to increase the likelihood of picking a 

relevant peptide and specifically enriching for phosphorylated peptides using enrichment 
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techniques such as titanium dioxide deal with the sub stoichiometric amounts of 

phosphorylated compared to unphosphorylated peptides. 

 

1.5.3.2 Identification of phosphoacceptor sites on NS5A 

With some evidence suggesting differential phosphorylation of NS5A may act as a 

molecular switch during HCV life cycle, there is a need to identify the sites affected 

within NS5A. Several attempts have been made.  A mutagenesis study was performed on 

serines clustered in the NS5A LCSI region, with deletion analysis revealing that this 

region was critical for hyperphosphorylation (188). Although phosphorylation residues 

was not confirmed biochemically, serine to alanine mutagenesis of S225, S229, and S232 

in the NS5A region of a SG 1b replicon reduced p58 protein levels (188).  The serine 

residues within the LCSI region are highly conserved among most HCV isolates 

suggesting evolutionary importance (141).  Several studies have since been performed 

employing serine to alanine substitution in the LSCI and revealed that S229A, S232A and 

S235A mutations in the con1b replicon and S225A, S229A, S232A, and S235A 

mutations in the JFH1 replicon not only produced less hyperphosphorylated NS5A but 

decrease viral replication (141,299).   

 

A study involving deletion of NS5A domain 3 in the HCV J6/JFH1 virus revealed 

resulted in decreased p58 expression and impaired HCV production but had no effect on 

replication.  S457 at the extreme C-terminus of NS5A was shown to be a pivotal residue 

in as an alanine substitution mutation reduced p58 formation and infectivity. Both 
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phenotypes were rescued by a negatively charged aspartic acid serving as a 

phosphomimetic substitution (180).   

 

The first NS5A phosphorylation site identified biochemically was S349 using Edman 

degradation on GST-NS5A-1a expressed in BHK21 cells (300). Mass spectrometry has 

largely supplanted this technique and S222 was the first phosphorylatioon site in NS5A 

to be mapped using mass spectrometry in the context of baculovirus expressed NS5A-1b 

(301).  However, it is unclear if a more appropriate cellular environment or the presence 

of other HCV proteins may have had a different effect on NS5A phosphorylation.  

 

Immunoprecipitation of NS5A from a Con1b replicon coupled with mass spectrometry 

analysis identified S249 as a major phosphorylated species (302).  This marks the first 

time that an NS5A phosphorylation site was identified in a cellular context with active 

HCV replication (302). Subsequently, LeMay et al. 2013, used mass spectrometry to 

identify S222 as an NS5A phosphoacceptor site in the context of the SG JFH1 replicon 

(303). A phoshphoablatant alanaine mutation of S222 had no effect on JFH1 replication 

or infectious titer, but the phophomimetic aspactic acid mutation slightly reduction 

replicative capacity (303).   Masaki et al. 2014, also identified NS5A phosphopeptides, 

again encompassing the serines of the LSCI region, but were unable to fine-map which 

residues were involved (289). Mutational analysis of serines residues in JFH1 revealed 

severe replication deficiencies associated with S229A and S235A (289).  

Ross-Thriepland and Harris, 2014, isolated One-Strep tagged NS5A from Huh-7 cells 

harboring the SG JFH1 replicon and were able to assign S146, S222, S225, and T348 as 
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phosphorylated residues (304). Phosphopeptides containing S228, S229, S230, and S232 

were also identified but could not be unequivocally assigned to a particular residue (304).  

Abrogating the phosphoacceptor sites in JFH1 with S225A, S229A, and S232A 

mutations reduced replication competence whereas mimicking the phosphate charge with 

S225D and S232D “rescued” the viruses to wt levels (304).  Eyre et al. 2016, used a 

similar methodology and isolated FLAG-tagged NS5A in the context of the full-length 

JC1 infectious viral infection of Huh7.5 cells (305). Using mass spectrometry analysis to 

and fine-mapping, previously identified phosphoacceptor sites S222 and T348 were 

confirmed (303,304) and S235 was newly identified for the first time from an infectious 

virus (305).  Alanine mutagenesis of S235 revealed that phosphorylation of this residue 

was essential for HCV genome replication and appears to involves the PI4KIII protein 

(305).  It was further ascertained that S235 phosphorylation redistributes NS5A within 

the cell and thus likely plays a role in HCV replication compartment formation (305). 

Amino acids S222, S235, and S238 were NS5A phosphoacceptor sites identified by mass 

spectrometry from a full-length J6/JFH1 HCV infection of Huh7.5.1 cells (306). 

Mutational analysis in J6/JFH1 revealed that ablating S235 phosphorylation suppressed 

viral replication and produced a dominant phenotype in double and triple mutations 

containing S235A/S222A/S238A suggesting that S235 phosphorylation is a dominant 

requirement for J6/JFH1 HCV viral replication (306).  Furthermore, S235 

phosphorylation was revealed to be a major component of p58  by an NS5A-phospho-

S235 antibody (306). NS5A phospho-specific S222, S235, and S238 antibodies were 

used to demonstrate that there were higher levels of phosphorylated S235 and S238 and 
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lower levels of S222 present in p58 (307).  These studies also demonstrated that 

phosphorylation of S238 likely required S235 to be phosphorylated first (307). 

 

Several studies have attempted to directly evaluate the ability of cellular kinases to 

phosphorylate NS5A in vitro.  T360 from NS5A-1b was revealed as a PKA kinase 

acceptor site, and Con1b replicons bearing T360A/E mutations resulted in replicons with 

reduced replication (175). Mutation of the equivalent residue in Jc1 HCV, T356A, was 

unable to replicate or produce infectious virus while T356E behaved as wt (175).  LATS2 

phosphorylated NS5A-1b identified S71 as a phosphorylated site and S71A severely 

reduced the replication of the Con1b replicon (295).  NMR spectroscopy was used to 

follow an in vitro kinase reaction where a NS5A D2/3 mutant served as a CK2 substrate 

revealing S401, S408, S429, S434 and T435 as likely phosphoacceptor sites (177). 

 

1.5.4 Regulatory role of phosphorylation in the HCV life cycle 

Phosphorylation of NS5A is believed to act as a regulatory mechanism for the HCV viral 

life cycle.  Studies using 1b SG replicon systems have shown that a reduction in p58 

levels enhances viral replication, often by many orders of magnitude (141,282). 

However, complete elimination of p58 in this context eradicates replication indicating 

that a small amount of p58 is still required (141,283).  Interestingly, in studies utilizing 

JFH1, the opposite conclusion was formed whereby increased p58 levels correlated with 

increased genome replication (299) and decreased p58 expression resulted in higher 

infectious viral titers (308).  Recently it was discovered that Daclatasvir, a DAA 

compound that inhibits HCV replication through an interaction with NS5A, severely 



 54 

reduced NS5A hyperphosphorylation while having little effect on basal phosphorylation 

(292).  It has also been suggested that a critical ratio between the two NS5A phospho-

proteoforms may be required to achieve optimal HCV replication (282).   

 

1.6 Study Rationale and Hypothesis 

End-stage liver cirrhosis due to HCV infection is now the leading indicator for liver 

transplantation in developed countries (4) and HCV related morbidity and mortality rates 

are expected to rise as previously asymptomatic baby boomers are diagnosed with 

infections (9). Currently, there is no protective vaccine and although recently developed 

DAAs are now boasting SVR rates of >95% (56) the emergence of virus escape mutants 

with resistance are a possibility due to the high mutation rate of HCV.  Moreover, the 

long-term effects of having HCV infection even after cure are only now being assessed. 

A better understanding of this virus and how it affects the host cell can only improve the 

ability to eradicate it. As a major regulator in the virus life cycle as well as a critical 

antiviral target, it is interesting that the basic function of the NS5A viral protein remains 

so incomplete, particularly considering how little of the protein seems to be involved 

directly in virus replication functions.  It seems likely that the “extra” NS5A protein in 

the cell is interacting with host cellular proteins to facilitate viral propagation.  To 

provide further insight into the biology of the NS5A protein in the context of the host 

cell: 

 

1. I hypothesize that since NS5A deregulates cellular functions, it is likely that 

these perturbations are due to virus protein-host protein interactions. Using 

Tandem Affinity Purification method coupled to mass spectrometry and 
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database analysis, previously undiscovered NS5A-host protein-protein 

interactions ultimately responsible for these phenotypes will be identified. 

 

Phosphorylation of NS5A is believed to play a role in regulating virus replication and 

packaging.  NS5A phosphorylation may also represent an anti-HCV target; Daclatasvir, 

an extremely potent anti-HCV compound, affects NS5A hyperphosphorylation while 

having no effect on basal phosphorylation (292) raising the possibility that the two 

phospho-proteoforms of NS5A may play distinct replication roles. Different 

phosphorylation states may ultimately also affect NS5A’s ability to interact with host 

proteins, and these interactions may be required for successful completion of the viral life 

cycle (303–306).  Incorporation of phosphorylation analysis from multiple protein 

expression systems may provide further insight into the role that this post-translational 

modification plays in the HCV replication cycle. To study NS5A phosphorylation: 

 

2. I hypothesize that using by using several different expression systems for NS5A 

coupled with purification and mass spectrometry/database searching novel 

NS5A phosphoacceptor sites will be identified.  Mutational analysis of the 

identified phosphoacceptor sites will allow characterization of their impact on 

the HCV life cycle.  

 

The following objectives have been used to address these hypotheses: 

1. Create stable cell lines ubiquitously expressing affinity tagged HBH-NS5A-2a from 

the JFH1 strain and confirm protein expression 
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2. Isolate proteins in complex with HBH-NS5A-2a from 293 cells using Tandem Affinity 

Purification (TAP) in both native state (nTAP) and by using chemical cross-linkers to fix 

interactions prior to purification (xdTAP) 

 

3. Use mass spectrometry to identify NS5A interacting proteins from nTAP and cross-

linked denaturing tandem affinity purification (xdTAP). 

 

4. Validate NS5A interacting candidates using Co-IP and colocalization. 

 

5. Isolate NS5A from HBH-NS5A-2a 293 cells using nTAP and dTAP and NS5A and SG 

JFH1-NS5A-HBH from subgenomic replicon Huh7.5 cells using nTAP, dTAP, and 

continuous-elution electrophoresis to identify phosphoacceptor sites by mass 

spectrometry.  

 

6. Mutate identified NS5A phosphoacceptor sites to phosphoablatant alanine and 

phosphomimetic aspartic acid residues to characterize the effects on HCV JFH1 

replication, NS5A phospho-proteoform ratios, and infectious titers.  
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Chapter 2: Materials and Methods 

2.1 General Laboratory Techniques 

2.1.1 Cell Culture 

The cell lines utilized throughout these studies were the GP2-293 (Clontech, cat# 

613505), 293TN (SBI, cat# LV900A-1), and Huh7.5 (a kind gift from Dr. Charles Rice, 

Rockefeller University, NY).  GP2-293 and 293TN cells are derivatives of the prototypic 

HEK293 human embryonic kidney cell line with the addition that GP2-293 cells are were 

stably transduced to express the retroviral gag and pol genes and 293TN carries the SV40 

large T antigen.  Human hepatoma Huh7.5 cells were generated by curing human 

hepatoma Huh-7 cells containing the subgenomic HCV Con1b replicon through 

prolonged treated with IFN-α (146).  These cells more efficiently support HCV replicon 

and virus replication. All cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco, cat# 11995-065) supplemented with 10% fetal bovine serum (FBS) 

(Gibco, cat# 10082-147), 1X penicillin-streptomycin-glutamine (Gibco, cat#15070-063) 

and 1X MEM non-essential amino acids (Gibco, cat# 11140076) (complete DMEM) in a 

humidified 37°C incubator with 5% CO2.  Cells were passaged when monolayers reached 

70-80% confluency by removing media, washing once with phosphate-buffered saline 

(PBS) and dissociating cells from flasks/plates with TrypLE Express  (Gibco, cat# 

12605-010), returning 5-10% for stock maintenance.  Huh7.5 cells containing HCV 

replicons were maintained with the addition of 0.4 mg/ml Geneticin® (G418) (Gibco, 

cat# 10131035) in complete DMEM. 
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2.1.2 iProof Polymerase Chain Reaction (PCR) 

All PCR amplifications were performed with the iProof High-Fidelity DNA polymerase 

kit (BioRad, cat #172-5300) in a 50μl reaction volume (1X iProof HF Buffer, 10mM 

dNTP, 5μM of each primer, 1ng template DNA, 0.5μl iProof DNA polymerase and sterile 

dH2O).  Nucleotide sequences of the primers are in Appendix Table A1.  Thermocycling 

was completed in an Eppendorf Mastercycler ep Gradient S thermocycler with the 

recommended iProof High-Fidelity DNA polymerase kit program consisting of an initial 

denaturation of 30 seconds at 98°C, 35 cycles each of a denaturation at 98°C for ten 

seconds, annealing at two degrees below the melting temperature of the primers for 30 

seconds, extension of one minute per kilobase of the amplification target at 72°C and a 

final ten minute extension at 72°C.  PCR products were purified using the QIAquick PCR 

Purification Kit (Qiagen, cat# 28106) using the manufacturer's protocol.   

 

2.1.3. General Cloning Strategy 

Gene expression and mutant-viral constructs utilized a general cloning strategy. Inserts 

were generated by PCR (section 2.1.2), and vector plasmids were isolated using the 

QIAprep Spin Miniprep Kit (Qiagen, cat# 27104) according to the manufacturer’s 

recommendations. 500ng of insert DNA and vector DNA were digested with 10-20 units 

of restriction enzyme(s) (NEB) in a 30ul final reaction volume according to the protocol 

recommended by the NEB double digest finder (309).  Total digested insert or vector 

DNA were mixed with a 6X DNA load dye solution (30% glycerol, 0.00025% 

bromophenol blue) separated on a 0.7% agarose gel (Tris-borate/EDTA (TBE) containing 

0.0001% ethidium bromide) at 110V for 60 minutes. DNA bands were extracted and 
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purified using the QIAEXII Agarose Gel Extraction Kit (Qiagen, cat# 20021) following 

the manufacturer's instructions. To approximate the volume of digested product required 

for a 3:1 ratio of insert to vector DNA in each ligation, 5μl of gel extracted vector and 

insert DNA were evaluated by gel electrophoresed and DNA concentrations were 

approximated. DNA was added to a 20ul volume ligation consisting of 10 units of T4 

DNA ligase (New England Biolabs cat# M0202L), 1 X T4 DNA ligase buffer and dH2O.  

Ligations were incubated for either one hour at room temperature or overnight at 16°C.  

Constructs were transformed into chemically competent E.coli TOP10 cells (Invitrogen, 

cat# 4040-10) by adding 2ul of the ligation mixture to 50ul of thawed bacterial cells for 

30 minutes on ice and subsequently heat shocking the mixture for 30 seconds in a 42°C 

water bath.  Bacterial cells were returned to ice and 250ul of nutrient rich SOC media 

(Invitrogen, cat#15544-034) was added to cells for a one-hour recovery period shaking at 

150 rpm in a 37°C incubator.  Transformed bacteria were plated on selective LB plates 

containing 100μg/ml ampicillin or 50ug/ml kanamycin and incubated overnight at 37°C.   

 

Colonies were screened by extracting plasmid DNA using the QIAprep Spin Miniprep 

Kit (Qiagen, cat# 27104) followed by restriction digest with restriction enzymes flanking 

the insert DNA followed by gel electrophoresis. Constructs positive for the insert were 

verified by Sanger sequencing at the Genomics Core (National Microbiology Laboratory, 

Winnipeg). Sequencing data was evaluated using the modules Seqman and Editseq in the 

Lasergene 7 DNAStar software. (DNASTAR Lasergene, DNASTAR Inc, Madison, WI).  

After confirmation of the correct nucleotide sequence, plasmids were prepared using 
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either the Endofree Plasmid Maxiprep kit (Qiagen, cat# 12362) or the Plasmid Plus Midi 

kit (Qiagen, cat# 12943). 

 

2.1.4 Effectene Cell Culture Transfection 

Transfection of plasmid DNA into adherent cells for transient gene expression was 

performed using Effectene transfection reagent (Qiagen, cat#301425).  Adherent cells 

were seeded to produce 70% monolayers the following day.  The transfection mixture for 

a 35mm plate consisted of 100ul of EC buffer, 1ug DNA, 8ul of enhancer and 10ul of 

Effectene.  For a 10cm plate, the mixture was 300ul of EC buffer, 4ug of total DNA, 32ul 

of enhancer and 50ul of Effectene. EC buffer, DNA, and enhancer were combined, 

vortexed for 10 seconds, and incubated at room temperature for five minutes.  Effectene 

was added and the mixture was vortexed for 10 seconds followed by a 10-minute 

incubation at room temperature.  During the second incubation, media from plated cells 

was removed, and cells were washed with PBS before adding fresh complete DMEM 

(3ml for a 35mm plate, 9ml for a 10cm plate). DMEM (0.9 ml for a 35 mm plate, 2.7 ml 

for a 10 cm plate) was added to the transfection complex, which was then added drop-

wise to the cells.  Cells were incubated for 48 hours in a humidified 37°C incubator at 5% 

CO2 prior to harvest.  

 

2.1.5. Xtreme Gene Cell Culture Transfection 

X-tremeGENE HP Transfection reagent (Sigma, cat# 6366244001) was alternatively 

used for transient transfections. Cells were seeded 24 hours prior to produce 70% 

monolayers.  X-tremeGENE HP DNA Transfection reagent was equilibrated to room 
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temperature for 15 minutes then mixed by vortexing.  For cells in a 35mm dish, 2ug of 

DNA was mixed with 200ul of serum and antibiotic-free DMEM, and 6ul of X-

tremeGENE HP DNA Transfection reagent. For a 10cm plate, 10ug of DNA was mixed 

with 1ml serum and antibiotic-free DMEM, and 30ul of X-tremeGENE HP DNA 

Transfection reagent. Transfection complexes were incubated for 15 minutes during 

which time recipient cells had their media removed, were washed with PBS and had fresh 

complete DMEM returned.  The transfection mixture was added to the cells in a drop-

wise manner and incubated for 48 hours prior to harvest. 

 

2.1.6 SDS-PAGE and Western Blots 

2.1.6.1 Protein Quantification 

Total protein quantification of cellular lysates was determined using the Pierce™ BCA 

Protein Assay Kit (Pierce, cat# 23227) with modifications described by the Janes Lab, 

University of Virginia (310).  A six-point standard curve consisting of bovine serum 

albumin standard diluted to 4, 2, 1, 0.5, 0.25 and 0 mg/ml was constructed by adding 

7.5ul of each diluent with 2.5ul of the protein lysis buffer to a 96-well plate.  7.5ul of the 

protein lysate of unknown concentration was added, in duplicate, to a well along with 

2.5ul of water and 200ul of the BCA solution (50 parts solution A to 1 part solution B) 

and incubated at 37°C for 15 minutes.  The absorbance of each sample was determined 

by excitation at A563 in a SpectraMax Plus spectrophotometer, and the average 

concentration of the unknown samples was determined by comparison to the 

absorbencies of the standard curve. 
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2.1.6.2 SDS-PAGE 

Total protein samples were extracted in Igepal CA-630 (Sigma, cat# I8896) (referred to 

as NP-40 from here on), Triton-X 100 (Sigma, cat# X100) or Radioimmunoprecipitation 

assay buffer (RIPA buffer) (Sigma, cat# R0278) (150mM NaCl, 1.0% NP40, 0.5% 

sodium deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0) were mixed 5:1 with 6X Load 

Buffer (125mM Tris-HCl pH 6.8, 2% SDS, 20% glycerol, 0.2% bromophenol blue, 2% 

β-mercaptoethanol).  Proteins extracted with a 2% SDS (in PBS) lysis solution were 

mixed 5:1 with the aforementioned 6X load buffer containing no SDS.  Protein mixtures 

were boiled for five minutes at 99°C in a thermocycler and resolved on precast SDS-

PAGE gels (NuPAGE Novex 4-12% Bis-Tris gels (ThermoFisher), ExpressPlus™ PAGE 

gel (Genscript) or NuPAGE Novex 7% Tris-Acetate protein gels (ThermoFisher)) 

alongside MagicMark™ XP Western Protein Standard (ThermoFisher, cat# LC5602).  

Electrophoresis was performed in either a Hoeffer minigel apparatus or an XCell 

SureLock® MiniVCell in 1X MOPS buffer (ThermoFisher, cat# NP001) or 1X Tris-

Acetate buffer (NML Media) at 130-160V until the desired separation was achieved. 

 

2.1.6.3 Silver Staining 

Silver staining of SDS-PAGE gels utilized the PlusOneSilver Stain kit (GE Healthcare, 

cat# 17-1150-01).  SDS-PAGE gels were rocked gently in fixing solution (10% acetic 

acid/ 40% methanol) overnight.  The following day, SDS-PAGE gels were incubated in 

fresh fixing solution for 15 minutes followed by a 30-minute incubation in100ml 

sensitizing solution (30% methanol/ 5% sodium thiosulfate 17g sodium acetate) and then 

washed three times, for five minutes each in H2O.  Gels were then stained with 2.5% 
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silver nitrate stain for 20 minutes and again washed twice for one minute before the 

addition of 100ml of developing solution (6.25g sodium carbonate, 100ul 37% 

formaldehyde).  Development proceeded for four to six minutes until the desired staining 

intensity and was halted by adding stop solution (3.65g of EDTA in250ml) for 10 

minutes with gentle rocking.  Silver stained SDS-Page gels were washed with H2O three 

times, five minutes before being scanned. 

 

2.1.6.4 Chemiluminescent Western Blotting 

Proteins were transferred from SDS-PAGE gels to nitrocellulose membrane (Invitrogen, 

cat# IB3010-02) using the iBlot semi-dry transfer system (Invitrogen) program 1 for 7 

minutes.  Membranes were blocked for a minimum of one hour in 5% skim milk powder 

(SMP, Carnation) in 1X TBS (50mM Tris, pH 7.4, 150 NaCl) with 0.1% Tween 20 

(TBST) followed by the addition of primary antibodies diluted in 5% SMP in TBST as 

per concentrations listed in Appendix Table A2 and incubated overnight with rotation at 

4°C.  The following day, membranes were washed three times, 10 minutes with TBST 

and secondary antibody incubations were performed with an HRP conjugated goat anti-

mouse (KPL, cat# KP-01-15-16) antibody or an HRP conjugated goat anti-rabbit 

(Epitomics, cat# #053-1) at a 1: 20,000 dilution in 5% skim milk powder in TBST for 1 

hour at room temperature.   Membranes were washed three times with TBST for 10 

minutes and then exposed to the chemiluminescent HRP substrate Immobilon detection 

reagent (Millipore, cat# WBKLS0500) for one minute. HRP amplified signals were 
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detected on Amersham hyperfilm ECL film (GE cat# 28906839) for 30-60 seconds 

before development in a film processor (SRX-201A, Konica Minolta, Tokyo, Japan). 

2.1.6.5 LI-COR Near Infrared Western Blotting 

Proteins were transferred from SDS-PAGE gels to PVDF LF membrane (Bio-Rad, cat# 

1620264) via the Trans-Blot Turbo Transfer system (Bio-Rad).  Membranes were 

blocked for a minimum of one hour in 50% Odyssey blocking Buffer TBS (LI-COR cat# 

927-50100) in PBS.  Primary antibodies (diluted as per Appendix Table A2) were added 

in 50% Li-Cor Odyssey Buffer in PBS, including 0.1% Tween 20 (PBST) solution and 

incubated overnight with rotation at 4°C.  Membranes were washed three times, five 

minutes with PBST prior to incubation for one hour with 700nm fluorescently labelled 

anti-rabbit secondary antibody (Li-Cor) and/or 800nm fluorescently labelled anti-mouse 

both at a 1:20,000 concentration in 50% Li-Cor Odyssey Buffer in PBS, 0.1% Tween 20, 

0.01% SDS.  Finally, membranes were washed four times; five minutes each, twice with 

PBST and twice with PBS before drying.  Dried membranes were imaged with the LI-

COR Odyssey Infrared Imaging System scanner (LiCor Biosciences, Mandel Scientific, 

cat# LIC-9201-00).  Protein bands were quantified using Image Studio Lite software 

version 3.1 (LI-COR) using the profile tab to define boxes around protein bands and 

calculating the signal background using background subtraction method (set to median, 

one pixel, all sides). 

 

2.1.7 Indirect Immunofluorescence  

3x105 GP2 293 cells stably expressing N or C-terminally HBH NS5A-2a, HBH-GFP, 

Huh7.5 or SG JFH1 replicons in Huh7.5 cells were plated into a 35mm dish containing 
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three 13mm Thermanoc Plastic Coverslips (Invitrogen, cat# 174950). For fixation, cells 

were washed twice with 1ml of PBS per well before adding 1ml of 2% PFA in PBS for 

10 minutes at room temperature.  Cells were then washed three times with 1ml of PBS 

before permeabilizing with 1ml of 0.25% Triton X-100 in PBS for five minutes prior to 

being washed three times with 1ml of PBS.  Coverslips were removed from the 6-well 

dish and placed in a humidified chamber where 50ul of IF Blocking Buffer (2% BSA/2% 

FBS in TBST) was added for an hour.  Coverslips were then washed three times with 

PBS after which primary antibody was added (Appendix Table A2) in IF blocking buffer 

was added and incubated at 4°C overnight.  The following day, coverslips were washed 

three times with PBS, before the addition of the Goat anti-Rabbit IgG (H+L) Dylight 488 

conjugated secondary antibody (ThermoFisher, cat# 35502) and/or Donkey anti-Mouse 

IgG (H+L) Cross-Adsorbed DyLight 594 secondary antibody (ThermoFisher, cat# dSA5-

10168) diluted 1:1000 in IF blocking buffer for a total of one hour.  Cells were washed 

three times with PBS before counterstaining with 50ul of a 30uM DAPI solution 

(ThermoScienctific, cat# 62247) in PBS for a total of five minutes.  The coverslips were 

washed a final four times in PBS and mounted using ProLong Gold Antifade Mountant 

(Molecular Probes, cat# P10144) onto a SUPERFROST glass microscope slide 

(SYBRON, cat# 4951) and sealed with a clear nail polish.  Slides were viewed under the 

488 and 593 fluorescent detection channels using an Axiovert 200M fluorescence 

microscope (Zeiss) with the 32X objective.  Alternatively, high-resolution images were 

obtained using the LSM 700 laser scanning confocal microscope (Zeiss).  Cells were 

plated onto Nunc Lab-Tek 8-chamber slides (ThermoFisher, cat# 154453PK), processed 

as above and covered with a 13mm glass cover slide (ThermoFisher, cat#12-544-18). 
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Images were obtained using the 20X and 40X objectives with laser power set at 2.0, and 

the master gain was adjusted between 700-900 units while the digital gain did not exceed 

1.9.  Images were analyzed using the Zen Lite software package (Zen 2.3 Lite).  

 

2.1.7.1 JFH1-HT Infection for Indirect Immunofluorescence  

1x103 Huh7.5 cells were plated into a single well of Nunc Lab-Tek 8-chamber slides 

(ThermoFisher, cat# 154453PK).  The next day 100ul of JFH1-HT virus was added to a 

chamber, incubated for four hours after which, 200ul of complete DMEM was added. 

Cells were fixed 48 hpi. JFH1-HT (J. Boutilier and M. Carpenter, unpublished) was a 

serially passaged JFH1 virus (151) containing six cell culture adapted mutations (L9V 

and M56L in p7, T180P and I290M in NS3 and D278N and C465S in NS5A). 

 

2.1.8 REAP Method of Nuclear/Cytoplasmic Cellular Fractionation 

Fractionation of whole cell lysate into nuclear and cytoplasmic fractions was by the 

Rapid, Efficient, And Practical (REAP) method as described by Suzuki et al., 2010 (311).  

2.5x105 293TN, HBH-NS5A-2a and HBH-GFP GP2 293 cells were plated into a 35mm 

dish and incubated overnight producing a 60-80% monolayer the following day.  Cells 

were harvested by removing media, washing twice with 1ml of cold PBS, and adding 

another milliliter of PBS into which the adherent cells were scraped.  Harvested cells 

were centrifuged for 10 seconds at 10,000xg, the supernatant was discarded, and the cell 

pellet suspended by trituration in 900ul of cold REAP Buffer (0.1% NP40 in PBS).  From 

the resuspended cells, 300ul was removed as the “whole cell lysate.”  The remaining cell 

suspension was spun for 10 seconds, and 300ul of the resulting supernatant was removed 
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as the “cytosolic fraction” after which the remaining supernatant was discarded.  The 

pellet was washed in 1ml of REAP Buffer and resuspended in 180ul of 2% SDS in PBS, 

becoming the “nuclear fraction.”  Both the “whole cell lysate” and the “nuclear fraction” 

were sonicated at level two, thrice for five seconds to homogenize the nucleic acids using 

a microson ultrasonic cell disruptor with micro tip attachment (Mandel, HS-Q500-

110The REAP fractionated samples were evaluated by SDS-PAGE and Li-COR Western 

blotting (2.1.6.2 and 2.1.6.5). 

 

2.2 Generation of HBH-NS5A and HBH-GFP Stable Cell Lines 

2.2.1 Creating HBH-tagged NS5A-2a and GFP  

To perform Tandem Affinity Purifications (TAP) “bait” proteins were tagged with an 

HBH tag (255,256).  The N-terminally and C-terminally tagged HBH-NS5A-2a 

expression vectors were created by PCR amplification of the NS5A-2a ORF from the 

pJFH1 plasmid (a kind gift from Dr. Takaji Wakita (151) (Accession # AB047640) using 

primers 650F/651R and 652Fr/653Rr, respectively). Control GFP expression vectors 

HBH tagged at both N and C-termini were produced by PCR amplification using primers 

616F/617R and 618F/619R, respectively, on template pEGFP-N1 (Clontech, cat# 6085-

1).  Nucleotide sequences of the aforementioned primers are listed in Appendix Table 

A1.  PCR amplification was performed using the iProof PCR methodology described in 

section 2.1.2.  The NS5A-2a amplicons to be N- and C-terminally tagged were digested 

with BsiWI/EcoRI and NotI/BSiWI respectively.  GFP amplicons to be N- and C- 

terminally tagged were digested with BamHI/EcoRI and NotI/AgeI, respectively.  All 

amplicons were inserted into a respectively digested modified pQCXIN retrovirus vector 
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(Clontech, cat# 631514) modified to contain the HBH tag sequence either upstream or 

downstream of the multiple cloning site (MCS) and an IRES-neo cassette (K. Hsu, K. 

Lee and M Carpenter, unpublished).  

 

2.2.2 Retrovirus Production 

GP2 293 cells were seeded at 3x106 cells per 10cm dish and incubated overnight to 

produce a 70% monolayer the following day. Cells were co-transfected with 2ug of HBH 

tagged protein expression vector and 2ug of pVSVG-G (Vesicular stomatitis virus 

glycoprotein) (Clontech, cat# 631530) vector using the Effectene transfection 

methodology outlined in section 2.1.4 (Qiagen, cat#301425).  After 48 hours, 

supernatants containing mature retroviruses were passaged through a 0.2 um SFCA filter 

(VWR, cat# 28199-401).  The retroviral-containing solution was mixed with PEGIt 

(Systems Biosciences, cat# LV810A-1), followed by an overnight incubation at 4°C, 

centrifuged the following morning, 4°C for three hours at 20,000xg, and the supernatant 

was discarded.  Retroviral pellets were resuspended in 1ml DMEM and stored at -80°C. 

 

2.2.3 Generation of stable cell lines 

GP2 293 cells were seeded at 4.4x105 cells in a 35mm dish to produce a 50% monolayer 

the following day.  The next morning, media was removed, cells were washed once with 

1ml PBS, and 500μl of retrovirus in a solution containing 5μg/ml polybrene (Sigma-

Aldrich, cat# 107689) was added. The infection was left for six hours, after which, fresh 

media was added to bring the total volume in the well to 3ml.  Drug selection utilizing the 

neomycin resistance cassette within the pQCXIN vector was started 24 hours after 
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infection using G418 at a final concentration of 650μg/ml. Cells were passaged for ten 

days under selection, splitting the cells at 80% confluency.  Expression from the 

constructs was confirmed by SDS-PAGE and Chemiluminescent Western blotting 

techniques described in 2.1.6.2 and 2.1.6.4, respectively utilizing the RGSH4 antibody 

that detects the HBH tag.  Positive expression of N- and –C-terminally tagged GFP 

proteins were confirmed by viewing the fluorescence of GFP with a 488-excitation 

channel on the Axiovert 200M fluorescence microscope (Zeiss).  Cytoplasmic expression 

of the HBH-NS5A-2a and NS5A-HBH-2a proteins was confirmed using Indirect 

Immunofluorescence as described in section 2.1.7. 

 

2.3 Non-Denaturing Tandem Affinity Purification (nTAP) 

2.3.1 Non-denaturing TAP Harvest of HBH tagged NS5A and GFP-tagged protein  

11.4 x 106 GP2 293 cells expressing various constructs were plated onto a single 15cm 

plate resulting in a 70-80% monolayer the next day.  Cells were scrapped into their 

media, transferred to a 50 ml conical tube and pelleted by centrifugation for at 800xg for 

15 minutes at 4°C.  Cell pellets were washed twice with 10ml ice cold PBS then lysed in 

10ml of nTAP lysis buffer (50mM NaPO4 pH 8.0, 150mM NaCl, 0.5% NP40 and 

Protease and Phosphatase Inhibitors (Roche, cat# cOmplete, EDTA-free 

11873580001and PhosSTOP 4906845001) for 30 minutes on ice. Nucleic acids were 

removed by adding 300 units of Benzonase (Millipore cat# 70746-4) and MgCl2 to a 

2mM final concentration followed by incubating at room temperature for 30 minutes.  

Cell extracts were stored at -80oC for up to two weeks and on the day of use were thawed 
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and aliquoted into 1ml fractions for clarification by centrifugation for one hour at 

16,000xg, 4oC. The soluble supernatant was used for nTAP purification. 

2.3.2 Non-denaturing Metal Chelate Purification of HBH tagged NS5A and GFP 

using the FPLC 

An Akta FPLC (GE Healthcare) A and B lines, the P960 pump and a 1ml HisPur Cobalt 

Chromatography column (Pierce, cat# 90093) were primed with Buffer A (50mM NaPO4 

pH 8.0, 150mM NaCl, 0.1% NP40) and Pump B with Buffer B (50mM NaPO4 pH 8.0, 

150mM NaCl, 0.1% NP40, 500mM imidazole).  Lysates were diluted 1:10 in TAP Buffer 

A and loaded onto a cobalt column using the P960 high load pump at a flow rate of 

0.5ml/minute. The column was washed with 10ml of Buffer A. HBH tagged proteins 

were eluted using a stepwise gradient with imidazole at concentrations of 10mM, 

150mM, and 500mM over 200 minutes while 1ml fractions were collected and stored at 

4°C.  Fractionated samples containing the HBH tagged protein were confirmed using dot 

blot procedure in combination with chemiluminescent western blotting with an anti-

RGSH4 antibody as described in section 2.1.6.4. nTAP purifications were evaluated using 

the Silver Staining methodology described in section 2.1.6.3. 

 

2.3.2.1 Dot blot identification of FPLC fractions containing HBH tagged proteins 

18-50ul of 1ml fractions were mixed with 5ul 6X SDS load buffer and boiled for 20 

minutes at 99oC.  A square of nitrocellulose was moistened with TBS before securing it 

to the dot blot apparatus.  The samples were transferred to the membrane using vacuum 

suction.  Wells of the membrane were washed twice with TBST, and the membrane was 



 71 

removed and processed as a traditional chemiluminescent western blot as described in 

section 2.1.6.4 after the transfer step. 

2.3.3 Non-denaturing Metal Chelate Purification of HBH tagged NS5A and GFP 

using batch methods with cobalt magnetic beads 

 100ul of packed cobalt-based His-Tag Isolation and Pull-down Dynabeads 

(ThermoFisher, cat# 10103D) was added to the soluble lysate from a single 15 cm plate 

of cells.  All soluble total proteins were quantified (2.1.6.1) and equilibrated to the lowest 

concentration and loaded equivalently onto 100ul cobalt beads.  Cobalt beads were 

washed twice with 850ul of H2O and twice with 850ul of Buffer A; each wash was 30 

seconds end-over-end rotation in buffer A followed by 150 seconds on the magnetic rack.  

Precleared protein lysates described in section 2.3.1 were added to the cleaned cobalt 

beads, and binding was allowed to proceed for a total of 20 minutes with end-over-end 

rotation at 4oC.  Bound protein complexes were washed four times with 850ul of Buffer 

A and transferred to a fresh 1.5ml Eppendorf tube preceding elution. The elution was a 

two-step process whereas the first elution consisted of the addition of 850ul of Buffer B 

and a 20-minute end-over-end incubation at 4oC, removal of the supernatant a second 

elution comprised of 100ul of Buffer B and a five-minute incubation at room 

temperature.  Eluates were pooled and added directly to cleaned streptavidin beads 

(Section 2.3.4). 

 

2.3.4 Biotin/Streptavidin Purification of HBH tagged NS5A and GFP 

Cobalt purified protein complexes derived from the nTAP FPLC based cobalt column 

purification (2.3.2) were pooled in a 15ml conical tube, and a total of 25ul packed 
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Streptavidin T1 MyOne BSA coated Dynabeads (ThermoFisher, cat# 6560) were added 

(200ul of bead slurry resulted in 100ul of packed streptavidin beads after washing). HBH 

tagged protein complexes isolated by the cobalt bead batch method (2.3.3) were added 

directly to 25ul packed Streptavidin T1 MyOne BSA coated Dynabeads (ThermoFisher, 

cat# 6560). Streptavidin T1 MyOne BSA coated Dynabeads were conditioned by 

washing four times, twice with H2O and twice with the TAP Lysis Buffer with washes 

consisting of a 150 second end-over-end rotation followed by magnetic capture for 150 

seconds.  Streptavidin beads were added to the FPLC or batch cobalt eluates for 20 

minutes at room temperature with end over end rocking.  Following capture, binding 

supernatant was removed, and the beads were washed four times, twice with the TAP 

Lysis Buffer and twice with the TAP Lysis Buffer without NP40 detergent.  Following 

the final wash, all liquid was carefully removed, and the streptavidin beads were frozen at 

-80oC. 

 

2.4 Denaturing (dTAP) and Cross-Linked/Denaturing (xdTAP) Tandem Affinity 

Purification 

2.4.1 Denaturing TAP (dTAP) and cross-linked denaturing (xdTAP) Harvest of 

HBH tagged NS5A and GFP-tagged total protein  

11.4 x 106 GP2 293 stable cell lines were plated onto five 15cm plates to yield a 70-80% 

monolayer the following day.  Cells were harvested using a rubber policeman to scrape 

them down in their media, transferred to a 50 ml conical tube and pelleted at 800xg for 10 

minutes in a JS 7.5 swinging bucket rotor, 4oC.  Harvested cells were washed twice with 

50ml ice-cold PBS per 15cm plate and after the final wash cells were pooled in 15ml of 
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ice-cold PBS. Cell counts were determined by a Countess Cell Counter (Thermo Fisher).  

For dTAP lysis, 9x107 cells were lysed in 1ml Urea Buffer with Phosphate (UBP) (50mM 

Na2HPO4, pH 8.0, 8M urea, 300mM NaCl, 0.5% NP40) at room temperature with end-

over-end rotation for 20 minutes.  For xdTAP, crosslinking of the harvested cells with 

paraformaldehyde (PFA) (spacer arm of 2.0 Å (262)) was in 1ml 2% formaldehyde 

solution (1g paraformaldehyde (Sigma, cat# P6148) in 50ml PBS) with incubation for 

nine minutes at room temperature with end-over-end rotation. Cross-linkers 

disuccinimidyl suberate (DSS, spacer arm 11.4 Å), disuccinimidyl glutarate (DSG, spacer 

arm 7.7 Å) and ethylene glycol bis(succinimidyl succinate) (EGS, spacer arm 16.1 

Å)(262) were prepared as 25mM solutions in anhydrous dimethyl sulfoxide (DMSO) 

prepared fresh.  Cell pellets were resuspended in either DSS, DSG or EGS cross-linking 

solution consisting of 10ul DMSO, 40ul of the 25mM cross linker solution (1mM final 

concentration) and 950ul of PBS followed by a 30 minute incubation at room temperature 

with end-over-end rotation.  Cross-linking solution was removed by centrifugation at 

800xg for one minute at room temperature, and the reaction was quenched with 1ml of 

ice-cold 125mM glycine (GE, cat# 17-1323-01) in PBS for five minutes at room 

temperature with end-over-end rotation.  Quenched samples were centrifuged at 800xg 

for one minute at room temperature, and all supernatant was carefully removed before 

resuspending in 1ml of PBS.  All cross-linked cells were then lysed in 1ml UBP for 20 

minutes at room temperature with end-over-end rotation and homogenized using a 

QIAshredder (Qiagen, cat# 79656) by centrifuging at 10,000xg for one minute at room 

temperature. Alternatively, samples were sonicated with five pulses for 20 seconds each 

on a microsonic ultrasonic cell disruptor with a microtip probe (Mandel, cat# HS-Q500-
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110).  Samples were clarified by centrifugation for one hour at 16,000xg at room 

temperature.  Soluble supernatants were stored at -80oC or processed immediately by the 

dTAP/xdTAP protocol. 

 

2.4.2 dTAP/xdTAP Metal Chelate Chromatography and Streptavidin capture for 

the purification of HBH tagged proteins  

dTAP/xdTAP metal chelate chromatography purifications were performed similarly to 

the nTAP metal chelate chromatography batch purifications with cobalt beads described 

in section 2.3.3 with the following modifications. Denatured and denatured/cross-linked 

protein lysates (section 2.4.1) were added to 50ul of packed cobalt-based His-Tag 

Isolation and Pull-down Dynabeads that had been washed twice with H2O and 

conditioned twice with UBP buffer. Binding was for a total of two hours at room 

temperature.  The binding supernatant was removed, and the cobalt beads with bound 

protein complexes were washed thrice with 1ml UBP.  Denaturated/cross-linked protein 

complexes were eluted from the cobalt beads by the addition of 1ml of UBP Elution 

buffer (50mM NaPO4 pH 5.0, 8M urea, 300mM NaCl, 0.5% NP40, 500mM imidazole) 

and a 10-minute incubation.  The elution was repeated and the eluates pooled.  Cobalt 

purification was performed using a HisPur Cobalt Chromatography Cartridges (Pierce, 

cat# 90093) with loading performed with the aid of a syringe pump (kdScientific, cat# 

78-0220V), where protein complexes were adsorbed to the 1ml column, washed thrice 

with 5ml UBP and eluted with 5ml of UBP Elution buffer.  Eluted material from either 

method of cobalt capture was added directly to 150ul of packed Streptavidin T1 MyOne 

BSA coated Dynabeads previously washed twice with water and conditioned twice with 
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UBP Buffer, followed by an overnight capture at room temperature.  The following day, 

the streptavidin bead and bound protein complexes were washed twice with UBP and 

twice with AB buffer, leaving the final pellet in 25ul of AB Buffer (50mM NH4HCO3) 

then stored at -80oC. 

 

2.5 Digestion and Purification of Peptides for Mass Spectrometry Analysis 

2.5.1 Reduction/Alkylation/Trypsin Digestion of Peptides from Streptavidin 

Capture 

Denatured protein complexes were resuspended in 100ul of Urea Exchange Buffer (UEB) 

(8M Urea (GE, cat#17-1319-01), 50mM Tris-HCl, pH 8.0) and allowed to denature at 

room temperature for 30 minutes.  Reduction and alkylation of the proteins was 

accomplished by the addition of 1,4-Dithiothreitol (DTT) (Sigma, cat# 10197777001) to 

a final concentration of 5mM with a 30 minute incubation followed by the addition of 

iodoacetamide (IAA) (Sigma, cat# I6125) to a final concentration of 15mM in 

Ammonium Bicarbonate buffer (AB Buffer) (50mM NH4HCO3 (Sigma, cat# 09830) and 

a 30 minute incubation in the dark.  The Urea concentration was adjusted to 1.6M with 

AB Buffer, before adding 1.0ug of trypsin (lyophilized protein reconstituted in 100ul 

50mM acetic acid) (Promega, Porcine Sequencing Grade, cat#V5280-100ug) followed by 

an overnight incubation in a humidified chamber at 37oC. 
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2.5.2 Strong Cation Exchange (SCX) Purification of Peptides 

Peptides as prepared in Section 2.5.1, peptides were separated from magnetic beads by 

magnetic rack separation and acidified with 2ul of 10% Trifluoroacetic acid (TFA) with a 

minimum final concentration of 0.2% TFA.  Sample pH was determined by applying 1ul 

of the acidified peptides onto pH test strips ensured the pH was less than 3.5.  Penta-SCX 

stage tips (312) used five layers of Empore SPE cation exchange disks (Sigma cat# 

66889-U) in a 200ul unfiltered pipette tip which were conditioned by slowly passing 80ul 

of 0.1% TFA through the tip, three times.  Tryptic digested peptides were adsorbed to the 

Penta-SCX stage tip by slow addition of the peptide solution.  The Stage Tip was washed 

once with 80ul of 0.1% TFA and twice with 80ul of 50% Methanol (MeOH)/0.1% TFA.  

Peptides were eluted by adding 50ul of 5% Ammonium Hydroxide (NH4-OH) /30% 

MeOH, twice, pooling both eluates. 100ul of acetonitrile (ACN) was added to the pooled 

eluates before the peptides were subsequently dried using vacuum centrifugation in a 

Savant Universal SpeedVac vacuum system (Thermofisher, Massachusetts, USA).  Dried 

peptides were stored at -80oC. Prior to Mass Spectrometry, peptides were resuspended in 

22ul of mass spectrometry grade H2O and the concentration of the eluted peptides was 

estimated using a Nanodrop spectrophotometer (assuming 1 A280 = 1ug/ml). The 

concentration was adjusted to 2ug/20ul using 0.1% FA/ 2% ACN. 

 

2.6 Mass Spectrometry Analysis of TAP Purified Protein Complexes 

2.6.1 Mass Spectrometry 

Individual samples were injected via a nano-flow Easy nLC II HPLC (Proxeon 

Biosystems) connected in-line to an LTQ Orbitrap Velos mass spectrometer.  
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Approximately 1.5 ug of total peptide (15ul) was concentrated onto a C18 reverse phase 

trap column (2cm long, 100ul inner diameter, 5um particles) with 100% Buffer A (2% 

Acetonitrile, 0.1% FA) at 3ul/min prior to injecting onto a C18-reversed phase analytical 

column (10cm long, 75 um inner diameter, 3um particles).   Columns were packed in-

house with ReproSil-Pur C18-AQ resin (Dr. Maisch) and fritted with Kasil by the NML 

Mass Spectrometry core unit (NML Winnipeg). Peptides were eluted using a 120-minute 

linear gradient of 0-30% acetonitrile applied at a constant flow rate of 300nl/minute using 

nano-LC Buffer A (2% CAN) 0.1% FA) and B (98% ACN / 0.1% FA).  Eluted peptides 

were injected into the LTQ Orbitrap Velos mass spectrometer using a nanoelectrospray 

ion source at 2.35 kV.  Data from the mass spectrometer was collected as a data-

dependent acquisition consisting of an initial survey scan (m/z = 300 to 1700, resolution 

= 60000 at m/z 400) in the Orbitrap followed by selection of the top 10 most abundant 

precursor ion peaks containing a charge state greater than +1 for analysis on the linear ion 

trap (2.0m/z isolation width).  Peaks chosen for fragmentation were subjected to 

collision-induced dissociation (CID) (35% normalized collision energy), with ten 

millisecond activation time. Dynamic exclusion lists included 500 features, an m/z 

tolerance of 15 ppm, a repeat count of 1 and duration of 30 seconds with an exclusion 

period of 15 seconds, with early expiration disabled.  A blank injection of H2O was run 

between samples containing to limit potential cross-contamination. In some experiments, 

HCD was employed and the top 5 most abundant ions were selected prior to analysis on 

the Orbitrap. 
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2.6.2 Mass Spectrometry Data Analysis 

Data files from the Orbitrap Velos mass spectrometer were acquired in .RAW format 

were searched utilizing the Mascot server 2.3 (Matrix Science) against the International 

Protein Index (IPI) Human database version 3.71 to which all HCV genotype 2A (JFH1) 

protein sequences were appended.  Trypsin was selected as the digestion enzyme with a 

maximum allowance of two missed cleavages and carbamidomethylation of cysteine as a 

fixed modification and oxidation of methionine as a variable modification.  Resulting 

files were loaded into Scaffold version 3.4.9 (Proteome Science, Oregon), and Peptide 

and Protein Prophet algorithms were set to Protein 99%, Peptide 80%, 2 peptides per 

protein minimum.  Common contaminants (keratin/trypsin) were excluded from the final 

tables.  Additionally, PEAKS 7.5 software (SBI Biosciences, Waterloo, Canada) was 

employed with settings as for the Mascot server searches described above. A false 

discovery rate of 1.0% at the peptide level was set for each search engine. 

 

2.7 Confirmation of nTAP and xdTAP NS5A-2a Protein-Protein Interaction 

Candidates  

2.7.1 TAP Confirmation Expression Plasmids 

FLAG or Myc-tagged expression vectors were created using the cloning strategy 

described in section 2.1.3.  The source of tagged vector, insert, PCR primers and 

restriction enzymes for each construct are listed in Appendix Table A3. 
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2.7.2 Confirmation of TAP Interaction Candidates by Co-Immunoprecipitation 

2.5x105 293TN cells were plated in a 35mm dish producing a 60% monolayer the 

following day.  Cells were transfected with bait and prey protein expression vectors using 

the Xtreme gene cell culture transfection (section 2.1.4).  To obtain similar gene 

expression levels from the FLAG and Myc-tagged vectors, different quantities of 

expression vector was transfected. For example, 1.5ug of FLAG-NS5A-2a, 0.1ug of 

FLAG-GFP, 1.0ug of Myc-FKBP38 and 2.0ug of each of the remaining Myc-tagged 

candidates. After a 48 hour incubation period, transfected cells were washed twice with 

1ml of ice-cold PBS and lysed in either 0.5ml of Co-IP Lysis Buffer P (PBS pH 7.4, 

0.5% NP40, Protease and Phosphatase Inhibitors) or Co-IP Lysis Buffer T (Tris-HCl pH 

7.4, 0.5% Triton X-100, 150mM NaCl, Protease and Phosphatase Inhibitors) for 30 

minutes on ice.  Lysates were sheared with a 25½-gauge needle, ten times then clarified 

by centrifugation at 15,000xg, for 15 minutes at 4oC. Soluble protein lysates were 

precleared using 80ul of Protein A/G agarose (Thermo Fisher, cat#20421) for 45 minutes.  

Magnetic beads were used to capture the bait proteins: a forward Co-IP captured the 

FLAG-tagged protein using Anti-FLAG M2 magnetic beads (Sigma cat# M8823) 

whereas the reciprocal IP captured myc-tagged proteins with Anti-c-myc Magnetic Beads 

(Pierce cat# 88842).  The methodology was identical regardless of the capture bead type. 

10ul of packed beads were used and were recovered from 20ul of bead slurry by 

removing the storage buffer and washing twice with 1ml of Co-IP Buffer P or T.  Beads 

were blocked for one hour in 20% FBS in Co-IP Buffer P or T and were washed twice 

with 1ml of Co-IP Lysis Buffer P or T. Soluble protein lysates were added to the blocked 

beads and binding allowed for a total of two hours after which the beads were washed 
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five times, three times with 1ml of Co-IP Lysis Buffer P or T, then twice with the same 

buffer without detergent. Protein complexes were eluted from the beads with 45ul of a 

1X SDS load buffer then boiled for ten minutes at 90oC.  Eluted protein complexes were 

subsequently removed from the beads using a magnetic rack and stored at -80oC. 

 

2.8 Generation of SG JFH1 and SG JFH1-NS5A-HBH replicon Huh7.5 cell lines 

The HCV JFH1 subgenomic replicon (SG JFH1) consisting of the HCV non-structural 

open reading frame (NS3-NS5B) driven by an EMCV IRES and a neomycin resistance 

cassette under the control of the HCV JFH1 IRES was provided as a kind gift from Dr. 

Takaji Wakita (150).  SG JFH1-HBH was created by inserting the entire HBH tag after 

E420 and before G421 in the SG JFH1 plasmid. Primers 1098F and 1099R both 

containing an AbsI restriction site were used in the PCR to amplify the HBH tag from 

pHBH-NS5A-2a. This amplicon was cloned initially into a 2484bp NsiI/BsrGI 

subfragment of pJFH1 from NS3 base pair 5321 in JFH1 genomic numbering to NS5B 

base pair 7805. The pJFH1 subfragment with the HBH tag was subsequently transferred 

into full-length pJFH1 via the NsiI/BsrGI restriction sites to create the SG JFH1-NS5A-

HBH plasmid.   

 

2.8.1 In vitro RNA Synthesis 

Sixteen micrograms of pSG JFH1 (150), or pSG JFH1-NS5A-HBH DNA plasmids were 

linearized using XbaI (NEB), for two hours at 37oC followed by treatment with one unit 

of Mung Bean Nuclease (NEB, cat# M0250S) for 30 minutes at 37oC.  Plasmids were 

purified using QIAEXII resin and quantified using a Nanodrop spectrophotometry.  1.0ug 
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of the digested template plasmid was used as a template for RNA synthesis using a 

MEGAscript T7 kit (Ambion cat# AM1334) in a 30ul reaction as detailed by the 

manufacturer for three hours at 37oC.  DNA was removed using 1ul of TURBO DNase 

(Ambion cat# AM1239) for 15 minutes at 37oC after which RNA transcripts were 

purified using the RNeasy Plus kit (Qiagen cat# 74136) according to the manufacturer’s 

instructions. RNA concentrations were determined by NanoDrop spectrophotometry, and 

quality was assessed using 0.7% agarose gel electrophoresis and deemed acceptable by 

the presence of a single band a lack of smearing. Absence of template DNA was ensured 

by no amplification in a PCR reaction without reverse transcriptase. 

 

2.8.2 Electroporation of RNA into Huh7.5 cells 

15cm plates were seeded at 3.9 x 106 Huh7.5 three days prior to electroporation and cells 

were harvested by trypsinization and pelleted using a JS 7.5 swinging bucket rotor 

centrifuge for 15minutes at 500xg, 4°C.  Cells were washed twice with ice-cold PBS and 

centrifuging each time for 15 minutes, 500xg at 4°C. Cell counts were determined using a 

Countess cell counter (Invitrogen) and were adjusted to 1.5x107 cells/ml with PBS.  Five 

ug of RNA was added to 400ul of the cell suspension containing 6x106 cells and 

immediately transferred to a pre-chilled 0.2 cm gap Gene Pulser Electroporation Cuvette 

(BioRad, cat# 1652082).  Electroporation used a ECM 830 Square Wave Electroporation 

system (BTX, cat# 45-0002, Massachusetts) with settings: 820V, 99us, pulses=5, interval 

220ms (313). Electroporated cells were allowed to recover for 20 minutes at room 

temperature prior to addition of 600ul of pre-warmed DMEM and plating onto a 35mm 

dish containing 2 ml complete media. The plating amounts required to produce a full 
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monolayers at time of harvest were, 291ul for 4hpe, 251ul for 12 hpe, 200ul for 24 hpe, 

158ul for 36 hpe, 125ul for 48 hpe and 90ul for 72hpe.  Generation of the Huh7.5 cell 

line stably expressing SG JFH1 or SG JFH1-NS5A-HBH was done using selection with 

0.75mg/ml G418 was for 10 days. Replicon containing cells were maintained under 

selective pressure with 0.4mg/ml G418. 

2.9 Purification of HBH-NS5A-2a from stable cell lines and HBH-tagged NS5A from 

SG JFH1 in Huh7.5 cells for phosphorylation site identification using dTAP 

11.4 x 106 HBH-NS5A-2a GP2 293 cells or SG JFH1-HBH Huh7.5 cells were plated 

onto five 15cm plates and harvested according to the dTAP method (section 2.4).   

 

2.10 Purification of JFH1 NS5A protein from SG JFH1 Huh7.5 cell line by 

continuous elution gel electrophoresis 

NS5A-2a protein from the SG JFH1-Huh7.5 cell line was isolated utilizing continuous 

elution gel electrophoresis in a 491 Prep Cell (Bio-Rad) to obtain high-resolution 

molecular weight separation of total protein extract. Either a 7.5%, 8.5% or 9% 

separating gel was prepared by assembling the gel tube of 491 Prep Cell and adding 

degassed acrylamide gel solution (Acrylamide/Bis (37.5:1 Stock, 30%), 1.5M Tris-HCl, 

pH 8.8, 10% ammonium persulfate, Tetramethylethylenediamine (TEMED) to the 37mm 

gel tube until the 10.5cm mark, overlaying the gel with 2ml of water-saturated 2-butanol 

for two hours and replacing the butanol overlay with 491 Gel Buffer (0.375M Tris-HCl 

pH 8.8).  The acrylamide core was allowed to solidify overnight.  The following day, a 

3.2% stacking gel (Acrylamide/Bis (37.5:1 Stock), 0.5M Tris-HCl, pH 6.8, 10% 

ammonium persulfate, TEMED) was added on top of the separating gel, overlaid with 
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2ml water-saturated 2-butanol and allowed to polymerize for two hours. Cell lysates were 

prepared in 6ml of a 3% SDS in PBS solution containing both protease and phosphatase 

inhibitors and boiled for 10 minutes at 90oC.  Cellular lysates were passed through a 

Qiashredder to reduce viscosity then total protein concentrations were determined by a 

Pierce BCA assay (2.1.6.1). DTT was added to protein lysates to a final concentration of 

20mM, boiled at 95°C for seven minutes and allowed to cool to room temperature.  IAA 

was added to 60mM final concentration and incubated for 30 minutes at room 

temperature in the dark followed by the addition of 6X 492 Prep Load Buffer (0.5M Tris 

6.8, 30% glycerol) to a final concentration of 1X.  600ml and 800ml of Running Buffer 

(Tris-Glycine, SDS) added to the upper buffer reservoir and upper buffer elution 

reservoir, with two liters of buffer used in the lower gel chamber.  Elution tubing was 

connected to the FPLC (acting as an external fraction collector) and the protein sample 

was loaded onto the surface of the gel and resolved by electrophoresis at 12W constant 

power, 600V and 100mA for a total of 6-10 hours.  Fractions were eluted in 2ml 

volumes, evaluated by SDS-PAGE (2.1.6.2) for size by silver staining (2.1.6.3), and 

presence of NS5A-2a was determined by Western blot (2.1.6.4).  Fractions containing 

NS5A-2a protein were pooled and concentrated using an Amicon Ultra-4 Centrifugal 

Filter Unit with Ultracel-30 membrane with a 30kDa molecular weight cut-off (Millipore, 

cat# UFC801024).  Samples were washed twice with 4ml UBP buffer before storage at -

80°C.  
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 2.11 Identification of phosphorylation sites in NS5A-2a using Mass Spectrometry 

2.11.1 Sources of NS5A-2a for phosphoacceptor site identification 

Purified NS5A-2a protein was generated from four separate sources.  Both HBH-NS5A-

2a from GP2 293 and SG JFH1-NS5A-HBH Huh7.5 cells were obtained using the dTAP 

and nTAP protocols described in sections 2.4.2 and 2.3. Non-tagged NS5A-2a from SG 

JFH1 was purified utilizing the continuous gel electrophoresis method described in 

section 2.10.   

2.11.2 Peptide reduction/alkylation/digestion for nTAP and dTAP purified NS5A-2a 

phosphoacceptor site identification 

HBH-NS5A-2a obtained using the nTAP or dTAP purification methods was reduced, 

alkylated and digestion according to section 2.5.1 with the caveat that alternative 

proteases to trypsin were used in different experiments including 1.0ug/ul AspN 

(Promega, cat# V1321) or GluC (Roche, cat# 11047817001).  These proteases required 

overnight incubation at 20°C for AspN and 25°C for GluC.   

 

2.11.3 Peptide reduction/alkylation/digestion for 491 prep cell purified NS5A-2a 

phosphoacceptor site identification  

Purified NS5A-2a from continuous gel electrophoresis (2.10) was prepared for M/S using 

a modified Filter-Aided Sample Preparation method previously described (314,315).  

Proteins obtained in section 2.10 were absorbed using a Nanosep 30K centrifugal 

cartridge (Pall, cat# OD030C34) by centrifugation at 10,000xg until all the liquid had 

passed through and washed twice with UEB to remove SDS. DTT was added to a 



 85 

100mM final concentration in UEB and removed by centrifugation at 10,000x for 15 

minutes after a 20-minute incubation at room temperature.  Proteins were alkylated by the 

addition of 100ul of 50mM IAA in UEB to the cartridge and placing in a thermomixer to 

shake at 600 rpm for one minute at room temperature, followed by a 20-minute 

incubation at room temperature in the dark, then removing the IAA solution 

centrifugation at 10,000xg for 15 minutes.  Next, the cartridge was washed three times 

with 250ul of UEB, centrifuging until all the liquid had passed through.  Proteins were 

washed twice with 150ul AB buffer by centrifuging at 10,000xg for 10 minutes. Fifty ul 

of AB buffer containing 2ul of 1.0ug.ul trypsin, AspN or GluC was mixed in a 

thermomixer at 600 rpm for one minute before and an overnight incubation in a 

humidified chamber at 37°C for trypsin, 20oC for AspN 25oC for GluC.  The following 

day, 50ul of AB buffer was added to cartridge and the cartridge was mixed in a 

thermomixer at 600rpm for two minutes after which the digested peptide mixture was 

collected by inverting the cartridge and centrifuging for three minutes at room 

temperature, collecting the eluate, and repeating the elution again with 50ul of AB buffer. 

Eluted peptides were pooled and diluted in H2O to a final volume of 240ul before adding 

TFA to a final concentration of 2%.  Peptides were lyophilized using a SpeedVac vacuum 

system and resuspended in 50ul of 30%ACN/1%TFA (pH <2.8) before proceeding to C18 

stage tip clean up. 

 

2.11.4 C18 stage tip clean-up of peptides for phosphopeptide identification 

C18 stage tips were moistened with 50ul of 100% methanol and conditioned, once with 

50ul of 0.5% FA/80% ACN and again with 50ul of 0.5% FA. Digested peptide sample 
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was absorbed by loading and re-loading the flow through.  Absorbed peptides were 

washed thrice with 0.5% FA before double eluting the peptides using 50ul 0.5% FA/ 80% 

ACN and pooling the eluates.  Peptides were lyophilized using the SpeedVac vacuum 

system and resuspended in 22ul of 0.1% FA/ 2% ACN. 

 

2.11.5 Phosphopeptide Enrichment 

2.11.5.1 Phosphopeptide Enrichment using TiO2 

Phosphorylated peptides were enriched from total digested peptide samples using 

TitanSphere TiO2 beads (GL Sciences, cat# 13528500).   Four ug of TiO2 beads were 

resuspended in 1ml H2O and centrifuged for one minute at 5,000xg and washed twice 

with 1ml of Lactic Acid Load Buffer (2M Lactic acid / 50% ACN).  Digested peptides 

were rehydrated in 1ml of Lactic Acid Load Buffer then clarified by centrifugation at 

16,000xg for 20 minutes, after which, the soluble material was transferred to the TiO2 

beads and vortexed at maximum for one hour.  TiO2 beads were centrifuged for one 

minute at 5,000xg, the supernatant removed and two washes with 200ul of Lactic Acid 

Load Buffer and two washes with 200ul of 0.1% TFA/50% ACN was performed.  

Peptides were eluted twice using 20ul Lactic Acid Elution Buffer (50mM K2HPO4 pH 

10.0), pooled and acidified using 20ul of 5% FA to achieve a 2.5% final FA 

concentration.  Phospho-enriched peptides were then desalted and concentrated using 

C18 stage tip clean up (section 2.11.4).  
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2.11.5.2 Phosphopeptide Enrichment using PolyMAC-Ti 

Phosphopeptides were enriched using the PolyMAC-Ti Expedeon Phosphopeptide 

Enrichment Kit (Expedeon, cat# PMACTM02).  Lyophilized peptides were resuspended 

in 100ul of the Loading Buffer provided in the PolyMAC kit, and 4ul of the PolyMAC 

reagent was added followed by mixing in a thermomixer for five minutes at 900rpm.  

Next, 200ul of Capture Buffer was added to the peptides to acidify the solution, (ensuring 

a pH between 5.5-6.5), and 50ul of the Magnetic Capture beads were added mixing the 

beads and samples for 10 minutes at 900rpm.  Following mixing, samples were spun 

briefly for three seconds and placed on the magnetic separator rack for 30 seconds while 

the beads collected on the side of the tube and the supernatant was removed.  The capture 

beads were washed once by adding 200ul of Loading Buffer then shaking at 900rpm for 

five minutes and finally washing twice more with 200ul Washing Buffer.  

Phosphoenriched peptides were eluted by incubating the beads twice in 100ul of Elution 

Buffer, shaking for five minutes and using the magnetic rack to harvest supernatants.  

Eluted peptides were lyophilized with the SpeedVac vacuum system and rehydrated in 

10ul of 0.25% FA. 

 

2.12 NS5A phosphoacceptor site mutagenesis 

pJFH1, a kind gift from Dr. Takaji Wakita (151), was used as a template to mutagenize 

specific serine and threonine residues within the NS5A ORF using the Q5 site-directed 

mutagenesis kit (NEB, cat # E0554S) on a 2484bp NsiI/BsrGI subfragment of pJFH1 

containing a region encompassing NS3 to NS5B (base pair 5321-7803 on the JFH1 

genome). Primers used in mutagenesis are provided in Appendix Table A4 and were 
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generated by the NEBasechanger v1.2.6 (316).  Briefly, for a 25ul reaction, 1X Q5 Hot 

Start High-Fidelity Master Mix, 10uM of both the mutagenic forward and reverse 

primers, 1ng template DNA and nuclease-free H2O was subjected to the following 

cycling conditions: initial denaturation for 30 seconds at 98°C, 25 cycles of denaturation 

at 98°C for 10 seconds, annealing temperature as calculated by the NEBaschanger 

program for 10 seconds, extension at 72°C for 30 seconds per kilobase and a final 

extension at 72°C for two minutes.  Following amplification, 1ul of the PCR product was 

added to a Kinase-Ligation DpnI (KLD) reaction containing 1X KLD reaction buffer, 1ul 

KLD enzyme mix, and nuclease-free H2O and allowed to incubate at room temperature 

for five minutes.  Mutagenic plasmids were transformed using the aforementioned “heat 

shock” transformation protocol (2.1.3) into chemically competent E.coli QD cells 

provided with the kit) and plated on LB plates containing 100μg/ml carbenicillin.  

Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qiagen, cat # 27104), and 

the NsiI-BsrGi fragment was transferred into full-length pJFH1.  All mutations were 

confirmed by Sanger sequencing. JFH1 phosphomutant in vitro RNA transcripts were 

generated as described in section 2.8.1 and were electroporated into Huh7.5 as described 

in section 2.8.2. 

 

2.13 RNA Isolation and Quantitative real-time reverse transcriptase PCR  

Huh7.5 cells were electroporated with 5ug of in vitro transcribed HCV RNA from wt, 

GND, or phosphomutants (section 2.8). At four and 72 hours, post-electroporation (hpe) 

cells were washed twice with PBS and RNA was isolated using the RNeasy Plus Mini Kit 

with genomic DNA removal (Qiagen, cat# 74136).  RNA concentrations were 
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determined by Nanodrop spectrophotometry, and 50ng of RNA was reverse transcribed 

into cDNA utilizing the Quantitect Reverse Transcription Kit, Qiagen cat# 205313).  

Briefly, 1ul 7X gDNA wipe-out buffer was added to the RNA in a total volume of 7ul 

then incubated for two minutes at 42°.  RNA was reverse transcribed into cDNA in a 20ul 

reaction volume containing 2.0ul of 5X Quantiscript RT buffer, 0.5ul of Rt-Primer mix 

and 0.5ul of reverse transcriptase master mix for 15 minutes at 42°C, and three minutes at 

95°C.  One ul of the cDNA reaction was used for SYBR Green (Biotools, cat# B21203) 

real-time PCR reaction containing 8.2ul of H2O, 10.0ul of 2X SYBR Select Mix and 400 

mM of each primer.  The primers used for amplification were previously described by 

Matto et al., 2011 (313) and bind in the HCV 5’ UTR (Forward: 5’-

TCTGCGGAACCGGTGAGTA-3’ and Reverse: 5’-TCAGGCAGTACCACAAGGC-3’).  

The cellular control GAPDH amplification primers (NCBI accession # Nm_002046) span 

exons two and three (Forward: 5’-ACATCGCTCAGACACCATG-3’ and Reverse 5’-

TGTAGTTGAGGTCAATGAAGGG-3’) and served as a total RNA normalization 

control.  Reactions took place in a 96 well MicroAmp FAST optical reaction plate 

(ThermoFisher, cat#4346906) sealed with MicroAmp optical adhesive film 

(ThermoFisher, cat# 4311971).  Analysis was performed in triplicate for each sample, 

and the average of the three technical replicate values was reported. An HCV RNA 

standard was prepared by serially diluting known amounts of in vitro transcribed HCV 

RNA into 100ng total Huh 7.5 cellular RNA to determine the viral genome copy numbers 

in each experimental sample.  Thermocycling consisted of a UDG activation step at 50°C 

for two minutes, an AmpliTaq polymerase activation step of two minutes at 95°C, 40 

cycles each consisting of 95°C for three seconds, 60°C for 30 seconds and a final 
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dissociation step producing a melt curve.  Amplification was performed on a 

StepOnePlus Real-Time PCR System (Applied Biosystems/Life Technologies) and 

evaluated using StepOnePlus Software version 2.3 (Applied Biosystems).  Total viral 

RNA copy numbers were normalized to the average GAPDH value provided by each 

experimental plate.  All mutant RNA samples were evaluated from a minimum of two 

independent electroporation experiments. 

2.14 Western Blot Analysis of NS5A from Electroporated Huh7.5 Cells  

Protein extracts from electroporated Huh 7.5 cells were harvested at 72hpe by washing 

twice with PBS before lysing in 100ul 2% SDS/PBS and immediately boiling the samples 

for 10 minutes at 85°C. Samples were passed through a Qiashredder.  Total protein was 

quantified using a BCA protein assay (section 2.1.6.1). Twenty ug of total protein was 

resolved on a 7% SDS-Tris Acetate gel (Novex) at 4oC for four hours at 130V. Western 

blots proceeded as described in Section 2.1.6.5). All phosphomutant protein samples 

were evaluated from a minimum of two independent electroporation experiments. 

 

2.15 TCID50/ml Analysis of HCV Viral Titer  

Following electroporation with the JFH1 phosphomutants, Huh7.5 cells were passaged 

according to cellular confluency every three days for a total of nine days.  On the ninth 

day, cell culture supernatants were collected and clarified at 500xg for 10 minutes at 4°C 

and stored at 4°C up to one week.  Naïve Huh7.5 cells were seeded into 96 well plate at 

8,000/cells per well 24 hours before infection with a five-fold serial dilution of clarified 

viral supernatants diluted in DMEM without FBS or antibiotics. 100ul of inoculum 
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diluted in DMEM (no FBS) was added to the cells, and the infection was incubated for a 

total of four hours followed by the addition of 100ul complete DMEM containing 20% 

FBS. Infections proceeded for four days.  On the fourth day, cells were fixed by 

submerging plates in 100% ice-cold methanol for 25 minutes at -20°C, removing 

methanol and allowing plates to completely dry.  Plates were washed with PBS before the 

addition of 100ul IF Blocking Buffer (2% BSA, 2% FBS, 0.1% Tween 20 in PBS) and 

were blocked for one hour.  Primary antibody consisting of 1:750 dilution of NS5A-Ab02 

was added to IF blocking buffer and incubated overnight at 4°C.  The following day, 

plates were washed three times with PBS-T before an hour-long incubation with the anti-

rabbit Dylight 488 antibody (Thermo) (1:1000).  Plates were again washed three times 

with PBS-T before a final addition of 100ul PBS.  Individual wells were evaluated by an 

Axiovert 200M fluorescence microscope (Zeiss) and scored as positive or negative based 

on the presence of a minimum of at least one viral foci per well.  TCID50/ml was 

calculated by a Lindenbach et al. 2009, modified Reed & Muench method (317). 

TCID50/ml values were expressed as a ratio of mean wt values obtained from the 

corresponding electroporation, and these wt values were set to be a value of one. All 

phosphomutant TCID50/ml values were evaluated from a minimum of two independent 

electroporation experiments.  
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Chapter 3: Identification of host cell interacting proteins of hepatitis C 

virus nonstructural 5A protein by a novel tandem affinity purification, 

mass spectrometry based approach 

3.1 Introduction and Rationale 

Of the ten proteins encoded by hepatitis C virus (HCV), NS5A has emerged as a key 

regulator of viral propagation and pathogenesis although in both areas specific 

mechanisms remain poorly defined. NS5A has previously been shown to interact with a 

diverse set of host proteins including TRAF2/TRADD (apoptosis regulation) (219–221), 

FKBP8/38 (immunophilins) (232,234–237), TIPE2 (neoplasia) (245) and p53 (tumor 

suppressor) (224,225,318). Revealing the broader NS5A-host protein interactome using 

state of the art techniques should provide critical insight into the protein’s function and 

role in HCV pathogenesis and replication.  Recently, a new tandem affinity purification 

(TAP) tag was developed which utilizes a biotinylation signal sequence flanked by two 

hexahistidine sequences. In combination with two rounds of purification this TAP system 

provides exquisite recovery and purity (255,256).  The HBH tag is functional even under 

denaturing conditions; protein samples can be cross-linked ex vivo, locking protein-

protein interactions (PPIs) in their biologically relevant context then lysed and purified in 

denaturing buffer to enhance bait purity.  This has particular relevance for NS5A, as it is 

a membrane bound protein and often extracts poorly in standard interaction lysis buffers.  
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3.2 Results 

3.2.1 Creation GP2 293 cells stably expressing HBH-tagged NS5A 

Efficient purification of a target protein is crucial for the identification of interacting 

proteins isolated by tandem affinity purification. The HBH tag was originally designed 

for use in yeast cell experiments, so the first task was to repurpose it for mammalian cell 

work. The tag encoding region was introduced into a retrovirus vector (pQCXIN) in order 

to generate stable cell lines expressing the tagged bait (NS5A-2a).  Two versions of the 

vector were made differing only in the placement of the HBH tag; one creates an N-

terminally tagged construct (HBH-NS5A-2a) and the other a C-terminal construct 

(NS5A-HBH-2a) (Fig.3.1.A.displays the C-terminal tag HBH plasmid).  The vector 

expresses a bicistronic transcript with a CMV promoter driving the transcription of the 

gene of interest (in this case NS5A-2a) fused with the HBH tag. A neomycin resistance 

marker (neoR) is located downstream of an internal ribosome entry sequence (IRES). 

Long terminal repeats (LTRs) flanking the expression region allow the generation of 

infectious retrovirus, which can be used to integrate the coding reion into the genome of a 

host cell (Fig.3.1.A).  The HBH tag is composed of two sets of hexahistidine residues 

(one containing an RGS motif) flanking a biotin recognition sequence that becomes 

biotinylated ex vivo by a host cell biotinylase (Fig.3.1.B).  The NS5A-2a ORF (HCV 

strain JFH1) and Green Fluorescent Protein (GFP) were cloned into pQCXIN-HBH 

vectors as both N and C-terminally tagged constructs. GFP was used as a control as it is a 

moderately sized soluble protein (34kDa), and originates from jellyfish and therefore 

should be innocuous to a human cell.  



 94 

 

Figure 3. 1. Cloning of the HCV NS5A-2a ORF into the pQCXIN-HBH vector. (A) 

Schematic of the pQCXIN-HBH vector used for generation of the HBH C-terminally 

tagged NS5A protein (NS5A-HBH 2a, circled in red). A CMV promoter drives 

expression of a bicistronic transcript containing the gene of interest followed by an IRES 

and a neomycin resistance gene. (B) Schematic of C-terminally tagged NS5A-2a protein.  

The HBH tag is composed of two hexahistidine sequences, one of which contains an 

RGS motif upstream, flanking a biotinylation recognition sequence consisting of 75 

amino acids.  A single Lysine residue within this sequence becomes biotinylated by a 

host biotinylase when expressed ex vivo (255,256). 

 

The expression clones were used to generate infectious retroviruses which were 

subsequently used to produce 293 cell lines stably expressing the relevant open reading 

frames (Fig 3.2). Verification of stable HBH-tagged protein expression was confirmed by 

Western blot analysis using the RGSH4 antibody (directed against the first hexahistidine 

motif in the HBH tag). Figure 3.3A shows HBH-NS5A-2a (lane 1) and NS5A-HBH-2a 

(lane 6) proteins are detected at 74/76 kDa consistent with the expected molecular weight 

(63/65 kDa for NS5A-2a and 11 kDa for the HBH tag).  HBH-GFP (lane 2) produces a 
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protein of 38 kDa (27 kDa for GFP plus 11 kDa HBH tag).  Previously generated HBH-

HCV Core-1a and HBH-HCV Core-2a cells lines were used as positive controls (lanes 4-

5), and a cells only negative control detected no protein (lane 3). 

 

Figure 3. 2. Production of GP2 293 stable cell lines expressing HBH tagged proteins.  

pQCXIN-HBH vectors containing HBH-tagged  NS5A-2a or GFP cassettes were dually 

transfected with the pVSVG plasmid containing vesicular stomatitis virus envelope 

glycoprotein (1) into GP2 293 cells that contain retroviral gag and pol genes.  The Gag, 

Pol and Env proteins produce retroviral pseudoparticles containing the sequences within 

the long terminal repeats of the pQCXIN-HBH vector, and 48 hours post transfection 

(hpt) retrovirus was harvested from the cellular supernatants (2), and naïve GP2 293 were 

infected (3).  GP2 293 cells with the successful incorporation of the retroviral genome 

were selected using the neomycin resistance cassette and placed under neomycin (G418) 

drug selection for 7-10 days (4).  Surviving cells express HBH-tagged proteins (pink 

NS5A protein with yellow and blue HBH tag). 

 

 

HBH-GFP (lane 2) produces a protein of 38 kDa (27 kDa for GFP plus 11 kDa HBH tag).  

Previously generated HBH-HCV Core-1a and HBH-HCV Core-2a cells lines were used 

as positive controls (lanes 4-5), and a cells only negative control detected no protein (lane 

3). Full-length NS5A is located in the cell cytoplasm (128,171,190,191) and therefore, to 

verify the HBH tag had not interfered with the cellular distribution of NS5A, indirect 

immunofluorescence was performed.  Figure 3.3.B upper panel shows detection of 
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cytoplasmic NS5A-2a-HBH while the lower panel is RGSH4 antibody incubated with a 

cells only negative control exhibiting the antibody’s specificity for the HBH tag.  The 

same results were obtained with HBH-NS5A-2a construct (data not shown). HBH-tagged 

GFP (both N- and C-terminal tag forms) were confirmed by direct fluorescence of the 

GFP protein. In this case, HBH-tagged GFP variants were found in both the nucleus and 

cytoplasm, consistent with untagged GFP (not shown).   

 

The quantity and quality of NS5A-HBH-2a expression from a stable versus a transient 

transfection was evaluated by Western blot.  Total protein lysates were obtained from 

overnight cultures of the stable cells and protein from transient transfections were 

isolated 48 hours post transfection (hpt). In both cases, the monolayer density at time of 

collection was the same.  In figure 3.3.C, total protein extracted from NS5A-HBH-2a 

stable cell lines (lanes 1 and 2) was compared to the equivalent protein isolated from 

transiently transfected cells (lanes 3-6). Even with the acknowledged limitations of 

chemiluminescence for quantification, the amount of tagged NS5A protein (red arrow) is 

equivalent but with a 5ug total protein load from the stable cell line sample (Fig.3.3.C, 

lane 1) compared with the1.6ug total protein load from the transient transfection sample  

(Fig.3.3.C, lane 3) suggesting higher amounts of NS5A in the transient transfection 

sample. However, the transient transfection also produced additional lower molecular 

weight species suggesting more degradation or incomplete translation products.  Results 

were the same for N-terminally tagged NS5A. More full-length NS5A-2a-HBH was 

desirable for PPI identification, and thus the stably integrated expressing system was 

chosen for subsequent experiments. 
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Figure 3. 3. Evaluation of HBH-tagged HCV proteins expressed in GP2 293 cells. (A) 

Confirmation of HBH-tagged protein expression. Total protein from cells stably 

expressing HBH-tagged clones was evaluated by Western blot with primary antibody 

anti-RGSH4 antibody followed by anti-mouse HRP secondary antibody. The expression 

of HBH-NS5A-2a (74/76 kDa, red arrow, lane 1), HBH-GFP (38 kDa, green arrow, lane 

2), and NS5A-2a-HBH (74/76 kDa, red arrow, lane 6) are indicated. A cells only negative 

control (GP2-293) (lane 3) produced no visible bands.  Positive controls of previously 

verified HBH-Core 1a (lane 4) and HBH-Core 2a (lane 5) (31 kDa, blue arrow) were 

used to demonstrate RGSH4 antibody detection and specificity. (B) Confirmation of 

cytoplasmic expression of NS5A-2a-HBH in stably transduced cells.  Fixed cells were 

evaluated by indirect immunofluorescence with an RGSH4 antibody. (C) Western blot of 

NS5A-2A HBH from stable cells and transient transfections.  Total protein was extracted 

from overnight cultures of NS5A-2a-HBH cells and cells (lanes 1 and 2) or transfected 

with the NS5A-2a-HBH construct then isolated at 48 hpt (lanes 3-6). Total protein load 

amounts are indicated above the lanes. Magic Mark ladder indicated molecular weights in 

kDa. For the Western blot, anti-RGSH4 antibody was used for NS5A-2a-HBH detection 

(indicated by red arrow). 

 



 98 

3.2.2 Optimization of the TAP protocol 

The HBH tag and corresponding TAP protocol were initially developed to study 

ubiquitination in yeast and follow a two-step sequential purification methodology 

(Fig.3.4)(255,256).   

 

Figure 3. 4. Identification of host proteins interacting with HBH-tagged NS5A-2a using 

the HBH native state (n) TAP protocol.  (1) HBH-NS5A-2a stable cells are lysed with a 

low detergent containing buffer to preserve protein interactions in their native state. (2) 

Soluble protein extracts are subjected to two purification steps. First, the hexahistidine 

motifs present on the HBH tag bind a metal chelate resin and are washed to remove 

unbound contaminants before eluting the target protein using imidazole.  Streptavidin is 

then used to bind the endogenously biotinylated HBH tag and washed to remove 

contaminants. (3) Bound HBH-tagged NS5A and its interacting host proteins are digested 

to peptides using trypsin, cleaned of contaminants and (4) submitted to mass 

spectrometry to identify the NS5A-2a interacting proteins. 

 

At the commencement of this project, the TAP protocol had no precedent for purification 

of proteins produced in human cells.  In order to evaluate a number of conditions, an 

FPLC was employed to inject HBH-tagged protein sample onto a 1ml metal chelate 

cartridge (cobalt or nickel) in order to automate the loading, washing and elution steps of 
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the metal chelate portion of the purification. HBH-tagged NS5A-2a from a single 15cm 

culture dish was lysed, diluted in sodium phosphate buffer and injected onto a 1ml cobalt 

cartridge prior to washing and elution with 10mM, 150mM, and 500mM imidazole.  The 

elution profile indicated that the majority of protein (and detergent which is also detected 

at A280) passed through the column during the loading and washing stages at 0-100ml 

(Fig.3.5).  Elution with imidazole resulted in two peaks, both of which contained NS5A-

2a-HBH protein (not shown) indicating that the FPLC coupled to the nickel cartridge 

method could be used as a starting point for further optimization.   

 

 

Figure 3. 5. Chromatogram of NS5A-2a-HBH protein purified with cobalt purification 

using an FPLC.  The x-axis is time (minutes), and the y-axis is UV absorbance (A280). 

The concentration of imidazole (green line) in the step-elution is indicated. Elution 

fractions (pink) are indicated.  A red star indicated fractions containing purified NS5A-

2a-HBH protein.   

 

Affinity purification lysis and purification buffers must balance the need to release 

cellular components but not denature proteins, disrupt native protein interactions or limit 

capture efficiency.  Although Tris-based buffers have been used for metal chelate 

purifications, sodium phosphate-based buffers are generally preferred, as they contain no 
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primary amines that can interfere with capture. Salt concentrations should be near 

physiological (100-150mM) leaving choice of detergent as an important factor for the 

buffer (319).  Two different extraction/purification buffers were chosen for comparison. 

A phosphate-based nTAP (native state TAP) lysis buffer (50mM NaPO4 pH 8.0, 150mM 

NaCl, 0.5% NP40) was compared to the Tris-based RIPA buffer (50mM Tris, pH 8.0, 

150mM NaCl, 1.0% NP40, 0.5% sodium deoxycholate, 0.1% SDS) for a cobalt 

purification with NS5A-2a-HBH  (Fig 3.6.A).   

 

Dot blot analysis demonstrated that the majority of NS5A-2a-HBH in the nTAP buffer 

purification was present in fractions A8 and A9 (Fig.3.6.A, upper).  In contrast, 

purification with the RIPA lysed buffer identified NS5A-2a-HBH in 12 elution fractions 

(A7-B6) (Fig.3.6.A, lower panel).  To evaluate the quality of purified protein using both 

buffer systems, Western blot analysis was performed. (Fig.3.6.B). Equivalent volumes of 

each FPLC cobalt purification step demonstrated that nTAP buffer FPLC fractions 

contained enough NS5A-2a-HBH to be detected on the Western blot in the diluted 

starting material (lane 4) and fraction A8 (lane 6) (Fig.3.6.B, left). RIPA buffer lysed and 

diluted starting material (lane 12), and  fractions A3, A8, B1, B8 (lanes 13-16) were 

below the Western blot detection limit (Fig.3.6.B, right). RIPA treated NS5A-2a-HBH 

was however detected in FPLC fractions by dot blot (Fig.3.6.B, lower) but not in Western 

blots (Fig.3.6.B, right). This can be explained by differential protein loading (50ul for dot 

blot and 25ul of sample for the Western blot).  The detection of NS5A-2a-HBH in the 

nTAP buffer starting material by Western blot and its absence in the RIPA lysis indicated 
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that the nTAP buffer was more efficient at extracting NS5A-2a-HBH and was therefore 

chosen for subsequent purifications. 

 

Further comparison was made using the detergents NP40 and Triton X-100 using nickel 

resin purification of NS5A-2a-HBH (Fig.3.6.C).  Both detergents were similar in their 

ability to extract NS5A-2a-HBH indicated by the intensity of NS5A-2a-HBH in the total 

lysis fraction (Fig.3.6.C, lane 1 vs. lane 13).  NP40 and Triton X-100 also produced 

similar elution profiles with NS5A-2a-HBH being detected in fractions A1-A6 with 

peaks at A3 for NP40 and A4 for Triton X-100 detergents (Fig.3.6.C, lanes 6-12 vs. lanes 

18-23).  As the profiles were similar, lysis buffer (50mM NaPO4 pH 8.0, 150mM NaCl,) 

containing 0.5% NP40 was chosen as the buffer for the subsequent nTAP protocol.   

 

An important difference between purification with nickel and cobalt columns using nTAP 

lysis buffer also became apparent.  With cobalt purification, elutions were tightly focused 

with the HBH tagged protein eluting in typically one or two fractions (Fig.3.6.B, elution 

in A8, lane 6). In contrast, nickel-based purifications exhibited a broader elution profile 

(Fig.3.6.C, elution in A1-A6, lanes 6-11).  This suggests that cobalt binds the HBH tag 

with a higher affinity and that a higher concentration of imidazole is required to elute 

NS5A-2a-HBH compared to nickel.  Interestingly even at 10mM imidazole, some but not 

all of the HBH-tagged protein was eluted from the nickel columns (Fig.3.6.C, lane 6). 

The data also suggests that the choice of detergent can have marked effects on cobalt 

(and possibly nickel) column purification as RIPA buffer, which contains additional low 

levels of detergents compared to nTAP, buffer also caused elution over a broader range 
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(Fig 3.6.A). The higher extraction efficiency and tighter elution profile of the Cobalt resin 

affirmed its use in subsequent purifications. 

 

The recommended pH for a metal chelate extraction/purification buffer is pH 7.0-8.0 

(319).  Extracts were prepared in pH 7.4 and pH 8.0 phosphate buffer in nTAP lysis 

buffer then subjected to FPLC cobalt purification.  Western blot analysis was performed 

and despite similar starting amounts (Fig.3.6.D, compare lanes 1 and 7), very little eluted 

protein was detected in the A8 and A9 fractions with pH 7.4 buffer compared to pH 8.0 

buffer (Fig.3.6.D, compare lanes 5 and 6 to lanes 11 and 12). A likely explanation is that 

the lower pH did not allow as efficient binding of tagged NS5A to the resin. Buffers at 

pH 8.0 were used in all subsequent TAP purifications.  

 

It was previously stated that stable cell lines had a greater ratio of full length products 

compared to transiently transfected cells (Section 3.2.1, Figure 3.3) however Figure 3.6.B 

and C contain significant amounts of lower MW products. This is primarily due to 

differences in X-ray film exposure for this blot compared to the one in figure 3.3.  
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Figure 3. 6. Evaluation of different buffers for extraction and purification by native state 

TAP (nTAP). (A, B, C) Effects of detergent on purification of NS5A-2a-HBH.  (A) 

nTAP lysis buffer versus RIPA. 50ul of each of the total protein extraction steps (Tot= 

total 10ml lysis, In = insoluble, Sol = soluble, SM = 1:10 diluted starting material) and 

FPLC cobalt elution fractions (A1-C7) were resolved by dot blot and NS5A-2a-HBH was 

visualized with the RGSH4 antibody from nTAP (top) and RIPA (bottom) TAP 

purifications. (B) Western blot of 25ul each TAP purification step from (A) total (lane 1), 

insoluble (lane 2), soluble (lane 3), 1:10 diluted starting material (lane 4), FPLC cobalt 

elution fractions A3 (lane 5), A8 (lane 6), B1 (lane 7) and B8 (lane 8). HBH-tagged 

NS5A-2a protein was detected by the RGSH4 antibody and chemiluminescence in nTAP 

(left) and RIPA (right) based purifications.  NS5A-2a-HBH is indicated with a red arrow. 

(C) NP40 versus Triton X-100 detergents. Comparison of 18ul of total protein extracts 

(total, insoluble, soluble and 1:10 diluted starting material) and nickel FPLC 1ml elution 

fractions (A1-A7) resolved on chemiluminescent Western blot with the RGSH4 antibody. 

nTAP lysis buffer samples extracted with 0.5% NP40 (left) or 0.5% Triton X-100 (right). 

(D) Effects of pH on nTAP lysis buffer. Western blot of 10ul of each TAP purification 

step from pH 8.0 buffer extracted/purified protein: Soluble (lane 1) FPLC elution 

fractions A3 (lane 2), A4 (lane 3), A5 (lane 4), A8 (lane 5) and A9 (lane 6) and pH 7.4 

buffer extracted/purified protein: soluble (lane 7), FPLC elution fractions A3 (lane 8), A4 

(lane 9), A5(lane 10), A8 (lane 11) and A9 (lane 12). NS5A-2a-HBH protein was 

detected with anti-RGSH4 antibody and chemiluminescence (indicated with red arrow).  

 

The FPLC allows for automated purification of HBH-tagged proteins.  However, there 

are several drawbacks associated with its use including labor-intensive set-up, larger 
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volumes of buffers required to prime pumps and equilibrate columns and the inability to 

purify multiple samples simultaneously.  Therefore, batch purification using iron-core 

magnetic cobalt beads was evaluated. Magnetic cobalt beads are simple to manipulate; all 

binding, washing and elution steps make use of attraction of the iron core to rare earth 

magnets. As such, several different samples can be manipulated at once increasing 

efficiency and simplicity over the FPLC methodology.  

 

The FPLC-based cobalt column purification was compared to cobalt bead magnetic 

capture. Cobalt column purification of NS5A-2a-HBH resulted in eight fractions 

containing NS5A-2a-HBH (A11-B6) with the majority present in three fractions B1-B3 

(Fig.3.7.A, lanes 5-12). Due to the nature of the elution profile from a column, the FPLC 

column methodology produced a less concentrated NS5A-2a-HBH protein preparation 

eluting across these fractions. In contrast, a batch elution process resulted in a single 

fraction containing HBH-tagged protein (Fig.3.7.C, lane 7). For subsequent steps, elution 

in a smaller volume would be of distinct advantage. Silver staining SDS-PAGE gels 

assessed the purity of the FPLC column and batch elutions method for total protein 

content (Fig.3.7.B&D). The two FPLC-based purification elutions containing the 

majority of the NS5A-2a-HBH protein (B1-B2) contain substantial protein species, a 

problem often seen with metal chelate column purification where the target protein is 

present at low levels (Fig.3.7.B, lanes 6,7.).  Although there may be less unique protein 

species in the magnetic cobalt bead batch elution method, (Fig.3.7.D, lane 7) compared to 

the FPLC column method, this purification procedure was also insufficiently pure, 

(although no worse than the FPLC method). The simplicity and reduced handling time 
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provided by the cobalt beads batch purification method allowed the FPLC purification 

methodology to be abandoned. 

 
Figure 3. 7. Comparison of FPLC cobalt column and batch cobalt bead purifications of 

NS5A-HBH-2a tagged protein.  A 15cm plate of cells expressing NS5A-2a-HBH was 

extracted using nTAP lysis buffer and subjected to either FPLC-1ml cobalt column 

purification (A, B) or a batch purification with magnetic cobalt beads (C, D). (A) 

Western blot analysis of FPLC-1ml cobalt column purified samples: starting material 

(lane 1), column flow through (lane 2) FPLC elution fractions A1, A2, A11-B6 (lanes 3-

12). HBH-NS5A-2a was detected with RGSH4 antibody and chemiluminescence. (B) 

Samples from (A) evaluated by SDS-PAGE and silver stained to visualize total protein. 

(C) Western blot analysis of magnetic cobalt bead batch purification: starting material 

(lane 1), binding supernatant (lane 2), washes (lanes 3-6) and cobalt bead elution (lane 7) 

detected with anti-RGSH4 antibody and chemiluminescence. (D) Samples from (C) 

evaluated by SDS-PAGE and silver stained.  Elution fractions s containing NS5A-2a-

HBH are indicated with red text, and the size of NS5A-2a-HBH is shown with a red 

arrow. 
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With the need to further purify the HBH-tagged protein for subsequent use in identifying 

PPIs, attention was turned to streptavidin capture. One way to improve capture specificity 

is to optimize the amount of capture resin to protein amount used in purification.  As 

such, 100ul and 25ul volumes of streptavidin beads were used to further purify HBH-

tagged protein from cobalt bead batch elution (Fig.3.8).  Western blots revealed that both 

100ul and 25ul of streptavidin beads were sufficient to capture the NS5A-2a-HBH tagged 

protein (Fig.3.8.A, lane 7 and Fig.3.8.C, lane 6).  Minimal HBH-tagged protein was 

detected in the binding supernatant (the supernatant left over following bead capture) of 

in either the 25 or 100 ul bead volumes (Fig.3.8.A, lane 2 versus Fig.3.8.C, lane 2). Silver 

stained SDS-PAGE gels showed a sharper delineation of total protein using 25ul of 

streptavidin beads than did the 100ul volume (Fig.3.8.B, lanes 7-10 versus Fig.3.8.D, lane 

6). As 25ul of streptavidin beads was able to efficiently capture NS5A-2a-HBH protein 

and apparently with less confounding contaminating protein species, 25ul of streptavidin 

beads were used in all subsequent nTAP purifications. 
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Figure 3. 8. Comparison of 100ul and 25ul of streptavidin magnetic beads in the 

purification of NS5A-HBH-2a protein. (A, B) NS5A-HBH-2a 100ul streptavidin bead 

purification fractions from: starting material (lane 1), streptavidin bead binding 

supernatant (lane 2), washes (lane 3-6) 5ul of streptavidin beads diluted in 100ul of PBS 

(lane 7) 1/3, 1/27 dilutions of streptavidin beads (lanes 9-10). (A) HBH-NS5A-2a was 

detected with RGSH4 antibody and chemiluminescence. (B) Samples from (A) evaluated 

by SDS-PAGE and silver stained to visualize total protein.  (C, D) NS5A-HBH-2a 25ul 

streptavidin bead purification fractions from: starting material (lane 1), streptavidin bead 

binding supernatant (lane 2), washes (lane 3-5) 5ul of streptavidin beads diluted in 100ul 

of PBS (lane 6) 1/3 (lanes 7). (C) HBH-NS5A-2a was detected with RGSH4 antibody and 

chemiluminescence. (D) Samples from (C) evaluated by SDS-PAGE and silver stained to 

visualize total protein. NS5A-2a-HBH is indicated with a red arrow. 

 

The final nTAP protocol consisted of lysis of a single plate of cells stably expressing an 

HBH-tagged protein in TAP lysis buffer (50mM NaPO4 pH 8.0, 150mM NaCl, 0.5% 

NP40).  The first purification used 100ul of cobalt beads and the second used 25ul of 
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streptavidin beads.  A representative Western blot (Fig.3.9.A) demonstrates that NS5A-

2a-HBH is effectively captured with minimal loss of target protein in the binding 

supernatants of both bead types (lanes 2 and 9) but a good recovery with minimal 

background bands in the final elution (lane 14) (Fig.3.9.A, lane 14 and 3.9.B, lane 14).  

Optimization of the nTAP protocol was demonstrated here with the C-terminal tagged 

NS5A-2a-HBH, but N-terminal tagged HBH-NS5A-2a behaved the same regarding 

capture and purity (data not shown).   

 
Figure 3. 9. Fully optimized nTAP protocol. (A) Protein from a 15cm plate of cells 

stably expressing NS5A-2a-HBH was extracted using an optimized nTAP lysis method.  

Cobalt magnetic bead purifications are indicated in black text and include: starting 

material (lane 1), binding supernatant (lane 2), washes (lanes 3-6), elution (lane 7) and 

5ul of cobalt beads diluted in 100ul of PBS (lane 8).  Streptavidin purification fractions 

are indicated in blue text and include: binding supernatant (lane 9), washes (lanes 10-13) 

and 5ul of streptavidin beads diluted in 100ul of PBS (lane 14) (A) Western blot, HBH-

NS5A-2a was detected with anti-RGSH4 antibody followed by chemiluminescence. (B) 

Samples from (A) evaluated by SDS-PAGE and silver stained to visualize total protein. 

NS5A-2a-HBH is indicated with a red arrow. 
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3.2.3 Identification of NS5A-2a interacting proteins by nTAP and mass 

spectrometry 

Currently, there is an expansive list of NS5A-host PPIs identified by a multitude of 

techniques.  However, every protein expression system suffers from limitations including 

appropriate protein expression levels and the absence of adequate controls.  The nTAP 

protocol developed here was designed to address some of these limitations by: 1) stably 

expressing HBH-NS5A-2a at a moderate level to limit the potential for inducing overall 

stress to the cells and 2) by using, in addition to no bait protein expression controls, an 

HBH-tagged GFP construct to serve as an additional “irrelevant” protein negative 

control. To verify that the optimized nTAP methodology was capable of identifying 

NS5A-host PPIs, one 15cm plate each of HBH-NS5A-2a and HBH-GFP cells were 

subjected to the finalized nTAP purification protocol and the eluted samples were for 

each was subject to protein identification by mass spectrometry and database analysis.   

 

The presence of the HBH-NS5A-2a and HBH-GFP proteins was tracked throughout the 

purification by Western blot and silver stain analysis (Fig 3.10). nTAP purification 

yielded highly purified HBH-NS5A-2a and HBH-GFP proteins with, as expected, a 

different profile of bands as seen in the silver stained gels (Fig 3.10.B, lane “elution” and 

D, lane “beads”). 
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Figure 3. 10. nTAP purified HBH-NS5A-2a and HBH-GFP for the identification of 

interacting proteins. A single plate of HBH-NS5A-2a and HBH-GFP GP2 293 cells were 

subjected to the nTAP protocol. 15ul from each step of the nTAP procedure was resolved 

on SDS-PAGE for: (A, C) Western blots with the anti-RGSH4 antibody and 

chemiluminescence, and (B, D) silver stain for total protein content.  Cobalt purifications 

are on the left side and streptavidin on the right.  Western blots appear directly above 

corresponding silver stained gels with HBH-NS5A-2a (red arrow) above the HBH-GFP 

samples (green arrow).    

 

Purified HBH-NS5A-2a and HBH-GFP proteins were submitted for mass spectrometry 

with the resulting data queried against the IPI human custom database version 3.71 

(appended to contain all JFH1 HCV protein sequences, GFP sequence and the HBH tag 

sequence). HBH-GFP served as an irrelevant expressed protein control to identify host 

proteins bound to the HBH tag or to any ectopically “irrelevant” expressed protein and 

the purification resins.  Although wash cycles were performed between sample injections 
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during mass spectrometry, HBH-GFP samples were analyzed before HBH-NS5A-2a so 

proteins specific to HBH-NS5A-2a would not be mis-identified as false negatives.  

 

Coverage of HBH-NS5A-2a by mass spectrometry and database searching yielded up to 

70% coverage of the protein, a very high value considering that not all of NS5A peptides 

are amenable to trypsin digestion. Likewise, GFP coverage was 82% (Fig.3.11).  Of a 

total of 558 proteins identified in the initial HBH-TAP, 87 proteins were found in 

common to both the HBH-NS5A-2a and HBH-GFP samples including: keratins (16 

different types), desmoplakins, plakoglobin, transferrins, histones, HNRNP subunits (9 

types), ribosomal proteins (50 types) and proline and glutamine rich proteins. Most of 

these are commonly seen contaminants. Of the 29 proteins found only in the HBH-GFP 

sample, histone subunits, topoisomerase 2, HNRNP subunits, Pinin and ribosomal protein 

subunits were present. There were no previously identified NS5A interacting proteins 

present in the HBH-GFP list. In the HBH-NS5A sample, 449 proteins were present, a 

number of which have been previously reported to be NS5A interacting proteins 

including: ArfGap (320), Nap1L (246) and p53 (224,225,318). 

 

 

 



 112 

 

A NS5A-2a Coverage 

 

B GFP Coverage 

 

Figure 3. 11. Coverage of NS5A and GFP by mass spectrometry.  Peptides detected 

by mass spectrometry from nTAP purified (A) HBH-NS5A-2a (70%) and (B) HBH-GFP 

(82%) proteins are highlighted in grey over the NS5A and GFP sequences. 

 

To validate the nTAP methodology, one known NS5A interacting protein, p53 

(224,225,318), identified by mass spectrometry was evaluated by Western blot analysis. 

Figure 3.12.A demonstrates that p53 is present throughout the nTAP purification of 

HBH-NS5A-2a including in the starting material (lane 1), cobalt bead elution (lane 7) and 

on the streptavidin beads (lane 14). In nTAP purified HBH-GFP (Fig 3.12.B), while p53 

is detected in the starting material (lane 1) and the cobalt elution (lane 7) it is not 

recovered in the streptavidin elution (lane 14).  This demonstrates the specificity of the 

nTAP procedure. 
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Figure 3. 12. Validation of a previously identified NS5A interacting protein, p53, by 

nTAP (cobalt-streptavidin). A single 15cm plate each of HBH-NS5A-2a and HBH-GFP 

expressing cells were subjected to nTAP purification and the resulting captured proteins 

were submitted for mass spectrometry and database searching. The presence of one 

interacting protein identified by this analysis, tumor suppressor protein p53, was assessed 

at various stages of nTAP purification. Cobalt purifications are identified by black text 

and streptavidin purifications by blue text. Western blot of: (A) HBH-NS5A-2a and (B) 

HBH-GFP. Sample types are indicated above the lanes. Detection used an anti- p53 

specific antibody (A and B) and an RGSH4 antibody (B) followed by 

chemiluminescence. The RGSH4 antibody was not used on the HBH-NS5A Western blot 

as p53 and HBH-NS5A-2a have similar molecular weights. p53 (53 kDa) is indicated by 

an orange arrow and HBH-GFP by a green arrow. 

 

To establish a candidate list of NS5A-2a interacting host proteins, three biological 

replicates each consisting of HBH-NS5A-2a, HBH-GFP, and GP2 293 cells were purified 

using the nTAP protocol.  Mass spectrometry identified proteins were considered HBH-

NS5A-2a interacting candidates by passing three requirements: 1) proteins identified had 

to be identified by a minimum of two peptides (false discovery rate= 0.01), 2) a candidate 

protein had to be identified in a minimum of two replicates and 3) a candidate protein had 

to be exclusively identified in the HBH-NS5A-2a sample and never in the HBH-GFP or 

cells only controls. In a total of 1015 protein contained within the 9 data sets, only 15 

proteins were able to pass the harsh criteria outlined above and became the final 

candidates for NS5A host PPIs (Table 3.1).
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Table 3. 1. HBH-NS5A-2a interacting candidates revealed by nTAP mass spectrometry/database searching.  Proteins were identified 

by a minimum of two peptides in a minimum of two replicates and were present exclusively in the HBH-NS5A-2a sample and not 

HBH-GFP or GP2 293 controls.  Protein functions were extracted from UniProt Protein Database (321). Proteins selected for further 

validation are indicated with an *. 

Protein Function (UniProt) 

Cytochrome c1 This is the heme-containing component of the cytochrome b-c1 complex, which accepts electrons 

from Rieske protein and transfers electrons to cytochrome c in the mitochondrial respiratory chain. 

 

*CCAR2 

Cell Cycle and Apoptosis 

Regulator 2 - Isoform 1 - syn: 

KIAA1967, Deleted in Breast 

Cancer gene 1 protein 

 

Core component of the DBIRD complex, a multiprotein complex that acts at the interface between 

core mRNP particles and RNA polymerase II (RNAPII) and integrates transcript elongation with the 

regulation of alternative splicing: the DBIRD complex affects local transcript elongation rates and 

alternative splicing of a large set of exons embedded in (A + T)-rich DNA regions. Inhibits SIRT1 

deacetylase activity leading to increasing levels of p53/TP53 acetylation and p53-mediated apoptosis. 

Inhibits SUV39H1 methyltransferase activity. 

 

Zinc Finger Protein 503 

 

May function as a transcriptional repressor 

 

*CDK12 

Cyclin-dependent kinase 12 

 

Cyclin-dependent kinase which displays CTD kinase activity and is required for RNA splicing. Has 

CTD kinase activity by hyperphosphorylating the C-terminal heptapeptide repeat domain (CTD) of 

the largest RNA polymerase II subunit RPB1, thereby acting as a key regulator of transcription 

elongation. Required for RNA splicing, possibly by phosphorylating SRSF1/SF2. Involved in 

regulation of MAP kinase activity, possibly leading to affect the response to estrogen inhibitors 

 

*NKRF 

NF-Kappa-B-repressing factor 

 

Interacts with a specific negative regulatory element (NRE) 5'-AATTCCTCTGA-3' to mediate 

transcriptional repression of certain NK-kappa-B responsive genes. Involved in the constitutive 

silencing of the interferon beta promoter, independently of the virus-induced signals, and in the 

inhibition of the basal and cytokine-induced iNOS promoter activity. Also involved in the regulation 

of IL-8 transcription. 

 

ANT-1 

Pre-mRNA-processing factor 6 

 

Involved in pre-mRNA splicing. May act in the tri-snRNP complex as a bridging factor between U5 

and U4/U6 snRNPs in the late step of spliceosome assembly. May be necessary for tri-snRNP 

formation. Enhances dihydrotestosterone-induced transactivation activity of AR, as well as 

dexamethasone-induced transactivation activity of NR3C1, but does not affect estrogen-induced 
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transactivation 

 

RPN-1 

Dolichyl-

diphosphooligosaccharide-

protein glycostyltransferase 

subunit 1 precursor 

 

Essential subunit of N-oligosaccharyl transferase enzyme which catalyzes the transfer of a high 

mannose oligosaccharide from a lipid-linked oligosaccharide donor to an asparagine residue within an 

Asn-X-Ser/Thr consensus motif in nascent polypeptide chains. 

 

HDAC2 

Histone deacetylase 2 

 

Responsible for the deacetylation of lysine residues on the N-terminal part of the core histones (H2A, 

H2B, H3 and H4). Histone deacetylation gives a tag for epigenetic repression and plays an important 

role in transcriptional regulation, cell cycle progression and developmental events. Histone 

deacetylases act via the formation of large multiprotein complexes. Forms transcriptional repressor 

complexes by associating with MAD, SIN3, YY1 and N-COR. Interacts in the late S-phase of DNA-

replication with DNMT1 in the other transcriptional repressor complex composed of DNMT1, 

DMAP1, PCNA, CAF1. Deacetylates TSHZ3 and regulates its transcriptional repressor activity. 

Component of a RCOR/GFI/KDM1A/HDAC complex that suppresses, via histone deacetylase 

(HDAC) recruitment, a number of genes implicated in multilineage blood cell development. 

 

*SOD1 

Superoxide dismutase [Mn] 

Mitochondrial 

 

Destroys superoxide anion radicals which are normally produced within the cells and which are toxic 

to biological systems 

 

PABP-1 

Polyadenylate-binding protein 

 

Binds the poly(A) tail of mRNA. May be involved in cytoplasmic regulatory processes of mRNA 

metabolism such as pre-mRNA splicing. Its function in translational initiation regulation can either be 

enhanced by PAIP1 or repressed by PAIP2. Can probably bind to cytoplasmic RNA sequences other 

than poly(A) in vivo. Involved in translationally coupled mRNA turnover. Implicated with other 

RNA-binding proteins in the cytoplasmic deadenylation/translational and decay interplay of the FOS 

mRNA mediated by the major coding-region determinant of instability (mCRD) domain. Involved in 

regulation of nonsense-mediated decay (NMD) of mRNAs containing premature stop codons; for the 

recognition of premature termination codons (PTC) and initiation of NMD a competitive interaction 

between UPF1 and PABPC1 with the ribosome-bound release factors is proposed. 

 

NPL4 

Nuclear complex protein 4 

homolog 

The ternary complex containing UFD1L, VCP and NPLOC4 binds ubiquitinated proteins and is 

necessary for the export of misfolded proteins from the ER to the cytoplasm, where they are degraded 

by the proteasome. The NPLOC4-UFD1L-VCP complex regulates spindle disassembly at the end of 
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 mitosis and is necessary for the formation of a closed nuclear envelope 

 

Isoform 1 of Retinol 

dehydrogenase 11 

 

Exhibits an oxidoreductive catalytic activity towards retinoids. Most efficient as an NADPH-

dependent retinal reductase. Displays high activity towards 9-cis and all-trans-retinol. Also involved 

in the metabolism of short-chain aldehydes. No steroid dehydrogenase activity detected. 

 

EF-1-gamma 

Elongation Factor 1-gamma 

 

Probably plays a role in anchoring the complex to other cellular components. Response to virus. 

 

MAGT1 

Magnesium transporter Protein 

 

May be involved in N-glycosylation through its association with N-oligosaccharyl transferase. May 

be involved in Mg2+ transport in epithelial cells 

 

*OGDH-2-oxoglutarate 

dehydrogenase 

 

The 2-oxoglutarate dehydrogenase complex catalyzes the overall conversion of 2-oxoglutarate to 

succinyl-CoA and CO2. It contains multiple copies of three enzymatic components: 2-oxoglutarate 

dehydrogenase (E1), dihydrolipoamide succinyltransferase (E2) and lipoamide dehydrogenase (E3) 
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The NF-Kappa-B repressing factor (NKRF or NRF) protein was one HBH-NS5A-2a 

interacting candidate that stood out in the list due to its regulatory functions.  NKRF is a 

transcriptional repressor of NFKB responsive genes, regulates IFNβ and iNOS promoters 

and is involved in IL-8 regulation (322–326). NS5A influences each of these processes 

by i) activating the iNOS promoter, ii) inhibiting IFNβ production and iii) increasing 

expression of NFKB response genes and IL-8 (327–332).  The potential correlation 

between NKRF functions and NS5A expression associated phenotypes made NKRF an 

attractive NS5A interacting candidate protein.  NKRF association with HBH-NS5A-2a 

during nTAP was tracked throughout nTAP by Western blot analysis to monitor the 

presence of NKRF (Fig.3.13).  Figure 3.13.A demonstrates that NKRF is present along 

with HBH-NS5A-2a in the final streptavidin bead elution (lane 13).  The majority of the 

NKRF protein was in the binding supernatant and in the cobalt wash 1 (lane 3) 

suggesting that NKRF is in significant excess to NS5A or that the interaction properties 

are not robust.   
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Figure 3. 13. Specific interaction of NKRF with HBH-NS5A-2a throughout nTAP 

purification.  A 15cm plate each of HBH-NS5A-2a and HBH-GFP cells were nTAP 

purified.  All cobalt purifications are identified by black text and include starting material 

(lane 1), binding supernatant (lane 2), washes (lanes 3-6), elution (lane 7). Streptavidin 

purifications are demarcated by blue text and include binding supernatant (lane 8), 

washes (lanes 9-12) and 5ul of streptavidin beads diluted in 100ul PBS (lane 13). (A, B) 

NKRF was tracked throughout the nTAP purification of (A) HBH-NS5A-2a and (B) 

HBH-GFP. NKRF was detected by chemiluminescence with an NKRF antibody, and 

RGSH4 detected HBH-NS5A-2a nTAP purifications (A only). NKRF (90/78 kDa) is 

indicated by an orange arrow and HBH-NS5A-2a with a red arrow. 

 

3.2.4 Identification of NS5A-2a interacting proteins by xdTAP and mass 

spectrometry 

nTAP uses non-denaturing lysis buffers and moderately stringent wash conditions that 

select for protein interactions that are robust and long-lived but as with most TAP 

methodologies, transient and weak interactions would not expect to be captured. An 

additional caveat of typical co-immunoprecipitation/affinity purification techniques is 

that there is the possibility for cellular compartments to mix inappropriately. As the HBH 

tag contains two affinity elements that are not affected by denaturing agents, chemical 

cross-linkers can be applied before cellular lysis and purification can proceed in 
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denaturing buffer. The denaturing buffer is required, as cross-linked proteins purified in 

non-denaturing buffers tend to be extremely dirty and viscous.  

 

Cross-linking captures PPIs in their biologically relevant cellular location and improves 

recovery of weak and/or transiently interacting proteins.  To cross-link two proteins, there 

must be two juxtaposed lysine residues situated within the length of the cross-linkers 

spacer arms used in this study: PFA: 2.0 Å spacer arm, DSS: 11.4 Å, DSG: 7.7 Å and 

EGS, 16.1 Å (262). This technique is termed cross-linked (x), denaturing (d) TAP 

purification (xdTAP) (255,256).  

 

First, the cross-linking ability of paraformaldehyde (PFA) was evaluated in xdTAP. PFA 

concentrations must be high enough to cross-link interacting proteins, but low enough as 

to not create a large insoluble “protein mat” resulting in target protein loss during lysate 

clarification.  HBH-NS5A-2a expressing cells were cross-linked with PFA at 0%, 0.5%, 

1%, and 2%in PBS then incubated for 10 minutes at room temperature before quenching 

the reaction with glycine.  After centrifugation, half the sample was boiled in an attempt 

to reverse the cross-links. Western blot analysis with the anti-RGSH4 antibody directed 

toward the HBH tag on NS5A showed that inclusion of PFA at any percentage resulted in 

higher molecular weight smears in the unboiled samples (Fig.3.14.A). Boiled samples did 

not show much reversal of the cross-links although the definition of higher molecular 

weight species was better than in the unboiled samples. Interestingly, the HBH-NS5A-2a 

band was still clearly present even with increasing PFA concentration (Fig.3.14.A, lanes 

4,6,8).  
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The 0%, 0.5%, 1% and 2% PFA cross-linked samples that were purified using the xdTAP 

methodology were each submitted for mass spectrometry analysis.   The 0% PFA sample 

served as a negative control as no authentic PPIs should survive the xdTAP purification 

without prior cross-linking. Table 3.2 contains a list of host proteins identified in the 

different concentrations of PFA.  As expected, 0% PFA yielded no confidently identified 

proteins by mass spectrometry other than NS5A-2A, after known contaminants such as 

keratin were removed. The number of proteins identified in PFA concentrations 0.5%, 

1.0%, 2.0% were 8, 16 and 14, respectively, suggesting that 1%  PFA could serve as 

optimal levels of cross-linker. Importantly, five previously published NS5A interacting 

proteins were identified: Hsp70 (333,334), Tubulin (335), Hsp90 (232), Hexokinase 

(244) and FKBP8 (232,234–237) (Table 3.2, yellow), increasing confidence in this 

methodology.  1% PFA was used in subsequent PFA xdTAP purifications. 
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Figure 3. 14. Chemical cross-linking and purification of samples expressing HBH-

NS5A-2a. (A) Effects of increasing PFA concentration on HBH-NS5A-2a protein 

complex formation. Single 15cm plates of cells expressing HBH-NS5A-2a were cross-

linked with increasing PFA concentrations: 0% (lanes 1,2), 0.5% (lanes 3,4), 1% (lanes 

5,6) and 2% (lanes 7,8) for 10 minutes before quenching with glycine and lysis in urea 

denaturing buffer.  Duplicate samples were boiled (1, 3, 5, 7) in an attempt to release 

cross-links prior to evaluation by Western blot analysis detecting HBH-NS5A-2a with the 

anti-RGSH4 antibody and chemiluminescence. (B) DSS crosslinking of HBH-NS5A-2a 

complexes. HBH-NS5A-2a expressing cells were cross-linked with DSS in DMSO for 10 

minutes or with DMSO as a control.  Cells were quenched, lysed with UBP and 

processed using xdTAP to purify the HBH-NS5A-2a protein.  HBH-NS5A-2a was 

visualized using Western blot analysis with the RGSH4 antibody followed by 

chemiluminescence.  Lanes 1-8 contain the DMSO control, and lanes 9-16 contain DSS 

cross-linked HBH-NS5A-2a.  HBH-NS5a-2a uncomplexed 74 kDa form is indicated by a 

red arrow. 
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Table 3. 2. Mass spectrometry identified proteins from the xdTAP purification at different PFA concentrations to crosslink HBH-

NS5A-2a protein interactions.  Number of peptides identified at various PFA concentrations are indicated. Previously published NS5A 

interacting partners are highlighted in yellow. 

Identified Proteins MW PFA 0.0% PFA 0.5% PFA 1.0% PFA 2.0% Published 

cDNA FLJ54408, highly similar to Heat shock 70 kDa protein 1 64 kDa 0 8 12 13 (333,334) 

Isoform DPI of Desmoplakin 332 kDa 0 2 2 2 

 
Mitochondrial import receptor subunit TOM70 67 kDa 0 2 5 4 

 
Hemoglobin subunit beta 16 kDa 0 2 2 1 

 
Tubulin alpha-1C chain 50 kDa 0 2 2 4 (335) 

Elongation factor 1-alpha 2 50 kDa 0 2 1 0 

 
Heat shock protein HSP 90-beta 83 kDa 0 1 2 1 (232) 

Isoform 2 of Voltage-dependent anion-selective channel protein 2 30 kDa 0 0 3 3 

 Dermcidin 11 kDa 0 0 2 0  

Mitochondrial import receptor subunit TOM20 homolog 16 kDa 0 0 0 3  

60S ribosomal protein L8 28 kDa 0 0 2 0  

60S ribosomal protein L36 12 kDa 0 0 2 2  

Isoform 1 of Keratin, type I cytoskeletal 13 50 kDa 0 0 4 0  

Junction plakoglobin 82 kDa 0 0 0 2  
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Isoform 1 of ATPase family AAA domain-containing protein 1 41 kDa 0 0 0 1  

WD repeat-containing protein 81 isoform 1 212 kDa 0 0 1 0  

Peroxiredoxin-1 22 kDa 0 0 0 1  

Isoform 1 of 14-3-3 protein epsilon 29 kDa 0 0 2 0  

Adenosylhomocysteinase 48 kDa 0 2 0 0  

Isoform 1 of Hexokinase-1 102 kDa 0 0 0 2 (244) 

Keratin, type II cytoskeletal 1b 62 kDa 0 0 4 0  

Isoform 1 of Heat shock cognate 71 kDa protein 71 kDa 0 0 0 3  

FK506 binding protein 8 47 kDa 0 0 1 0 

(232,234–

237) 
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PFA is considered a zero length cross-linker meaning that juxtaposed lysines must be 

absolutely adjacent to allow cross-linking. In order to expand the range for potential PPIs, 

chemical cross-linkers with different spacer lengths including DSS (11.4 Å), DSG (7.7 

Å) and EGS (16.1 Å) (262) were evaluated.  Figure 3.14.B tracked the presence of a 

representative DSS cross-linked HBH-NS5A-2a protein complexes by Western blot 

analysis during xdTAP purification.  In a DMSO no cross-linker control sample, HBH-

NS5A-2a appeared predominantly as a single band with a few lower molecular weight 

bands, which were presumably degradation products (Fig.3.14.B, lanes 1-8).  In contrast, 

DSS cross-linked HBH-NS5A-2a appears as a smear above the predominant 74 kDa 

protein band likely the result of forming a protein complex with one or more proteins 

(Fig.3.14.B, lanes 9,10,13).  There is also a particularly prominent band featured in cross-

linked samples, which would correspond with the MW of an NS5A dimer at 150 kDa. 

Cross-linked samples were subjected to xdTAP and mass spectrometry/database analysis.   

 

Table 3.3 is a curated list of host proteins present within the samples for each cross-linker 

for which known contaminating proteins (keratins) and rare proteins identified in the 

DMSO negative control samples were removed.  Not surprisingly, NS5A was the most 

predominant species in each of the samples, irrespective of whether the sample was 

cross-linked or not.  

 

xdTAP purified HBH-NS5A-2a was cross-linked with the three extended length spacer 

arm cross-linkers. HBH-NS5A-2a samples cross-linked with EGS identified ten host 

protein interactions, DSS identified seven while DSG identified 11. (Table 3.3).  Not 
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surprisingly, the cross-linkers did not identify the same subset of proteins most likely due 

to their different spacer arm lengths. This subset did also not directly match to the dataset 

for PFA cross linking (Table 3.2) Five previously published NS5A interacting proteins 

were identified in the cross-linker trials and included Hsp70 (333,334), ILF3 (synonym 

NF90) (336,337), CDK1 (338), FKBP8/38 (232,234–237), and hexokinase (244). 

 

Perhaps most interestingly, there was no apparent overlap of the xdTAP and nTAP 

results. This strongly suggests that PPI discovery, at least for NS5A, may be far from 

complete and that the choice of affinity tags, purification methodologies, cell lines, etc. 

have a dramatic effect on PPI identification. 
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Table 3. 3. Proteins identified by mass spectrometry/database searching from xdTAP purification of HBH-NS5a-2a expressing cells 

using different chemical cross-linker prior to capture. Intensity corresponds to the total signal from all peptides for each protein in a 

single analysis. Previously published NS5A interacting partners are highlighted in yellow. 

 Identified Proteins EGS DSS DSG Published 

HSPA9 Stress-70 (HSP70) protein, mitochondrial 20320 0 0 (333,334) 

PRKDC Isoform 1 of DNA-dependent protein kinase catalytic subunit 8654 0 0 

 

TOMM70A Mitochondrial import receptor subunit TOM70 6864 15101 25687 

 

ILF3 interleukin enhancer-binding factor 3 isoform d 6057 0 0 (336,337) 

CYB5R1 NADH-cytochrome b5 reductase 1 2489 6162 8387 

 

CDK1  1033 0 0 (338) 

EIF3B Isoform 2 of Eukaryotic translation initiation factor 3 subunit B 963 0 0 

 

RHOA Transforming protein RhoA 732 0 0 

 

RAB7A Ras-related protein Rab-7a 716 0 3430 

 

RAB5C Uncharacterized protein 596 0 831 

 

 FK506 binding protein 8, 38kDa (FKBP8) 

0 9315 12689 

(232,234–

237) 
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TOMM20 Mitochondrial import receptor subunit TOM20 homolog 0 4162 13940 

 

RHOT2 Isoform 1 of Mitochondrial Rho GTPase 2 0 2064 0 

 

Hexokinase-1 0 1074 4553 (244) 

PTPN1 Tyrosine-protein phosphatase non-receptor type 1 0 772 1084 

 

MTX2 Metaxin-2 0 0 431 

 

TOMM22 Mitochondrial import receptor subunit TOM22 homolog 0 0 2224 

 

TOMM5 Uncharacterized protein 0 0 458 
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3.2.5 Confirmation of TAP candidate interactions with NS5A using Co-IP 

To confirm that candidate host proteins identified by nTAP or xdTAP were bona fide 

NS5A-2a interacting proteins, select candidates were tested using co-

immunoprecipitation (Co-IP) as an alternate technique.  To eliminate the potential that 

the HBH tag had biased the results, NS5A-2a and GFP bait proteins were N-terminally 

FLAG-tagged.  Candidate proteins were N-terminally myc-tagged and included: NKRF, 

TOM22, TOM40, RanGap1, CCAR2, CDK12, OGDH, and SOD1.  Typically, Co-IP 

experiments reported in the scientific literature use a vector only control as the negative 

control, however, due to the size of FLAG tag (only nine amino acids in length), it would 

represent a limited negative control as there would be no chance of a non-relevant 

interaction occurring due to PPIs. A vector only negative control really only controls for 

the interaction of proteins with the affinity resin, and while an important control 

nonetheless, the additional negative control of GFP was also included in the experiments 

described here. Therefore, in a similar manner to the nTAP and dTAP HBH tag 

experiments, a FLAG-GFP construct was utilized as an additional negative control to 

verify that any interaction demonstrated between FLAG-NS5A-2a and a myc-tagged 

TAP candidate was highly specific to NS5A. 

 

Surprisingly, despite repeated attempts with FLAG-NS5A-2a samples to specifically 

coprecipitate a myc-tagged TAP candidate, all attempts showed some level of non-

relevant interaction with FLAG-GFP.  Figure 3.15 shows a Co-IP with a FLAG pull-

down of FLAG-NS5A-2a and FLAG-GFP from cells co-transfected candidate NS5A 

interacting protein myc-NKRF.  Here, myc-NKRF is co-precipitated with either bait 
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protein (Fig.3.15.A, lane 3 and lane 6).  Similar results were obtained using myc-tagged 

TOM22, TOM40, CHERP and RanGap1 (data not shown).  It is important to note that in 

no case did a vector only control bait sample co-precipitate any candidate or control 

protein. Therefore, it appears that attaching a larger protein capture area (e.g. GFP as a 

non-relevant protein) to the tag was enough to cause an inappropriate interaction.  

 

To evaluate this issue further, a well-established NS5A interacting protein, FKBP38 

(232,234–237) was N-terminally myc-tagged to use as a positive control and a variety of 

technical optimizations were undertaken in an attempt to improve specificity including: 

detergents (RIPA versus NP40), pH (7.4 versus 8.0), DNA removal (needle shearing 

versus high-speed centrifugation), increasing the number of washes, substitution of 

FLAG antibody capture resins (protein A/G magnetic beads versus agarose), precoating 

the FLAG capture resin and differing the FLAG resin elution conditions (boiling versus 

FLAG peptide).  Of all of these conditions, only adjusting the amount of protein 

expressed from the transient transfections (by lowering the amount of plasmid 

transfected) improved conditions (Fig.3.15.B, lanes 1, 2 and 3).   
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Figure 3. 15. Non-specific capture of NS5A interacting TAP candidate proteins by 

FLAG antibody affinity resin co-precipitation. (A) FLAG-NS5A-2a or FLAG-GFP were 

transfected along with: (A) myc-NKRF or (B) myc-FKBP38 into 293TN cells and 

harvested 48 hpt. Soluble proteins were precleared using protein A/G agarose for one 

hour then incubated with FLAG antibody overnight to capture FLAG-NS5A-2a or 

FLAG-GFP. Following addition of protein A/G agarose and one-hour incubation, 

complexes were washed four times with lysis buffer then eluted by boiling. (A) 15ul of 

the sample input, binding supernatant and elution were evaluated by Western blot 

analysis. myc-NKRF was detected using an anti-myc antibody and chemiluminescence.  

Sample input, binding supernatant (post- antibody capture) and elution are shown. myc-

NKRF (78 kDa) is indicated by an orange arrow and immunoglobulin G (IgG) heavy (H) 

and light (L) chains (50 and 25 kDa) with blue arrows. (B) FLAG-coated magnetic beads 

were incubated with precleared lysates for one hour, washed six times with lysis buffer 

and eluted by boiling.  15ul of sample input (upper panel)  and elutions (lower panel) 

were analyzed by Western blot.  FLAG-NS5A-2a and myc-FKBP38 were detected with 

anti-NS5A-Ab02 and anti-myc antibodies. myc-FKBP38 (43 kDa) is indicated by a red 

arrow, FLAG-NS5A-2a (63/65 kDa) by a green arrow and IgG-Heavy chain (50 kDa) 

with a blue arrow. FLAG-GFP was run off the gel in order to separate myc-FKBP from 

IgGH. 

 

So as not to deal with expression issues directly, an alternate strategy was employed to 

confirm PPIs using reciprocal affinity pull-downs i.e. capture myc-tagged TAP 

candidates directly and then determine if NS5A-2a or GFP was co-purified. Figure 3.16 

shows a Western blot of doubly transfected FLAG-NS5A-2a/Myc-TAP candidates 
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precipitated with anti-myc antibodies. In all cases, NS5A-2a interacting candidates (lanes 

2-10) and myc-FKBP38, as a positive control (lane 1), were precipitated using the anti-

myc bead approach suggesting that this approach could next be evaluated for GFP 

specificity. FLAG-NS5A, when transfected on its own was not captured by myc 

antibody/resin purification. The strongest FLAG-NS5A-2a (63/65 kDa) band intensities 

were observed with the positive control myc-FKBP38 (lane 1), myc-CCAR2 (lane 2), 

myc-CDK12 (lane 3), myc-NKRF (lane 6), and myc-TOM22 (lane 10) (Fig. 3.16).  

Weaker FLAG-NS5A-2a band intensities were observed in myc-OGDH (lane 4), myc-

SOD1 (lane 5), myc-CHERP (lane 7), myc-Rangap1 (lane 8), and Myc-TOM40 (lane 9) 

(Fig. 3.16).  myc-CCAR2 and TOM22 were chosen for further myc-tag based 

purification validation.   

 

Figure 3.17 shows a Western blot of myc Co-IPs evaluating the specificity of myc-

CCAR2 and myc-TOM22 pull-down of FLAG-NS5A-2a and FLAG-GFP as prey 

proteins.  FLAG-NS5A-2a was detected with both FLAG and NS5A-Ab02 antibodies in 

Figure 3.17, but a serial dilution of FLAG-NS5A-2a transfected 293TN cells revealed 

that the anti-FLAG antibody was more efficient at detecting the FLAG-NS5A-2a protein, 

however, in Fig.3.16 FLAG-NS5A-2a was detected using the NS5A-Ab02 antibody 

(channel 700, green) instead of the anti-FLAG antibody (channel 700, red) for clarity.  

myc-FKBP38 pull-down of FLAG-NS5A-2a was used as a positive control and 

demonstrated specific capture of FLAG-NS5A but not FLAG-GFP (compare lanes 3 and 

6, Fig.3.17). The measles matrix protein (MeaslesM, a kind gift from Dr. Alberto 

Severini and Ms. Helene Schulz, NML) (35 kDa) was used as an additional negative 
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control protein as it is not believed to bind either NS5A or GFP and helps support the 

concept that the mere act of overexpressing a myc-tagged protein does not result in 

irrelevant/non-specific pull-down. Neither NS5A nor GFP were captured with myc-

MeaslesM (Fig.3.17 lanes 9 and 12).  FLAG-NS5A-2a and FLAG-GFP were also 

expressed in the absence of any myc-tagged proteins and neither FLAG-NS5A nor 

FLAG-GFP was captured by the myc-magnetic beads (Fig.3.17, lanes 15 and 18).  

 

Interestingly, the specificity test with myc-TOM22 suggested that this bait protein was 

able to capture both FLAG-NS5A and FLAG-GFP (Fig.3.17, lanes 21 and 24).  TOM22 

was found to be a specific NS5A protein interaction candidate in xdTAP, so the Co-IP 

results differ from those of the TAP experiments. However, one function of TOM22 is to 

act as a chaperone (339) and therefore it may regularly interact with a number of proteins 

to assist with proper folding. The fact that these Co-IP experiments all involve transient 

expression, which tends to produce much higher amounts of protein compared to stable 

cell expression, may be a factor in the different results seen between nTAP/xdTAP. An 

additional candidate protein, myc-CCAR2 was able to co-precipitate FLAG-NS5A-2a 

and because it was the only protein to specifically co-precipitate FLAG-NS5A-2a and not 

FLAG-GFP, CCAR2became a primary candidate for further function evaluation 

(Fig.3.17, lanes 27and 30).   
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Figure 3. 16. Co-immunoprecipitation of FLAG-NS5A-2a with myc-tagged candidate 

proteins.  Plasmid expression vectors were transfected into 293TN cells, harvested 48 

hpt, subjected to anti-myc antibody coated magnetic bead purification and the final 

elution was evaluated by Western blotting with anti-NS5A-Ab02 and anti-myc 

antibodies. myc-FKBP38 (43kDa) (lane 1), myc-CCAR2 (103kDa) (lane 2), myc-CDK12 

(160kDa) (lane 3), myc-OGDH (116kDa)  (lane 4), myc-SOD1 (16kDa) (lane 5), myc-

NKRF (78kDa) (lane 6), myc-CHERP (106kDa) (lane 7), myc-Rangap1 (64kDa) (lane 

8), myc-TOM40 (42kDa) (lane 9), TOM22 (16kDa) (lane 10) are detected with the myc 

antibody as red bands (pink arrows). FLAG-NS5A-2a is detected as a green band using 

antibody NS5A-Ab02 at 63/65 kDa (green arrow). IgG heavy and light chain bands 

appear as 50 and 25 kDa yellow bands (blue arrow). 
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Figure 3. 17. Validation of myc co-immunoprecipitation using FLAG-NS5a-2a and 

FLAG-GFP as prey proteins. Plasmid expression vectors were transfected into cells, and 

harvested 48 hpt, subjected to anti-myc antibody coated beads and the final elutions 

obtained by boiling.  Sample input (Start), binding supernatant (Bind) and elutions 

(Elution) were evaluated by Western blot analysis with anti-FLAG, anti-NS5A-Ab02, 

and anti-myc antibodies. myc-FKBP38 (43 kDa, purple arrow) (lanes 1-6) myc-

MeaslesM (35 kDa, teal arrow) (lanes 7-12), myc-TOM22 (16 kDa, orange arrow) (lanes 

19-24) and myc-CCAR2 (103 kDa, pink arrow) (lanes 25-30) are detected with the myc 

antibody as red bands. 24) FLAG-GFP (27 kDa, red arrow) (lanes 4-6, 10-12, 16-18, 22-

24, 28-30) is detected by the FLAG antibody as a red band. FLAG-NS5A-2a (63/65 kDa, 

green arrow) (lanes 1-3, 7-9, 13-15, 19-21,25-27) is detected by FLAG and NS5A-Ab02 

antibodies as a green-yellow band. IgG heavy and light chains appear as 50 kDa and 25 

kDa red bands elutions (lanes 3,6,9,12,15,18,21,24,27,30).  Western blots are 

representative of six separate biological replicates. Figure  

 

As myc-CCAR2 provided a strong signal from co-preicpitating FLAG-NS5A-2a and 

using a myraid of controls, proved that the interaction was specific, the CCAr2 docking 
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site on NS5A was investigated. To determine if a particular NS5A-2a protein domain was 

responsible for the interaction with CCAR2, five FLAG-tagged JFH1 NS5A domain 

mutants were constructed. Domain mutants consisted of domain D1, D2, D3, D1-D2, and 

D2-D3 with the corresponding low complexity sequence (LCS) regions as pictured in 

Fig.3.18.A.  The upper panel of figure 3.18.B shows a Western blot of the myc Co-IP 

sample input with the full-length FLAG-NS5A-2a (63/65 kDa) (lane 1) and the domain 

mutants, D1 (30 kDa, lane 2), D2 (25 kDa, lane 3), D3 (28 kDa, lane 4), D1-D2 (45 kDa, 

lane 5) and D2-D3 (40 kDa, lane 6). No protein was detected for the FLAG-D2 construct 

but all the other constructs showed expression at the expected molecular weights and to a 

similar level to full-length NS5A. Only full-length FLAG-NS5A-2a protein was co-

precipitated to any extent by myc-CCAR2 (Fig.3.18.B, Elution, lane 1) as none of the 

FLAG-NS5A-2a domain constructs were detected by either the anti-FLAG or NS5A-

Ab02 antibodies in the myc-CCAR2 Co-IPs (Fig.3.18.B, lanes 2-6). Although improper 

folding and inappropriate subcellular localization issues were not explored further, it 

remains that only a full-length form of the NS5A protein was competent for capture by 

myc-CCAR2. 
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Figure 3. 18. Evaluation of CCAR2 interaction with NS5A-2a domains. (A) Schematic 

of full-length NS5A and NS5A domain mutants constructed from JFH1 NS5A.  FLAG-

tagged domain mutants consisting of one or two neighboring domains and the 

corresponding LCSI region were created from full-length JFH1 NS5A. (B) myc-CCAR2 

co-precipitation of FLAG-NS5A-2a domain mutants. Plasmid expression vectors were 

transfected into cells and harvested 48 hpt, subjected to anti-myc antibody coated beads, 

and final elutions were obtained by boiling.  Sample input (Input, upper panel), and 

elutions (Elution, lower panel, FLAG antibody left, NS5A-AB02, right) were evaluated 

by Western blot analysis with anti-FLAG (detects FLAG tag at N-terminus, all domain 

mutants, lanes 1-6), anti-NS5A-Ab02 (dectects NS5A-2a epitope in D3, only lanes 1, 4, 

6)), and anti-myc antibodies. Full-length FLAG-NS5A-2a (63/65 kDa) (lane 1) FLAG-

D1 (30 kDa, lane 2), FLAG-D2 (25 kDa, lane 3), FLAG-D3 (28 kDa, lane 4), FLAG-D1-

D2 (45 kDa, lane 5) and FLAG-D2-D3 (40 kDa, lane 6) are detected with FLAG and 

NS5A-Ab02 antibodies as green or yellow bands.  Myc-CCAR2 (103 kDa) (lanes 1-6) is 

detected with the myc antibody as a red band.  IgG heavy and light chains appear as 50 

kDa and 25 kDa red bands in the elutions (lanes 1-6). Size of full-length FLAG-NS5A-2a 

indicated by a blue arrow and size of FLAG-tagged domain mutants indicated with a pink 

arrow.   
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3.2.6 Evaluation of NS5A-2a/CCAR2 cell colocalization 

Co-localization of NS5A-2a and CCAR2 was first examined in 293TN and Huh7.5 cells 

doubly transfected with FLAG-NS5A-2a and myc-CCAR2.  In mock transfections of 

293TN and Huh7.5 cells, endogenous CCAR2 is found predominately in the nucleus, 

(Fig.3.19, A/C, Merge, pink shading). However, in either 293TN or Huh7.5 cells 

expressing both FLAG-NS5A-2a and Myc-CCAR2, CCAR2 is largely redistributed to 

the cytoplasm where FLAG-NS5A-2a is also located (Fig.3.19, B/D, merge = yellow 

pixels).  Examples of cells expressing both FLAG-NS5A-2a and myc-CCAR2 where 

there is redistribution of CCAR2 to the cytoplasm are indicated with white arrows in the 

CCAR2 (593 channel) and the corresponding NS5A-2a (488 channel) (Fig.3.19, B/D, 

CCAR2, NS5A-2a).  In cells not expressing NS5A, CCAR2 is located primarily in the 

nucleus as indicated by orange arrows (Fig.3.19, B/D, CCAR2).  Therefore, a correlation 

between FLAG-NS5A-2a expression and CCAR2 redistribution from the nucleus to the 

cytoplasm is apparent. 
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Figure 3. 19. Colocalization of FLAG-NS5A-2a and CCAR2 in co-transfected cells.  293TN and Huh7.5 cells were transfected with 

FLAG-NS5A-2a and myc-CCAR2 or mock transfected with a pUC19 plasmid (non-expressing control plasmid).  293TN and Huh7.5 

cells were transfected with (A, C) pUC19, or (B, D) FLAG-NS5A-2a + myc-CCAR2. 48 hpt cells were fixed with 2% 

paraformaldehyde, permeabilized with Triton X-100 and anti-CCAR2 and NS5A-Ab02 antibodies were used for detection.  Primary 

antibodies were detected with anti-mouse-593 and anti-rabbit-488 fluorescently conjugated secondary antibodies, and nucleic acids 

were stained with DAPI. Images were obtained with an Axiovert 200M fluorescence microscope (Zeiss) with the 20X and 32X and 

are representative images from three biological replicates. White arrows indicate CCAR2 cells with cytoplasmic localization of 

CCAr2 and FLAG0NS4A-2a and orange arrows indicate VVAR2 present in the nucleus in cells absent NS5A.
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Evaluation of subcellular localization was also performed using a higher resolution LSM 

700 laser scanning confocal microscope (Zeiss).  In 293TN cells transfected with FLAG-

GFP endogenous CCAR2 is mainly located in the nucleus (Fig.3.20.A, merge). While 

FLAG-GFP and CCAR2 are in similar areas of the cell, there is no yellow color that 

would be indicative of an overlap (Fig.3.20.A Merge-50X/100X).  Alternatively, in the 

presence of FLAG-NS5A-2a, there is more cytoplasmic staining of CCAR2 (Fig.3.20.B, 

CCAR2).  This is important as CCAR2 is often described as a nuclear protein (340–342).  

A zoomed in merge panel indicates that there are strong areas of overlap between NS5A 

and CCAR2 indicated by the yellow dots (Fig.3.20.B, Merge 50X/100X).   

 

While majority of the CCAR2 protein remained in the nucleus in transfected cells, 

several cells expressing FLAG-NS5A-2a indicated CCAR2 cytoplasmic redistribution 

(Fig.3.20.C).  In some 293TN cells containing FLAG-NS5A-2a (Fig.3.20.C), nucleic 

acids appear condensed, and CCAR2 no longer co-localizes with the nucleic acids but is 

present in the cytoplasm.  There is a correlation between the presence of FLAG-NS5A-

2a, condensed nucleic acids and CCAR2 cytoplasmic redistribution (Fig.3.20.C, Merge 

50X/100X).  This could highlight a moment in a cell’s lifecycle (mitosis) when NS5A 

and CCAR2 interact strongly with one another.  The strong interaction between NS5A-

2a/CCAR2 is also demonstrated in 293TN cells doubly transfected with FLAG-NS5A-

2a/Myc-CCAR2 (Fig.3.20.D).  293TN cells expressing the Myc-CCAR2 plasmid appear 

brighter red with broader total cell staining as opposed to endogenous CCAR2 levels that 

are lighter red with primarily nuclear staining (Fig.3.20.D, CCAR2). These 

colocalizations were repeated in Huh7.5 cells and yielded similar results (Fig.3.20.E-G).  
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In Huh7.5 cells, CCAR2 was present in both the nucleus and cytoplasm, FLAG-NS5A-

2a/CCAR2 colocalized in the cytoplasm and even more so in the FLAG-NS5A-2a/Myc-

CCAR2 transfection (Fig.3.20.E-G).   

 

Next, colocalization of NS5A-2a/CCAR2 was investigated with HBH tagged GFP and 

NS5A-2a stable GP2 293 cells used in the initial nTAP identification of the NS5A-

2a/CCAR2 (Fig.3.21.A&B). Cytoplasmic expression of CCAR2 was confirmed in both 

HBH-tagged NS5A-2a and GFP cells lines (Fig.3.21.A&B, CCAR2).  Discrete yellow 

puncta demonstrating an overlap between NS5A (488) and CCAR2 (593) were observed 

(Fig.3.21.B, merge). The yellow puncta do not represent a majority population suggesting 

that this interaction may represent a lower amount of interaction when HBH-NS5A-2a is 

expressed at a more moderate level compared to the transient transfection results 

presented above.  It should be noted that GP2 293 cells have a minimal cytoplasm, thus 

providing a smaller area by which to discern low-level cytoplasmic interactions. 

 

CCAR2-NS5A-2a co-localization was additionally evaluated in the SG JFH1 replicon 

and JFH1-HT infection models.  SG JFH1 cells contain actively replicating HCV RNA of 

including the nonstructural HCV proteins and merging of the 488, and 593 fluorescence 

channels show regions of overlap between the CCAR2 and NS5A protein represented by 

discrete yellow puncta (Fig.3.21.C, merge).  In SG JFH1 cells with condensed nuclei, 

there is an increase in the yellow overlap between CCAR2 (593) and NS5A-2a (488) 

indicating that the two proteins colocalize to a higher degree in cells with condensed 

nucleic acids that may be undergoing mitosis or cell death (Fig.3.21.C, merge).  Huh7.5 
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cells infected with JFH1-HT virus reflect similar results as seen with the SG JFH1 model 

where NS5A-2a/CCAR2 colocalization is observed (Fig.3.21.D, merge).  Taken together 

the indirect immunofluorescence experiments demonstrate that NS5A-2a and CCAR2 

proteins interact. 
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Figure 3. 20. Colocalization of FLAG-NS5A-2a and CCAR2 in transfected 293TN and Huh7.5 cells viewed with a laser scanning 

confocal microscope.  293TN and Huh7.5 cells were transfected with (A, E) FLAG-GFP, (B, C, F) FLAG-NS5A-2a or (D, G) FLAG-

NS5A-2a/Myc-CCAR2. 48 hpt cells were fixed with paraformaldehyde, permeabilized with Triton X-100 and antibodies to CCAR2 

and NS5A-Ab02 were used to detect proteins. Primary antibodies were detected with mouse-593 and rabbit-488 fluorescently 

conjugated secondary antibodies, and nucleic acids were stained with DAPI. Yellow overlapping puncta are indicated with a blue 

arrow.  Images were obtained with an LSM 700 laser scanning confocal microscope (Zeiss) with the 40X objective and are 

representative of two biological replicates (cell transfections).  
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Figure 3. 21. Co-localization of NS5A-2a and CCAR2 in HBH-NS5A-2a GP2 293 cells, SG JFH1/Huh7.5 and JFH1-HT/Huh7.5 

cells. (A) HBH-GFP, (B) HBH-NS5-2a GP2 293, SG (C) JFH1 Huh7.5 cells and (D) JFH1-HT infected Huh7.5 cells were fixed with 

paraformaldehyde, permeabilized with Triton X-100 and antibodies to CCAR2 and NS5A-Ab02 were used to detect proteins.  Primary 

antibodies were detected with mouse-593 and rabbit-488 fluorescently conjugated secondary antibodies, and nucleic acids were 

stained with DAPI. Yellow overlapping puncta are indicated with a blue arrow.  Images were obtained with an LSM 700 laser 

scanning confocal microscope (Zeiss) with the 40X objective and are representative of two biological replicates  
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3.2.7 Quantification of CCAR2 in NS5A-2a expressing cells 

To determine whether expression of NS5A-2a influenced endogenous CCAR2 protein 

levels, CCAR2 was quantified in both HBH-NS5A-2a and HBH-GFPGP2 293 cells 

(Fig.3.22. Western blot serial dilution analysis of cell extract detected with the CCAR2 

antibody showed a linear correlation (r2=0.986) over a 5ug-40ug total protein load range 

(data not shown).  30ug of 2% SDS harvested total protein from GP2 293 stable HBH-

NS5A-2a (lane 1), HBH-GFP (lane 2) cells and 293TN cells (lane 3) were evaluated by 

Western blot (Fig.3.22.A) and quantified (Fig.3.22.B). Actin was utilized as a load 

control to ensure equivalent protein loading, and CCAR2 protein abundance was 

expressed as a ratio of CCAR2/Actin signal (Fig.3.22.B). A two-tailed Student’s t-test 

assuming unequal variance indicated that the quantity of CCAR2 was unaffected by 

HBH-NS5A-2a expression when compared to HBH-GFP controls with a p-value of 0.94 

when the two means from three biological replicates were compared.  

 

The colocalization studies from the previous section suggested a cytoplasmic 

redistribution of CCAR2 in at least a subset of cells expressing NS5A-2a (Fig.3.20&21).  

To test whether this observation could be quantified, GP2 293 cells expressing HBH-

NS5A-2a and HBH-GFP were separated into cytoplasmic and nuclear fractions using the 

Rapid, Efficient And Practical (REAP) method (311).  40ug of total protein from the 

whole cell and cytoplasmic fractions and 35ug from the nuclear fraction was evaluated 

using Western blot analysis (Fig.3.22.C).  GAPDH and Histone H3 (H3) were used as 

cytoplasmic and nuclear extraction specificity controls to produce ratios of 

CCAR2/GAPDH for whole cell and cytoplasmic fractions and CCAR2/H3 ratios for 
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nuclear fractions (Fig.3.22.D).  The mean CCAR2 whole cell, cytoplasmic and nuclear 

ratios obtained from HBH-NS5A-2a cells were compared to HBH-GFP, but no 

significant difference was detected by a Student’s t-test (p-values of 0.80, 0.67 and 0.64 

for the whole cell, cytoplasm and nucleus abundance ratios respectively)(Fig.3.22.D). 

Therefore, NS5A-2a expression does not alter the CCAR2 protein levels in 293 cells. 
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Figure 3. 22. Expression of NS5A-2a does not affect CCAR2 overall protein levels. (A) 

CCAR2 expression in HBH-tagged NS5A and GFP expressing cells. 30ug of total protein 

from HBH-NS5A-2a (lane 1) and HBH-GFP (lane 2), GP2 293 cells were evaluated by 

Western blot. CCAR2 (103 kDa, red arrow), HBH-NS5A-2a (63/65 kDa, green arrow) 

and Actin (42 kDa, blue arrow) are identified with anti-CCAR2, anti-NS5A-Ab02, and 

anti-Actin antibodies by near infrared detection. (B) Quantification of CCAR2 in HBH-

tagged NS5A and GFP cells. Signal intensities of CCAR2 and actin were quantified using 

Image Lite software and presented as CCAR2/Actin ratios. Data presented are the mean 

CCAR2/actin ratios ± SEM obtained from three biological replicates. (C) CCAR2 

expression in REAP fractionated HBH-tagged NS5A and GFP cells.  40ug of whole cell 

lysate, 40ug cytoplasmic fraction and 35ug nuclear fraction from REAP separated HBH-

NS5A-2a (lanes 1-3) and HBH-GFP (lanes 4-6) GP2 293 cells were evaluated by 

Western blot. CCAR2 (103 kDa, red arrow), HBH-NS5A-2a (63/65 kDa, green arrow), 

Histone H3(18 kDa, purple arrow) and GAPDH (37 kDa, orange arrow) are identified 

with anti-CCAR2, NS5A-Ab02, H3 and GAPDH antibodies by near infrared detection. 

(D) Quantification of CCAR2 in REAP fractionated HBH-tagged NS5A and GFP cells. 

Signal intensities of CCAR2, H3, and GAPDH were quantified using Image Lite. 

CCAR2 abundance is expressed as expressed as CCAR2/GAPDH for whole cell and 

cytoplasmic fractions and CCAR2/H3 for nuclear. Data presented are the mean 

CCAR2/Control ratios ± SEM obtained three biological replicates. 
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3.3 Summary 

nTAP and xdTAP methodologies were applied to stably expressed HBH-NS5A-2a 

samples and identified previously published and novel NS5A interacting candidates.  

While the FLAG-NS5A-2a immunoprecipitation did not provide the specificity required 

to confirm the TAP candidates when compared to a FLAG-GFP control protein, 

reciprocal myc-tagged Co-IPs established CCAR2 as a novel NS5A-2a interacting 

protein.  Colocalization using indirect immunofluorescence provided further evidence of 

the NS5A-2a/CCAR2 interaction as both proteins colocalized intracellularly in several 

models of NS5A-2a expression.  Expression of NS5A-2a does not affect the overall 

quantity of CCAR2 cellular protein in total protein lysates obtained from stable HBH-

NS5A-2a GP2 293 or SG JFH1 replicon cells.  While colocalization supports a model for 

CCAR2 cytoplasmic redistribution, it appears to occur in a subset of cells as this was not 

confirmed in REAP separated cytoplasmic and nuclear fractions of HBH-NS5A-2a GP2 

293 cells possibly due to the limited number of cells that his occurs in. 
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Chapter 4: Mapping and characterization of phosphorylation sites on 

hepatitis C virus nonstructural 5A protein 

4.1 Introduction and Rationale 

The phosphorylation status of NS5A is believed to play a significant role in the 

replication and packaging of HCV. Different phosphorylation states affect NS5A’s ability 

to bind host proteins and these interactions are required for successful completion of the 

viral life cycle (140,284).  Several groups have attempted to identify phosphorylation 

sites within NS5A and the following NS5A residues: S146, S222, S225, S235, S238 and 

T348 have been unaidentified (303–306).  Mass spectrometry analysis of HBH-tagged 

NS5A protein (Results, Chapter 3) indicated a number of phosphorylation sites had not 

been previously reported. Therefore, a more concerted effort was made to map any 

additional sites and determine if they had a biological phenotype in the context of an 

infectious virus clone.    

4.2 Results 

4.2.1 Expression of JFH1 NS5A to identify phosphoacceptor sites by mass 

spectrometry 

During the course of this study, phospho-NS5A was isolated from several sources. 

Initially, the HBH-tagged protein expressed in 293 cells was used as a source of NS5A. 

dTAP purification of HBH-NS5A was enriched for phosphopeptides using titanium 

dioxide resin and subjected to mass spectrometry analysis. This source of NS5A 

identified 25 phosphorylation sites. (Table 4.1) While all of the peptides used for 

phosphorylation identification were confidently identified as being phosphorylated, in 
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two cases, the specific residue was not clear. For one peptide containing S381+S382 and 

for another peptide containing S414+S415, the specific serine residue could not be 

unambiguously assigned and therefore they are listed as S381/S382 and S414/S415 

(Table 4.1 and Appendix 2). Additional proteases were also used in order to produce 

different peptides and thus provide different/greater coverage than trypsin could alone 

therefore GluC (cleaves after glutamate and aspartate residues) and AspN (cleaves after 

Asp and Cys residues) were incorporated in to the analysis. GluC digestion identified 

new phosphorylation sites in NS5A at S288, S381/S382, S401, T410, and S414/S415 and 

confirmed another phosphorylation site at T204.  AspN digestion identified T210 and 

S272 (Table 4.1). 

 

Table 4. 1. NS5A phosphorylation sites identified from each source where NS5A was 

expressed. NS5A sources: Expressed HBH-NS5A-2a (NS5A isolated from GP2 293 cells 

stably expressing HBH-tagged NS5A), wt SG JFHI (NS5A isolated from cells harbouring 

a SG replicon JFH1 wt, genotype 2a), SG JFH1 NS5A-HBH (NS5A isolated from a 

modified wt SG JFH1 replicon where an HBH tag was incorporated into the NS5A 

coding sequence. Positively identified phosphorylated residues are indicated with a black 

box under the serine or threonine residue found to be modified by mass spectrometry 

analysis.  Previously identified NS5A phosphorylation sites are highlighted in blue 

(289,303–306).  Protein digestion enzymes used for site identification are indicated 

below (T=trypsin, G=GluC, A=AspN). 

 

 

While the HBH-tagged NS5A protein platform provided large amounts of extremely pure 

product which is highly amenable to mass spectrometry identification, there was the 
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concern that additional phosphorylation sites may occur only when NS5A is expressed in 

the context of other viral proteins. Therefore, SG JFH1 replicon cells were used next as a 

source of NS5A protein. In order to reduce the proteome complexity, lysates were 

subjected to slab-gel SDS PAGE and the region corresponding to NS5A Including the 

basally phosphorylated (p56) and the hyperphosphorylated form (p58) was isolated 

following electrophoresis. Unfortunately, this methodology is not optimal for mass 

spectrometry analysis as slab-gel SDS-PAGE can only resolve a limited amount of 

protein before resolution is compromised and the proteins migrate as an indistinguishable 

protein smear. Additionally, digestion and extraction of peptides from acrylamide slices 

is not an efficient process thereby limiting detection success during subsequent mass 

spectrometry interrogation.  In order to alleviate the yield problems associated with 

standard slab gels, NS5A was isolated from SG JFH1 Huh7.5 replicon cells using a large 

format continuous high-resolution gel electrophoresis 491 prep cell (Bio-Rad). This 

system can circumvent the two most important issues mentioned above: 1) the system can 

successfully resolve up to 5mg of total protein and 2) protein is eluted from the gel as 

liquid fractions and therefore subsequent manipulations do not require digestion of the 

protein in acrylamide. 

 

Figure 4.1.A depicts a silver stained SDS-PAGE gel of fractions collected from the 491 

prep cells, demonstrating good separation of proteins by size.  A Western blot probed 

with anti-NS5A-2a antibody (NS5A-Ab02) was used to identify the fractions containing 

NS5A-2a protein (Fig.4.1.B) and these fractions were concentrated and enriched for 

phosphopeptide identification. In this case, 12 sites were identified of which three were 
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new compared to the HBH-NS5A expressed and purified form (S381/S382, T410 and 

S414/S415). There were 16 sites seen in the HBH-tagged NS5A expressed source that 

were not seen in the SG replicon source of NS5A. A possible explanation is that yield 

and purity compromised detection of these species as numerous other host 

phosphorylated contaminating proteins were also detected in these samples. One potential 

advantage of the 491 prep cell size separation method was the ability to separate the two 

phospho-proteoforms of NS5A-2a. In Figure 4.1.B, eluted fraction lane 1 contains the 

equivalent of p56, whereas lanes 2 and 3 contain p56+p58, and lanes 4-9 contains p58.    

  

 

Figure 4. 1. Continuous gel electrophoretic separation of total protein from wt SG JFH1 

replicon Huh7.5 cells. Five mg of total protein from wt SG JFH1 cells was separated on a 

7.5% 491 prep cell (Bio-Rad), and fractions were eluted in 2ml volumes. (A) Separation 

of wt JFH1 replicon Huh7.5 491 by size using the 491 prep cell.  15ul of select 491 

fractions were resolved on an SDS-PAGE gel and silver stained for total protein content. 

Fractions E3-E15 contained 60-70 kDa proteins. (B) Identification of NS5A-2a from 491 

prep cell elution fractions. NS5A-2a was detected in the 491 elution fractions spanning 

the 60-70 kDa range E3 (lane 1) and E9-E15 (lanes 2-8) using the NS5A-Ab02 antibody 

and chemiluminescence. 
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Ultimately, the most valuable model to study NS5A phosohorylation would be one in 

which the HBH affinity tag was added to NS5A within the genome of a replication 

competent virus. This would allow expression of NS5A in the context of viral replication 

and provide a simple way to affinity purify the protein. To this end, the HBH tag was 

inserted into NS5A within the SG JFH1 replicon.  The C-terminal region of NS5A-2a has 

been previously shown to tolerate insertion of foreign sequence while still allowing 

genome replication (141,181,304).  The HBH tag was inserted between E420 and G421 

within NS5A-2a at the site of an AbsI restriction site (Fig.4.2.A). Transcribed RNA was 

generated and used to establish a replicon cell line and the presence of NS5A-HBH in the 

cells was confirmed by Western blot and indirect immunofluorescence  (Fig.4.2.B&C). In 

figure 4.2.B, lane 1, wt NS5A-2a is detected as two bands at 63/65 kDa, the two 

predominant phospho-proteoforms of NS5A. These forms will still be referred to as p56 

(basally-) and p58 (hyperphosphorylated) even though NS5A from genotype 2a has a 

natural insertion that increases its size to 63 and 65 kDa. Bands at 80-85 kDa are 

unidentified host protein detected by NS5A-Ab02 in Huh7.5 cells as well as other cell 

lines tested (see Fig 3.17 for a 293 cells only control).  

 

Increasing amounts of protein from the SG JFH1-NS5A-HBH replicon cell line evaluated 

by Western blotting are shown in lanes 2-5 and the bands detected at 74/76 kDa are the 

correct sizes for NS5A-2a-HBH. Indirect immunofluorescence using the NS5A-Ab02 

revealed that SG JFH1-NS5A-HBH replicon cells displayed the same characteristic 

cytoplasmic NS5A staining as did wt SG JFH1 cells (Fig.4.2.C).  The level of NS5A 

protein compared to wt suggested that the HBH tagged replicon was not as efficient as 
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the wt SG form (compare Fig.4.2.B, lanes 1 and 5). Nevertheless, viable subgenomic 

RNA replication and localization was taking place so SG JFH1-NS5A-HBH Huh7.5 

replicon cells were used as a source of isolating phosphorylated NS5A from a replicon 

model.  

 
Figure 4. 2. Expression of NS5A-HBH-2a from SG JFH1-NS5A-HBH replicon Huh7.5 

cells. (A) Schematic of HBH tag insertion into JFH1 NS5A-2a.  The HBH tag was 

inserted utilizing an AbsI restriction site between E420 and G421 in NS5A within SG 

JFH1. (B) Western blot confirmation of NS5A-HBH-2a expression from SG JFH1-

NS5A-HBH replicon cell lines.  20ug of protein from wt SG JFH1 (lane 1) and 1, 5, 10 

and 20ug of SG JFH1-NS5A-HBH lysates (lanes 2-5) were detected using the NS5A-

Ab02 antibody and near infrared detection.  Wt NS5A-2a is indicated as wt p56/wt p58 

and NS5A-HBH-2a as HBHp56/HBHp58. (C) Indirect immunofluorescence of SG JFH1-

NS5A-HBH and wt SG JFH1 cells. NS5A-Ab02 was used to detect both wt, and HBH 

tagged NS5A-2a. The left panel shows cell under visible light, and the right panel shows 

indirect immunofluorescence detection of NS5A with NS5A-Ab02.  Images were 

obtained with an Axiovert 200M fluorescence microscope (Zeiss) with the 20X objective.  
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In this case, HBH-tagged NS5A was isolated from the replicon cell model using the 

dTAP method. Mass spectrometry analysis identified 13 phosphorylation sites with eight 

being shared in common with the SG WT model with no affinity tag (Table 4.1). No new 

sites were identified compared to what the original HBH-NS5A protein expressed on its 

own saw. 

 

As an example of typical phosphopeptide identification, phospho-threonine 164 is 

presented. Phospho-threonine 164 was detected as a phosphorylated residue within NS5A 

by each of the three different platforms and a spectrum (image generated in Scaffold 

Software, Proteome Sciences) is shown in Figure 4.3.  Here, a doubly charged peptide of 

1286.62 Da was selected and fragmented to produce a spectrum of fragment ions (tandem 

mass spectrometry spectrum). The peptide was identified as belonging to NS5A-2a with 

amino acid sequence “FAPTKPFFR” with phosphorylation at the threonine position 164 

(T164) (Fig.4.3.A).  There is a predominant parent ion species (parent +2H +1 -98), 

which is consistent with stripping of the phosphate group (H3PO4, 98Da) from the parent 

ion during collisional induced dissociation (CID). This is a common feature of 

phosphopeptides detected by CID but causes decreased sequence information due to lack 

of fragmentation of the parent ion. Nevertheless, adequate sequence information was 

obtained for this species with six b-ions and seven y-ions detected (Fig.4.3.B).  The fine-

mapping of T164 as a phosphorylated residue is straightforward as the T+80 (HPO3) Da 

ion species was identified in both the b and y-ion series, and peptide contains only a 

single phosphorylatable residue (T) (Fig 4.3).  It should be noted that this peptide 

contained a missed cleavage at position K6. This was potentially a fortuitous event as 

cleavage at his site would have resulted in a smaller peptide with the sequence 
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“FAPTPK” which is just above the 600 Da minimum size window. More importantly, the 

peptide charge state would likley have been  +1 rather than +2.  The addition of a 

phosphate moiety results in a negative charge (even in acidic solution) and, combined 

with the positive charge from the N-terminus and the NH3 side-chain on arginine (or 

lysine), a net charge of +1 results. Typically, when mass spectrometers are used for 

peptide interrogation, all +1 charged species are excluded from further (tandem) selection 

and fragmentation as they often represent chemical contaminants.  However, due to the 

internal K, which was not cleaved during trypsin digestion, the peptide has an overall +2 

charge and was selected for analysis (Fig.4.3). 

 
Figure 4. 3. Mass spectrometry spectrum of a peptide identifying phospho-T164 from 

NS5A peptide produced from dTAP purified HBH-NS5A-2a. (A) The mass spectrometry 

detected ion species are plotted as relative intensity vs. mass/charge (z) ratio.  N-terminal 

(b-ions) are highlighted in red, C-terminal (y-ions) are highlighted in blue with numbers 

corresponding to the position along the peptide from N- or C- terminus. The m/z value, 

peptide charge, predicted mass and parent ion error (in ppm) is indicated in the upper left 

corner.  The parent ion neutral loss (parent + 2H +1-98Da) is indicated. (B) Ion 

fragmentation table b- and y-ions predicted to be present in the peptide spectra are 

indicated with detected species highlighted in color. Each column represents the 

anticipated mass of ions in the peptide. 98 Dalton parent ion corresponding to an 80 

Dalton HPO3 moiety and an H2O molecule referred to as a neutral loss are indicative of a 

phosphorylation event is pictured in green. The phosphopeptide was incompletely 

digested by trypsin as evidenced by an internal Lysine (K) residue. 



 159 

A comparison of the mass spectrometry phosphorylation site mapping from the various 

sources is depicted in figure 4.4 and the data supporting phosphorylation position site 

assignment is presented in Appendix 2.  Figure 4.4 demonstrates that majority of the 

phosphoacceptor sites were identified within NS5A Domain 2, followed by Domain 3 

and Domain 1.  No phosphorylated residues were identified near the NS5A C-terminus 

due to the lack of protease cleavage sites available and thus the inability to produce 

appropriately sized peptides for mass spectrometry. 

 

As the NS5A-2a protein is rich in lysines and arginines, the use of additional non-trypsin 

digestion enzymes was also included in order to more completely interrogate the 

phosphopeptide sites present. Using GluC provided the exclusive identification of 

phosphoacceptor sites S401, T410 and S414/S415 and AspN with T210, T213 and S272 

from dTAP purified HBH-NS5A-2a samples. Therefore, inclusion of additional proteases 

can increase the coverage of interesting residues. 

 

The majority of identifications were obtained using HBH-NS5A-2a in combination with 

the TAP protocol, most likely due to the high amount of protein recovered.  Only three 

phosphopeptides were identified exclusively in the untagged SG JFH1 replicon, and those 

were peptides containing, “S381/S82”, “S414/S415” and “T410”. Fine mapping of the 

phosphorylation events was accomplished except the exact phosphorylated residues on 

peptides“S381/S82”, “S414/S415” could not be unambiguously assigned due to lack of 

defining ion species (Fig.4.4). 
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In all, 28 phosphorylated residues were identified from NS5A phosphopeptides of which 

26 were mapped to a specific residue.  The six previously unambiguously mapped NS5A 

phosphorylation sites (S146, S222, S225, S235, S238, T348 (303–306) ) were confirmed 

in this thesis and 20 novel residues were identified (Fig.4.4).   

 

 
Figure 4. 4. Positively identified phosphoacceptor sites and residues identified on 

phosphopeptides from NS5A JFH1.  Vertical lines separate the three NS5A-2a protein 

domains (D1, D2 and D3) and two low complexity sequences (LCS1 and LCS2). Serine 

and threonine residues identified by the search algorithms are bolded-faced and colored, 

residues unequivocally assigned to a single residue are bold faced and underlined.  Colors 

indicate the source material for the identified phosphorylation sites: blue (HBH-NS5A-

2a, SG JFH1-NS5A-HBH, and SG JFH1), green (HBH-NS5A-2a, SG JFH1-NS5A-

HBH), red (HBH-NS5A-2a) and black (SG JFH1). Previously published sites S146, 

S222, S225, S235, S238, and T348 (289,303–306) are double underlined. 

 

As highly conserved residues between HCV genotypes may be indicative of the 

requirement of that particular amino acid, conservation of NS5A-2a identified 
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phosphoacceptor sites was evaluated using representative sequences from each of the 

seven HCV genotypes (343,344).  Alignments were performed using CLUSTAL Omega 

1.2.1 and conservation of the phosphorylated serine and threonine residues was evaluated 

(Appendix Fig. A1). Identified phosphoacceptor sites conserved in all seven HCV 

genotypes containing either a serine or threonine as the identified residue were: T204 

(except R in 3a, a charge mimic), T210, S225, S229, S230, S232, S235, S414, and S415.  

Interestingly, T164 and T348, identified here as phosphorylation sites, were only present 

in JFH1, 2c and J6 strains respectively and T410 was found only in strain JFH1 

(Appendix Fig.A1). 

 

4.2.2 Phosphoblatant and mimetic mutations of phosphoacceptor sites in pJFH1 

To determine the impact of the identified NS5A phosphoacceptor sites on the HCV life 

cycle, both alanine, and aspartic acid residues were substituted into the pJFH1 backbone 

at the sites identified by mass spectrometry and database analysis.  The alanine mutations 

served to ablate phosphorylation, and aspartic acid residues were used to mimic the 

negative charge of a phosphate molecule. The JFH1 virus used in this study was the 

unmodified JFH1 strain devoid of any supplemental cell culture-adaptive mutations (151) 

as opposed to the commonly used Jc1or J6/JFH1 chimeric strains.  This choice was made 

to maintain the highest level of biological relevance and to avoid producing potentially 

synergistic mutations, despite JFH1’s inferior production of infectious virus. Each RNA 

species was electroporated into Huh7.5 cells and plated to allow collection of RNA, 

protein and infectious supernatant from the same electroporated cells (Fig.4.5). 
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Figure 4. 5. Effects of NS5A-2a phosphomutants on the JFH1 HCV protein synthesis, 

RNA replication, and virus production.  Nucleotide sequences of NS5A-2a serine and 

threonine residues identified as phosphoacceptor sites by mass spectrometry and database 

analyses were mutated to a phosphoblatant (alanine) or a phospho-charge mimetic 

(aspartate) within the HCV pJFH1 DNA plasmid. Following XbaI digestion, in vitro T7 

RNA was synthesized and RNeasy purified.  5ug of RNA was electroporated into Huh7.5 

cells and plated into separate 35 mm dishes. Samples were harvested for RNA (4 and 72 

hours post electroporation (hpe), protein (72 hpe) and, following passaging of the cells, 

infectious supernatant (9 dpe).  

 

4.2.3 Analysis of JFH1 RNA replication efficiency of phosphoblatant (alanine) and 

phosphomimetic (aspartate) mutation of positively identified NS5A 

phosphoacceptor sites 

JFH1 genomic RNA levels were evaluated by qRT-PCR from samples harvested at four 

and 72 hours post-electroporation (hpe) (Fig.4.6).  A non-replicative JFH1 GND mutant 

construct with an inactive NS5B polymerase was used as a replication null control. GND 

also served to define the rate of RNA degradation in the cells by comparing 4 hour 

“input” RNA to virus genomic RNA levels at 72 hours.  Each RNA extract was adjusted 

to 100ng of total RNA prior to reverse transcription and JFH1 specific primers were 

employed along with a cellular loading control, GAPDH.  JFH1 viral RNA levels were 
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determined by comparison to a 5-point log dilution standard of wt JFH1 RNA, and these 

values were further normalized to GAPDH levels. It is worthwhile noting that only very 

minor differences in the GAPDH values were seen between samples in any given 

experiment suggesting that the initial 100ng spectrophotometry values were essentially 

adequate for normalization (data not shown). However, the inclusion of this control also 

acted as general RNA quality control that could identify poor quality samples. JFH1 viral 

RNA fold change was determined by comparing the 72-hour RNA level to the 4-hour 

“input” RNA level then comparing to the values from wt JFH1 genome replication.  Each 

qRT-PCR experiment incorporated duplicate wt JFH1 RNA species for each experiment. 

In this study, wt replication levels did not vary by more than 3-fold overall with respect 

to replicative capacity (comparing 4hpe to 72hpe values).  

 

Most of the phosphoablatant or mimetic mutations produced phenotypes similar to wt 

(Fig.4.6) and none replicated with a greater capacity than wt JFH1 virus. The mutants 

that did not exhibit wt like replication could be classified as weak (3-10 fold less RNA 

levels at 72hpe/4hpe compared to wt), very weak (10-100 fold less RNA levels 72hpe 

compared to 4hpe) and extreme (>100 fold less RNA levels 72hpe compared to 4hpe). 

Mutant S229A showed the most severe decline in RNA at the 72 h time point, 

comparable to the GND mutant, which is RNA polymerase deficient. T210D, S229D, and 

S235A mutations displayed the “very weak” replication level phenotype (Fig.4.6.A&B). 

These mutants were unable to increase the RNA levels above the 4hpe input by 72 hpe 

but the RNA levels at 72 hpe were not as severely depressed as for S229A or GND. If 

RNA replication is occurring it is at very poor efficiency. Alternatively (or in 
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combination), RNA turnover may be adversely affected so that “input” RNA is being 

protected to a certain extent. Other studies have shown that mutations at these sites also 

adversely affect HCV replication (284,289,299,304,305).  Several of the phosphomutants 

were hindered in their replicative capacity and are grouped into the “weak replication” 

category. These include T204D, T210A, S225D, S232A/D, S235D, S238A/D, T334A/D 

and T363A/D (Fig.4.6.). Here, replication showed a less than 10-fold increase in the 

amount of RNA compared to 72 hpe and suggests less than optimal replication levels for 

these mutants.  T204D and T334D mutations had not been previously evaluated.   An 

important caveat to this observation is that some of the mutants exhibited higher than wt 

input RNA levels at 4hpe (S232D, S235D and S238A/D). If a maximum “ceiling” exists 

for viral replication in these experiments, it could make the relative increase appear 

smaller than it could have been.   

 

S222D has been suggested by Lemay et al., 2013 to be inhibited for replication capacity 

(303) but the results presented in this thesis are consistent with other reports suggesting 

that it replicates to wt levels (289,299,304). Mutant S229A’s extreme RNA replication 

phenotype was partially reversed with mutant S229D (now replicating like a “very weak” 

mutant phenotype). Mutant S235D likewise “rescued” the S235A phenotype to a weak 

RNA replication level. Mutant T210D (very weak phenotype) was rescued to a weak 

level with mutant T210A (Fig.4.6).  Although additional experiments would need to be 

performed to determine if the altered phenotypes are due to changes in NS5A stability, 

localization or PPIs, the data points to the D1 and D2 domains as having the greatest 

influence relating phosphorylation to replication.  
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Figure 4. 6. Effects of mutating sequences of phosphoacceptor sites in HCV JFH1 NS5A-2a protein identified through mass 

spectrometry on RNA genome replication. Positively identified phosphoacceptor sites were mutated to either alanine (phosphoblatant) 

or aspartic acid (phosphomimetic) in a pJFH1 plasmid by site-directed mutagenesis.  JFH1 wt and GND (non-replicative with a 

mutant NS5B polymerase) viruses were utilized as positive and negative controls.  All plasmid constructs were subjected to T7 RNA 

synthesis, and 5ug of RNA was electroporated into Huh7.5 cells.  Total cellular RNA was isolated at four (gray bars), and 72 hpe 

(black bars) to represent input RNA and replicated genome RNA respectively. JFH1 RNA and cell control GAPDH levels were 

determined by qRT-PCR. Data for each time point was normalized to GAPDH and then to four hpe wt input values. Results represent 

the mean ± standard error of the mean (SEM) of a minimum of two independent electroporation experiments. (A) Normalized HCV 

JFH1 genome abundance of the serine-alanine and serine-aspartic acid mutations of positively identified phosphoacceptor sites of 

NS5A D1 (B) LCSI (C) D2/LCSII/N-terminus of D3 (D) C-terminus of D3 of JFH1-NS5A-2a. 
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4.2.4 Impact of NS5A phosphoacceptor site mutations on the abundance and ratio of 

basally and hyperphosphorylated NS5A protein  

NS5A migrates as a doublet on SDS-PAGE gels with the faster migrating, basally 

phosphorylated band referred to as “p56” and the slower migrating hyperphosphorylated 

form referred to as “p58” (97).  Although NS5A from JFH1 has additional sequence near 

the C-terminus making it a larger protein that migrates at 63 and 65kDA, the terms p56 

and p58 are still used to refer to the two phospho-proteoforms (151).  Earlier studies 

described in this thesis used chemiluminescence to evaluate Western blots. In order to 

improve quantitative accuracy, subsequent blots were assessed using near infrared 

detection quantitation (Li-Cor Biosciences).   

 

To evaluate the quality of quantification on this platform, serial dilutions of a 72hpe wt 

JFH1 protein sample were applied as a 2-fold serial dilution to a Western blot and probed 

with antibody NS5A-Ab02 (Fig.4.7.A).   The linearity of the NS5A-Ab02 antibody signal 

(r2) was 0.997 when the signal from both p56 and p58 bands were evaluated (Fig.4.7.B). 

The Western blot in figure 3.7.A containing the serially diluted JFH1 protein was also 

used to determine whether the p58/p56 ratio of the NS5A-2a protein is affected by the 

percent of NS5A-2a protein occupying a total protein lysate (Fig.4.7.C).  The p58/p56 

ratio generated by the serially diluted JFH1 protein lysate showed less than 15% 

difference over a 5-fold serial dilution (Fig.4.7.C).  

 

Next, NS5A-2a phospho-proteoform ratios were calculated from extracts of SG wt JFH1 

Huh7.5 cells with different monolayer confluency (Fig.4.8).  This was done to determine 
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if the density of a cellular monolayer significantly affected the NS5A-2a p58/p56 ratio.  

In figure 4.8.A NS5A-2a was detected from total protein extracts of SG JFH1 Huh7.5 

cells at 60, 80,100 and >100% confluency (lanes 2-5). When quantified, the produced 

p58/p56 ratios from the different percent monolayers showed a decrease in the p56/58 

proteoform ratio from 0.58 to 0.42 as the cell confluency went from 60% to >100%. Total 

NS5A-2a protein amounts also increased as the confluency increased (Fig.3.8.B).  As 

such, the NS5A-2a phospho-proteoform ratio is moderately affected by cell confluency, 

and therefore all experiments were designed to result in plating densities that were similar 

throughout all experiments. 

 

 
Figure 4. 7. Evaluation of NS5A antibody NS5A-Ab02 for quantitative detection of 

NS5A-2a by Western blot. (A) Western blot of total JFH1 electroporated Huh 7.5 cell 

protein extract (72 hpe) 2-fold serially diluted: 20-2ug.  NS5A-2a was visualized using 

NS5A-Ab02 antibody and near infrared detection (Li-Cor Biosciences). (B) Plot of the 

relative signal intensity of detected NS5A protein versus total protein loaded. (C) 

p58/p56 NS5A phospho-proteoform signal ratios from serially 2-fold diluted JFH1 total 

protein lysate. 



 168 

 

 
Figure 4. 8. Effects of cell confluency on NS5A-2a p58/p56 phospho-proteoform signal 

ratio in SG wt JFH1 Huh7.5 replicon cells. (A) Western blots of SG wt JFH1 total protein 

harvested at different cell confluencies. A wt master mix was created from pooled wt 

JFH1 total protein lysates to ensure consistency of the p58/p56 ratio between separate 

Western blots (lane 1). This Master sample was run on every Western blot where NS5A 

quantification was performed. Cell confluencies at the time of harvest were: 60% (lane 

2), 80% (lane 3), 100% (lane 4) and >100% (lane 5), 72 hpe with 5ug of transcribed RNA 

(lane 6) and a Huh7.5 cells only control (lane 7). NS5A was visualized using the NS5A-

Ab02 antibody (green arrow), and an anti-Vinculin antibody detected Vinculin (red 

arrow) as a load control in near infrared detection. (B) Quantification of the p58/p56 ratio 

from the Western blot in (A). NS5A signal intensity data was extracted using Image 

Studio Lite software (LI-COR Biosciences) and plotted against the cell confluency. The 

p58/p56 ratios are presented as blue bars, and total NS5A signals (p58+p56) are 

portrayed as red squares. 

 

To detemine the effects of the NS5A phosphoacceptor site mutations on the expression of 

each NS5A phospho-proteoform, total protein was collected from RNA electroporated 

Huh7.5 cells at 72hpe and subjected to Western blot analysis using NS5A-Ab02.  The 

majority of phosphomutants displayed p58/p56 ratios within 20% of the mean wt ratio of 

0.61, within the experimental variance noted earlier (Fig.4.9).  NS5A protein from 

mutants S229A and S229D were below detectable levels and could not be quantified 
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consistent with their extreme (SS229A) and very weak (S229D) RNA replication 

phenotypes disussed earlier (section 4.2.3). Interestingly, T210D which was also 

categorized as a very weak RNA replication mutant did have enough NS5A protein to 

allow quantification and although it was significantly reduced in total NS5A amount 

compared to wt NS5A levels. The p58/p56 ratio for this mutant was much higher than for 

wt at 1.01. 

 

S151D, S225A, and S232A exhibited the lowest p58/p56 ratios of 0.19, 0.11 and 0.08 

respectively (Fig.4.9).  S151A expressed a closer to wt ratio of 0.44 indicating that 

phosphorylation at S151 may be detrimental to the production of p58 (Fig.4.9). 

Interestingly, S225A and S232A were not fully rescued to wt level ratios by their 

phosphomimetic counterparts with S225D and S232D producing mean ratios of 0.28 and 

0.24 (Fig.4.9).  This suggests that the aspartic acid mimic at these residues may aid in 

charge compensation, but the full phosphate molecule may be required for optimal 

expression or that authentic phosphorylation at these sites are required to hinder 

migration in SDS-PAGE.  This may also suggest that mutation of S225 and S232 has a 

destabilizing effect on the NS5A protein, a feature that was not further explored. 

 

Several phosphomutants expressed moderately lower levels of p58 and include: S146D, 

S228A, S288D, S235A and T348D with mean p58/p56 ratios of 0.21, 0.37, 0.29, 0.35 

and 0.35 respectively (Fig.4.9). The reduced abundance of p58 observed with 

phosphomutants S225A, S232A, S225D, S232D, S146D, S235A in this study is 

consistent with previous observations and is likely due to reduced replication capacity 
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(289,299,304,345).  S235A phospho-proteoform abundance has been inconsistent 

between studies where previous investigations have reported no detectable protein 

(289,305), no discernable p58 expression (306) or, as was observed in this study, a lower 

p58/p56 ratio (299).  Only three of the phosphomutants assessed produced decidedly 

more p58 than wt and included: T213D and T210A/D with mean p58/p56 ratios of 0.89, 

1.08, 1.01, respectively (Fig.4.9).  Several groups have reported the phosphomimetic 

mutations S232D, S235D and S238D result in the impeded mobility of p56 and thus an 

apparent increase in molecular weight was observed (289,299,304).  The results 

presented here also indicate reduced mobility of the p56 species compared to the wt 

controls (Fig.4.9). 
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Figure 4. 9. Impact of the phosphoblatant and phosphomimetic mutations of NS5A-2a on 

the abundance of the p58 and p56 phospho-proteoforms. (A) NS5A phosphomutants were 

evaluated by Western blot and near-infrared fluorescence detection. NS5A was detected 

using the NS5A-Ab02 antibody, and an anti-vinculin antibody detected Vinculin as a 

cellular load control.  A wt master sample was included on each Western blot to ensure 

consistency between separate Western blots. (B) Quantification of the p58/p56 ratio from 

NS5A phosphomutants. Signal intensities produced by NS5A-2a phospho-proteoforms, 

p56, and p58, were quantified using Image Studio Lite software to determine p58/p56 

ratios. Phosphoablatant mutations are displayed with white bars, phosphomimetic 

mutations are gray bars, and the wt levels are presented as black bars. N.D. indicates not 

determined where protein levels were below the minimum detection capabilities. (C) A 

replication defective virus (GND) and a Huh7.5 mock electroporation were utilized as 

negative controls. (D) Quantifications of (C). Data presented are the mean p58/p58 ratios 

± SEM obtained from a minimum of two independent experiments. 
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4.2.5 Determining the effects of phosphoablatant (alanine) and phosphomimetic 

(aspartate) mutations of positively identified phosphoacceptor sites on JFH1 

infectious virus production. 

The effects of the NS5A phosphoacceptor site mutations on infectious virus production 

were measured from Huh7.5 cell culture supernatants collected nine days after 

electroporation of 5ug of JFH1 RNA.  Electroporated Huh7.5 cells were split every three 

days and seeded according to their confluency as to achieve near 100% confluency 72 

hours later.  At nine days post electroporation (dpe) infectious cell supernatants were 

serially diluted and plated onto naïve Huh7.5 cells and four days post infection were 

visualized using immunofluorescence.  Infectious titers were based on the presence of 

positive wells, and TCID50/ml values were calculated using the Reed and Muench 

method revised by Lindenbach, 2009 (317).  Viral titer determination assays are known 

to produce inherent variability in repeat experiments (346).  To combat this TCID50/ml 

values were normalized to the mean wt TCID50/ml value obtained from each individual 

electroporation experiment.  

 

As was seen with the RNA and protein data, the majority of the phosphomutants 

produced titers akin to wt and with less than a two-fold change (Fig.4.10).  Four of the 

phosphomutants were unable to produce detectable infectious virus nine days post 

electroporation (dpe) and included T210D, S229A/D and S235A (Fig.4.10.A, B).  While 

T210D has not been previously assessed, the titer results obtained for S229A/D and 

S235A are in agreement with previous studies (289,305,345).   Several phosphomutants 

produced less than three-fold the infectious virus of wt and included: S201D, T204D, 
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T210A and S225A with 4.7, 4.3, 3.2 and 3.1 fold reductions, respectively (Fig.4.10.A, 

B).  Moderate reductions in viral titer between two and three fold from wt were observed 

in phosphomutants T164D, S222A, S230A/D, S238D, T334D and S381D with reductions 

of 2.3, 2.6, 2.7, 2.0, 2.7, 2.7 and 2.4 fold, respectively (Fig.4.10). While the majority of 

the phosphoacceptor site mutations have not had their titers previously evaluated, a 

reduction in the released infectious virus of the S225A is consistent with preceding 

reports (289,304,345).  Several of the phosphomutants produced more infectious virus 

than wt including S151A, S151D, T213A, S228D, S232D, S238A, S382A and S415D 

with 1.86, 1.67, 1.33, 1.40, 1.25, 1.18, 1.62 and 1.26 fold increases above wt (Fig.4.10). 
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Figure 4. 10. NS5A phosphoacceptor site mutation effects on HCV JFH1 released infectious virus.  In vitro synthesized RNA from 

mutant virus templates were electroporated into Huh 7.5 cells and cells were passaged every 72 hours based on cell confluency until 

cell supernatants were collected nine dpe.  Five-fold serial dilutions of clarified infectious supernatant were plated onto naïve Huh7.5 

cells and visualized by immunofluorescence with the NS5A-Ab02 antibody.  TCID50/ml values were calculated using the Lindenbach, 

2009 revised Reed and Muench calculator (317) and expressed as a ratio of the mean TCID50/ml values obtained from two 

independent wt TCID50/ml values with each experiment.  The GND mutant served as a nonviable negative control.  Infectious titers 

were determined in at least two separate experiments and presented as mean fold changes ± SEM. N.D. indicates levels were below 

detection. (A) Normalized HCV JFH1 genome abundance of the serine-alanine and serine-aspartic acid mutations of positively 

identified phosphoacceptor sites of NS5A D1 (B) LCSI (C) D2/LCSII/N-terminus of D3 (D) C-terminus of D3 of JFH1-NS5A-2a.
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4.2.6 NS5A from electroporated JFH1 is predominately hyperphosphorylated until 

48 hpe  

Most of the current understanding regarding NS5A biogenesis was obtained from studies 

using the HCV 1b genotype. It was concluded that NS5A is liberated from the HCV 

polyprotein, becomes basally phosphorylated creating the p56 form after which, 

hyperphosphorylation generates the p58 form (188,276,277).  To track the development 

of NS5A-2a phospho-proteoforms over time, JFH1 RNA was electroporated into Huh7.5 

cells, and total cellular RNA and proteins were obtained 4, 12, 24, 36, 48 and 72 hpe 

(Fig.4.11). JFH1 RNA samples were analyzed by qRT-PCR. JFH1 wt samples showed a 

continuous increase in genome copy number followed by a dip at 12 hpe. Maximum 

RNA quantity was seen at 36 and 48 hpe (Fig.4.11.A).  As expected the non-replicative 

GND mutant showed a decrease in virus RNA over the time course (Fig.4.11.A).  

 

Western blot analysis of JFH1 harvested protein samples showed no detectable NS5A 

protein until 24 hpe, at which point the p58/p56 ratio was 3.3 (Fig.4.11.B/C).  Higher p58 

levels were also sustained at the 36 hpe time-point with a p58/p56 ratio of 1.5 

(Fig.4.11.B/C).  At 48 hpe the p58/p56 ratio of wt NS5A was reversed, and p56 became 

the more abundant phospho-proteoform with a mean ratio of 0.71 followed by a ratio of 

0.58 at 72hpe (Fig.4.11.B/C).  GND protein data was not quantified as the protein signal 

was below the limits of detection at every time point.  This same trend was seen in both 

the SG JFH1 replicon, and the SG JFH1-NS5A-HBH replicon (Fig.4.11.D) with the high 

p58/p56 ratio maintained at 24 hpe for SG JFH1 (Fig.4.11.D/E) but delayed until 48 hpe 

for the SG JFH1-NS5A-HBH (Fig.4.11.D/F). The delay for the HBH tagged replicon 
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would be consistent with its delayed kinetics of RNA replication in general compared to 

wt JFH1 (data not shown). 
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Figure 4. 11. Analysis of NS5A phospho-proteoforms early time-points post 

electroporation of JFH1 RNA. JFH1 wt RNA was electroporated into Huh7.5 cells, and 

RNA and protein were isolated at the indicated time-points post electroporation. GND 

was used as a non-replicative negative control. (A) JFH1 wt and JFH1-GND genome 

copy numbers at 4, 24, 48 and 72 hpe.  Viral RNA levels were determined by reverse 

transcription qRT-PCR and normalized to the housekeeping transcript GAPDH. (B) 

NS5A-2a from JFH1 and JFH1-GND evaluated by Western blot and near infrared 

fluorescence over 72 hpe. NS5A was detected using NS5A-Ab02 antibody, and an anti-

vinculin antibody detected Vinculin as a cellular load control. (C) Quantification of the 

p58/p56 ratio and total NS5A signal intensity from JFH1 over time. Signal intensities 

produced by NS5A-2a phospho-proteoforms, p56, and p58, were quantified using Image 

Studio Lite software and p58/p56 ratios were obtained. The p58/p56 ratio is displayed on 

the left y-axis, and the total NS5A-2a protein signal (p58+p56) is on the right y-axis. 

N.D. indicates levels below detection limits. (D) SG JFH1 and SG JFH1-NS5A-HBH 

NS5A phospho-proteoform abundance post electroporation. Western blots were 

performed where NS5A was detected by the NS5A-Ab02 antibody, and anti-vinculin was 

used to detect Vinculin as a cellular load in near infrared imaging. (E, F) Quantification 

of NS5A phospho-proteoform ratios and the total signal from SG JFH1 and SG JFH1-

NS5A-HBH NS5A.  The p58/p56 ratio is displayed on the left y-axis, and the total 

NS5A-2a protein signal (p58+p56) is on the right y-axis. N.D. indicates levels below 

detection limits. 
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4.2.7 Reduction of p58 in SG JFH1 overtime 

Several groups have suggested that continued passaging of HCV replicons results in a 

decrease in p58 phospho-proteoform abundance (141,282,304).  Based on these 

observations, Western blot analysis was performed on the SG JFH1 Huh7.5 cell lines 

produced and were carried longer term. Isolation of protein from cells three days post 

electroporation and from cells following ten weeks of passage was performed 

(Fig.4.12.A).  Compared to short-term wt NS5A that produced a p58/p56 ratio of 0.592, 

NS5A from the ten-week-old SG JFH1 Huh7.5 cells produced a slightly lower ratio of 

0.499.  (Fig.4.12.B).   

 

Although a 16% reduction in phospho-proteoform ratios is quite small, it is possible that 

passaging the SG JFH1 cells for a longer period would result in further loss of p58.  For 

example, Ross-Thriepland and Harris. 2014, observed a 40% drop in the p58/p56 ratio 

after passaging SG JFH1 Huh-7 cells for 20 weeks (304).  It could also be that 

confluencies may have partly confounded the previous studies as we have demonstrated 

that confluency affects the interpretation of p58/p56 ratios. To evaluate if any sequence 

changes had occurred in replicon form the 10-week old SG JFH1 cells, DNA sequencing 

was performed over the NS5A ORF. No changes in nucleotide sequence were detected 

(data not shown) and also argues that over the 10-week period of cell passage, no changes 

to NS5A (particularly at the phosphorylation sites) occurs.   

 

It has also been suggested that kinase(s) specific for producing p58 may have reduced 

phosphorylation capacity in aged replicon cells. To test this possibility, wt SG replicons 
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were reintroduced into established 10-week-old SG JFH1-NS5A-HBH cell lines. HBH-

NS5A is 11 kDa larger than wt NS5A, and therefore the HBH-tagged NS5A is distinct 

from wt NS5A-2a on a Western blot (Fig.4.13). The wt NS5A phospho-proteoform ratios 

produced by introduction 5ug of wt full-length JFH1 and SG JFH1 RNA into the SG 

JFH1-NS5A-HBH Huh7.5 cells at 24 hpe were 1.4 and 1.7, respectively (Fig.4.13.B/C).  

The NS5A phospho-proteoform ratios were slightly reduced when compared NS5A 

p58/p56 ratios produced by electroporation of the wt constructs into naïve Huh7.5 cells 

(3.0 and 3.3, Fig.4.11.E). However, at 72-hpe wt NS5A from full-length JFH1 and SG 

JFH1 provided ratios of 0.66 and 0.74, respectively (Fig.4.13.B/C).  The 72hpe ratios are 

closer to the consistently observed 0.60 phospho-proteoform produced by NS5A at 72hpe 

from naïve Huh7.5 cells (Fig.4.11.E).  This indicates that at least over the 10-week period 

during which cells were passaged, p58 phosphorylation capacities are not affected.  It 

should be further noted that replicon cells used for any integral experiments were never 

passaged for longer than the 10-week period.   

 
Figure 4. 12. NS5A-2a p58/p56 ratio in SG JFH1 replicons after extended passage in cell 

culture. (A)Western blot analysis of NS5A-2a from ten-week-old SG JFH1. Total protein 

was isolated from SG JFH1 replicon Huh7.5 cell lines 72 hpe and after ten weeks of cell 

culture passage. The NS5A-Ab02 antibody was used for NS5A-2a detection, and an anti-

Vinculin antibody detected Vinculin as a cellular load control in near infrared detection. 

(B) Quantification of the p58/p56 ratio (A). Signal intensities produced by NS5A-2a 

phospho-proteoforms, p56, and p58, were quantified using Image Studio Lite software 

and p58/p56 ratios were obtained. 
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Figure 4. 13. Introduction of wt SG JFH1 and JFH1 into SG JFH1-NS5A-HBH Huh7.5 

cells.  (A) Western blots of protein samples from electroporated SG JFH1 (left) and full-

length JFH1 into SG JFH1-NS5A-HBH Huh7.5 cells.  Total protein was harvested 4, 24, 

48, 72 hpe.  NS5A was detected with the NS5A-Ab02, and an anti-vinculin antibody 

detected Vinculin as a cellular load control.  HBH-NS5A is approximately 11 kDa larger 

than wt NS5A and indicated as hyper and basal. NS5A wt is indicated as p58 and p56. 

(B) Quantification of NS5A phospho-proteoforms from electroporated SG JFH1 RNA 

into SG JFH1-NS5A-HBH Huh 7.5 cells.  (C) Quantification of NS5A phospho-

proteoforms from electroporated of full-length JFH1 RNA into SG JFH1-NS5A-HBH 

Huh 7.5 cells. Signal intensities produced by NS5A-2a phospho-proteoforms, p56, and 

p58, were quantified using Image Studio Lite software and p58/p56 ratios were obtained. 

  

4.3 Summary 

To extend the mapping of NS5A phosphorylation sites, NS5A-2a was isolated from both 

ectopically expressed NS5A and SG JFH1 replicons. Mass spectrometry and database 

searching identified phosphorylation sites within the NS5A-2a protein. In addition to 

previously identified S146, S222, S225, S235, S238, and T348 in NS5A (289,303–306), 

20 new residues were additionally mapped.  Phosphopeptides containing “S381/S382” 
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and “S414/S415” and T410 were identified exclusively from the unmodified SG JFH1 

replicon.  Relevant serine and threonine NS5A residues were mutated to either an alanine 

(phosphoablatant) or an aspartic acid (phosphomimetic) residue in the context of a JFH1 

infectious virus clone.  Phosphomutants were assessed for their effects on JFH1 genome 

replication, infectious titres, and NS5A p56/p58 ratios.  While mutating most of NS5A 

phosphoacceptor sites did not affect virus genome replication and viral titre, T204D, 

T210A, T210D, S225D, S232A/D, S235D, S238A/D, T334A/D and T363A/D replicated 

weakly, T210D, S229D and S235A very weakly and S229A extremely weakly. Several 

phosphomutants produced NS5A phospho-proteoform ratios decidedly different than wt 

JFH1 with S151D, S225A and S232A producing the lowest and T213D and T210A/D 

producing the highest. T210D, S229A, S229D, and S235A JFH1 mutations were unable 

to produce infectious virus.  Furthermore, NS5A was found to be predominantly 

hyperphosphorylated at early time-points post-electroporation but reaches a consistent, 

steady phospho-proteoform ratio at 72 hpe.  This study reveals the highly phosphorylated 

nature of the NS5A protein and the impact of individual phosphorylated residues on the 

HCV life cycle. 
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Chapter 5: Discussion 

5.1 Identification of host cell – hepatitis C virus NS5A protein-protein interactions 

(PPIs) by tandem affinity purification and mass spectrometry/database searching 

 

Hepatitis C virus infection often leads to chronic disease that can result in severe liver 

damage including steatosis, fibrosis, cirrhosis, HCC, and death (2).  Newly developed 

HCV direct acting antivirals (DAAs) can achieve SVR rates of 95% in infected 

individuals (56). However, accessibility and drug resistance remain points of concern.  

The HCV NS5A protein directly regulates the HCV lifecycle and modulates the host cell 

to create an environment conducive to viral propagation (207,210).  However, the exact 

molecular mechanisms dictating NS5A function remain elusive.  This study used protein 

purification techniques combined with mass spectrometry/database searching to identify 

host cell-NS5A-2a PPIs. Additionally, a similar technical platform was used to identify 

and characterize phosphorylated residues within the NS5A-2a protein. 

 

5.1.1 Generation of stable cell lines expressing HBH-tagged NS5A-2a 

To identify host proteins interacting with NS5A, an HBH fusion affinity tag was 

employed. This tag/resin combination has a number of advantages: (1) the resin is 

relatively cheap compared to many immunoaffinity resins and therefore it is possible to 

economically scale up purification reactions and (2) the capture can be performed under 

high urea (denaturing conditions). As such, by first cross-linking PPIs in their native 

cellular compartments, then capturing under denaturing conditions, produces highly pure 

protein complexes. 
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In order to identify NS5A interacting proteins, polyclonal stable cell lines were generated 

which expressed HBH-tagged NS5A-2a (and HBH-tagged GFP as a control) at moderate 

levels (Fig.3.3.A).  Stable expression, as opposed to transient transfections, may result in 

more manageable expression of cellular proteins allowing better/proper protein folding 

and appropriate post-translational modifications.  This is key for NS5A as 

phosphorylation may be a critical factor in regulating its interactome (140,284,285).  

Overexpression can lead to protein aggregation as a result of overloading the cellular 

protein folding machinery.  Moderate protein expression also helps circumvent issues 

such as over activation of chaperone and heat shock proteins (347). This phenomenon has 

been previously demonstrated in plasmid titration studies during transfection of NOD-

like receptors into HEK293E cells.   When expressed at too high a level, protein 

aggregation and reduced cellular viability were observed (348).  Expression at a lower 

level improved protein solubility and also allowed improved capture by purification 

resins (348) thus demonstrating the value of moderate protein expression for use in 

interaction studies.  Experiments in this thesis compared stable versus transient 

transfections of NS5A and demonstrated that transient transfections produced less full-

length forms of the protein (Fig.3.3.C). It is plausible that the smaller bands were due to 

high over-expression of NS5A-2a-HBH creating degradation products and truncated 

proteins from incomplete translation.   

 

One general concern with retroviral transduction is random integration of the viral 

genome into host genomic regions causing deleterious insertions. In some cases, 
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inappropriate insertions have led to leukemia in retrovirally transduced mice (349).  

Although this phenomenon would be difficult to discern in cell lines generated here, 

growth and viability were compared to non-transduced controls and did not appear to be 

affected.  

 

Affinity epitope tagging a protein can potentially alter protein conformation, stability 

and/or sub-cellular localization. N- and C-terminally tagged NS5A and GFP were not 

affected at least with respect to their stability as immunoblots consistently produced 

proteins of the expected sizes even months after continuous cell passage (Fig.3.3.A and 

data not shown). HCV NS5A is present in the cytoplasm, with its N-terminal amphipathic 

helix causing the membrane association (168–171).  HBH tagging NS5A did not interfere 

with localization either at either the C (Fig.3.3.B) or N-terminus (Fig.3.21.B) when stably 

expressed in cells. In all this suggested that the HBH tag could be used as an affinity 

epitope without severely altering NS5A stability and cellular localization. 

 

5.1.2 TAP optimization 

The original HBH-TAP protocol was designed for identifying yeast protein interactions 

(255,256), and as such, had to be optimized for human cell line work. However, the first 

consideration was to establish that the HBH tag was accessible.  Purifications using a 

cobalt cartridge coupled to an FPLC alleviated this concern as NS5A-2a-HBH was 

recovered with high efficiency with little bait protein present in the flow through or wash 

fractions (Fig.3.6.A).  N-terminal HBH-tagged NS5A-2a and GFP were also easily 

captured from total cellular proteins (Fig.3.10). Although both N and C-terminal tags 
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appeared similar in all respects, a decision was made to concentrate more on the N-

terminal tag form, which many other groups studying HCV had also used for their 

positional tagging. An additional consideration to support N-terminal tagging of NS5A 

was to avoid potential processing by methionine aminopeptidases present in human cells 

that cleave terminal methionines and often add an acetyl group to the penultimate amino 

acid (350,351).  Authentic NS5A is cleaved from the HCV polyprotein producing an N-

terminal serine and addition of an acetyl-group could be inappropriate. 

 

Lysis and wash buffer optimization tests evaluating different detergents and pH identified 

an optimal lysis/purification nTAP buffer to be 50mM NaPO4 pH 8.0, 150mM NaCl, 

0.5% NP40 (Fig.3.6).  During detergent optimization tests, it became apparent that a 

discrepancy existed between cobalt- and nickel-based purification of HBH-tagged NS5A.  

Elution from nickel columns occurred earlier and over a broader elution volume 

compared to similarly sized cobalt column purification (Fig.3.6.C vs. Fig.3.6.B).  

Although it is stated that nickel-based metal chelate resins produce higher protein yields, 

cobalt has a higher specify for histidine residues (352). Comparatively, cobalt elution of 

NS5A-2a-HBH produced a cleaner and more concentrated elution and therefore was used 

in the final TAP procedure.  

 

While the FPLC was useful in defining the initial purification protocol, the effort for set-

up, higher volumes of buffer, lack of parallel processing for multiple samples and limited 

scalability dictated a switch to a different technique.  An additional concern was that 

dilution of the samples during FPLC purification might affect PPIs reliant on 
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macromolecular crowding.  A cell is composed of a concentrated milieu of 

macromolecules and dilution influences the affinity of some PPIs where the interaction 

affinity negatively correlates with increased dilution (353,354).  A batch method utilizing 

iron-cored cobalt beads used a more concentrated input sample and most importantly, 

improved elution quality (Fig.3.7).  It is likely that the FPLC column resin (1ml packed 

volume) to input protein sample volume was too high resulting in a large amount of non-

relevant capture. With the beads, much smaller resin volumes improved this ratio. This 

optimal ratio concept also applies to batch purification at the second stage of purification, 

where reducing the streptavidin bead volume from 100ul to 25ul still captured the 

majority of the NS5A-2a-HBH protein but with improved purity (Fig.3.8.A&C).   

 

TAP purification experiments in mammalian cells often suffer from low recovery with 

yields as low as 5% (254).   The number of cells required for TAP-tagged experiments is 

typically 4-15, 15cm plates of confluent cells (355–357).  Rigorous optimization of the 

nTAP procedure in the experiments presented here allowed for the use of only a single 

15cm plate, which considerably reduced costs and processing times.  Figure 3.10.B is a 

silver-stained SDS-PAGE gel containing aliquots from each step of the nTAP 

purification of HBH-NS5A-2a with the presence of a band corresponding to the correct 

size of HBH-NS5A-2a (74/76 kDa) detected from a streptavidin bead elution.  Assuming 

that 0.2-0.6ng of protein can be detected for a mid-sized protein (PlusOne Silver staining 

kit, GE) such as HBH-NS5A-2a and that the streptavidin beads were diluted 1/20 prior to 

silver stain analysis, there is a minimum of 4.0-12ng of HBH-NS5A-2a protein captured 

on streptavidin beads.  Coupled with the consistent protein coverage of 70% for NS5A 
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during mass spectrometry analysis/database searching, it was decided that a single 15cm 

plate of cells was a sufficient amount of starting material for HBH-TAP experiments.  

 

5.1.3 Mass spectrometry identification of nTAP HBH-NS5A-2a-host PPI 

Evaluation of HBH-tagged proteins using an optimized protocol revealed several 

previously identified NS5A interacting partners exclusively in HBH-NS5A-2a thus 

providing confidence that the native TAP (nTAP) method was capable of recovering 

specific NS5A interacting proteins.  To establish a more rigorous the candidate list of 

NS5A-2a interacting host proteins, three nTAP biological replicates were performed 

consisting of HBH-NS5A-2a, HBH-GFP, and cells only (no vector).  Mass spectrometry 

identified proteins had to meet three criteria: 1) proteins had to be identified by a 

minimum of two peptides and have false discovery rate of ≤1%, 2) the protein had to be 

present in a minimum of two replicates and 3) the protein had to be exclusive to the 

HBH-NS5A-2a sample.   

 

Several points should be addressed here. First, because initial TAP experiments showed a 

large number of potential interacting proteins, it was intentional that a smaller candidate 

list would be generated. Second, although most comparative experiments use the bait 

protein (NS5A) and an empty vector control to discern non-relevant resin interactions 

effectively, GFP was included here as a non-relevant bait protein to determine if capture 

could occur simply with any protein being present. Additionally, the HBH tag could 

interact with proteins that are not relevant to the study and so this control would eliminate 

those proteins. Finally, HBH-GFP expression was higher than HBH-NS5A-2a for an 
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equivalent amount of GP2 293 cells (Fig.3.10.A vs. C).  Attempts were made to generate 

cell lines having more comparable levels of each protein, however, this was the closest 

that could be obtained. Comparative Western blotting using the HBH target suggested 

that GFP was expressed approximately four times higher than NS5A. Although 

comparable levels of protein abundance would have made quantitative capture 

comparisons simpler, the results here can be viewed as a “toughest case scenario.” In 

essence, the negative bait GFP protein being present in higher per cell concentration than 

NS5A provided a greater opportunity for non-relevant interactions to occur and thereby 

be detected.  

 

Although p53 was identified in the initial PPI experiments with HBH-NS5A, it was not 

classified as a specific HBH-NS5A-2a interacting protein in the triplicate nTAP 

experiment, and this could be considered a weakness of the data analysis method, which 

is likely, too strict.  Several other studies using NS5A affinity capture combined with 

mass spectrometry/database searching have also not identified the NS5A/p53 interaction 

(248,269,295). All TAP methodologies are biased towards strong and abundant protein 

interactions and previous studies detailing the NS5A/p53 interaction used GST-affinity 

captured bait proteins and Co-IP to demonstrate the interaction (224,225,318).  These 

methodologies use a targeted approach and thus amplify weak or lower level protein 

interactions.  As the affinity of the NS5A/p53 interaction has not been empirically 

determined it may be a weaker or transient PPI that does not always survive nTAP 

purification.   
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One caveat of using mass spectrometry/database searching to identify proteins is that not 

every peptide present in a sample can be identified. A protein must produce viable 

peptides with favourable attributes for identification; peptide sizes that fall outside of the 

analysis window, are hydrophobic or have charges incompatible with efficient capture are 

not identified (358).  Ion suppression, whereby analytes in a sample compete for 

ionization and elute simultaneously, thus suppressing their signals is also a potential 

problem (359).  Although given the higher degree of purification from TAP protocols, it 

should be of lesser concern.  

   

Several of the nTAP interacting candidates present in the triplicate analysis (Table 3.1) 

stood out, as their functions were consistent with phenotypes previously associated with 

NS5A expression. NKRF is a transcriptional repressor of NFKB responsive genes, 

regulates IFNβ and iNOS promoters and is involved in IL-8 regulation (322–326). NS5A 

is capable of activating the iNOS promoter, inhibiting IFNβ production and increasing 

the expression of IL-8 and NFKB response genes (327–332). In the studies presented 

here, NRKF was found to be specifically associated with the HBH-NS5A-2a during 

nTAP purifications (Fig.3.13).  Cell division cycle and apoptosis regulator protein 2 

(CCAR2) (deleted in breast cancer 1 (DCB1), KIAA1967) regulates many cellular 

processes by interacting with additional host proteins to modulate their functions.  These 

include negatively affecting enzyme function (SIRT1, HDAC3, SUV39H1), co-activating 

receptors (estrogen receptor alpha, glucocorticoid and thyroid hormone receptors) and 

influencing mRNA elongation and processing as part of the DBIRD complex (360–365).  

SOD1 was previously correlated with decreased HCV protein and RNA production in SG 
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replicon cells when treated with acetylsalicylic acid (366).  Increased oxidative stress has 

been consistently observed in cells expressing NS5A (328,367–369), and it is tempting to 

speculate that an NS5A/SOD1 interaction may influence the antioxidant response. 

CDK12 is a kinase, and as NS5A is highly phosphorylated, the possibility exists that it 

serves as an NS5A kinase.  OGDH is an oxidoreductase crucial to the cellular glycolysis 

pathway, and an NS5A/hexokinase interaction has been previously established that 

results in increased cellular glycolysis (244).  Therefore, nTAP analysis was able to 

identify several proteins with functions that are consistent with the cellular perturbations 

observed with NS5A expression. 

 

5.1.4 Mass spectrometry identification of xdTAP HBH-NS5A-2a-host PPI 

Before moving on to additional characterization of NS5A candidate interacting host 

proteins found during the native state HBH tag experiments, cross-linking denaturing 

TAP (xdTAP) was evaluated as another mechanism of potentially uncovering additional 

NS5A interacting proteins. Besides the advantage of potentially detecting weak and 

transient interactions in the appropriate spatial and temporal context, xdTAP can cement 

interactions that rely on labile post-translational modifications before the modification 

may be lost during isolation/capture purification.  For NS5A this may be particularly 

relevant as the interaction with hVAP3 appears to be dependent on the phosphorylation 

status of NS5A (140).   

 

Paraformaldehyde (PFA) is considered a zero length spacer arm cross linker, so 

additional linkers of varying length were evaluated including: DSS (11.4 Å spacer arm), 
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DSG (7.7 Å spacer arm) and EGS (16.1 Å spacer arm) (262) (Tables 3.2 and 3.3). All 

told, a significant number of previously defined interacting NS5A proteins were 

confirmed including: Hsp70 (333,334), Tubulin (335), Hsp90 (232), Hexokinase (244) 

and FKBP8/38 (232,234–237), ILF3 (synonym NF90) (336,337), CDK1 (338) and IPO5 

(196,370). Heat shock proteins are molecular chaperones that aid in the synthesis 

assembly and folding of the protein and may bind any overexpressed protein (347).  Co-

IP studies previously revealed NS5A’s interaction with both Hsp70 (333) and Hsp90 

(232), but a control with another irrelevant overexpressed protein was not utilized.  

Gonzalez et a., 2009 overexpressed GFP as a potential expression control in their FLAG 

Co-IP demonstrating an interaction between NS5A and Hsp90, but GFP was not FLAG-

tagged and therefore would not have been captured (334).  Mechanistically, there does 

appear to be a role for heat shock proteins in the HCV life cycle, but at best they must be 

regarded as general class interacting proteins meaning that they can likely interact with 

any protein that is expressed. In the case of the TAP methodology used here, because the 

levels of HCV proteins in an authentic setting is difficult to determine, it is unclear what 

the “appropriate” level of expression is given the half-lives of HCV proteins in the SG 

replicon range from 10-16 hours (277).  

 

Identification of ILF3 (NF90) as an NS5A interacting partner further illustrates the need 

to demonstrate PPI specificity using the proper controls.  Li et al. 2014, revealed an 

NS5A/ILF3 interaction which was reliant on the presence of HCV RNA suggesting that 

the interaction is RNA-mediated (337). In contrast, Isken et al. 2007, were able to Co-

precipitate ILF3 and NS5A from RNase treated SG replicon Huh-7 cells but not from 
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expressing on NS5A on its own concluding that NS5A/ILF3 interaction is based on a 

cofactor present in HCV replicating cells which is not HCV RNA (336).  An ILF3/NS5A 

interaction was seen here with the EGS cross-linker.  It is possible, if the hypothesis of 

Isken et al. 2007, is correct that another molecule may be facilitating this interaction and 

was cemented in place by the cross-linking reaction.  Direct interaction with NS5A would 

have to be confirmed using different methodology such as a pull-down using purified 

putative interaction partners.   

 

Typically NS5A is reported as being cytoplasmic or more specifically bound to the 

Golgi/ER at the periphery of the nucleus (171,192). However, immunogold electron 

microscopy has shown that NS5A produced from SG replicons is present in both the 

mitochondrial matrix and membranes (191). Interestingly, a large number of 

mitochondrial or mitochondrial associated proteins were identified in the xdTAP screens 

including: TOM5, TOM20, TOM22, TOM70, VDAC2, FKBP8, CDK1, RHOT2, 

Hexokinase and Metaxin-2. Identification of the TOM proteins 5, 20, 22 and 70 is 

interesting as these proteins, along with TOM 6, 7 and 40, form the translocase of the 

outer mitochondrial membrane (TOM) complex.  The TOM complex is responsible for 

importing cytosolic produced proteins into the mitochondria.  TOM proteins 70, 22 and 

20 are receptors that sense mitochondrial pre-target sequences, passing them through a 

channel composed of TOM40.  TOM proteins 5, 6 and 7 provide essential scaffold 

functions maintaining the stability of the TOM complex (371).  Virtually the entire TOM 

complex was isolated by xdTAP as an NS5A interacting candidate suggesting the NS5A 

contacts one or more of the TOM proteins and is a possible mechanism of NS5A 
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mitochondrial import.  Unfortunately, despite the use of programs such as pLINK (372) 

or xQUEST (373) which are used to infer cross-linked PPIs, it was not possible to 

precisely identify direct peptide-peptide interactions. 

 

5.1.5 Reproducibility of NS5A-host cell PPIs 

The reported NS5A interactome is extremely large with approximately 130 host 

interacting partners having been reported (207).  Unfortunately, there tends to be little 

overlap between these reports.  This lack of overlap may not be surprising as large-scale 

analysis of interactome studies revealed a 0.03% overlap in yeast PPI studies and 0.1% 

overlap in human PPI studies (249,250).  The most likely explanation for NS5A-host PPI 

identification discrepancies is differences in protein expression systems and experimental 

procedures.  Many NS5A interacting proteins have been identified using the Y2H system 

including FKBP38 (235), karyopherin beta 3 (370) and TIP47 (374).  The Y2H system is 

prone to generating false positives, is limited to detecting binary interactions and, until 

recently required that the expressed proteins transit and interacted in the yeast nucleus 

(252). A Y2H study using each HCV protein produced 278 HCV protein-host PPIs, but 

only 10 PPIs had been previously described in the literature resulting in a 3.6% overlap 

(246). With NS5A specifically, 97 PPIs were identified with 38 previously published 

(246). Another Y2H screen of HCV proteins resulted in 112 identified PPIs, but only 18 

PPIs were previously reported; a 16% overlap to the previous literature (247).  

 

A study by Dolan et al. 2013, also investigated whether there was any genotype or sub-

genotype specificity regarding HCV-host PPIs for genotypes/sub-genotypes 1b, 1a, and 
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2a (247).  326 HCV-host PPIs were identified in HCVprot database and separated based 

on the HCV protein’s genotypes.  160 PPIs were identified for genotype 1b HCV 

proteins, 81 from genotype 1a, and 85 from genotype 2a. Not one host protein was 

identified as an interacting partner for all three genotypes investigated.  Only 19 PPIs 

were identified in common from HCV 1a and 1b sub-genotypes, 4 from 1a-2a and 14 

between 1b-2a (247).  Okamoto et al. 2006, was one of the few studies that confirmed a 

FKBP8/38-NS5A interaction with NS5A generated from genotypes 1a, 1b, 2a (232).  

However, the NS5A-1a protein in this study appeared to be larger than NS5A-2a protein 

on the Western blots. The 18 amino acid insertion within NS5A from JFH1 should make 

this impossible, so the results must be interpreted with caution (232). These studies do 

illustrate there is little agreement in interactome screens performed with HCV proteins 

from different genotypes.  

 

Co-IP experiments identify PPIs in what is likely a more biologically relevant context.  

However, the results are reliant on the choice of protein expression system, the 

presence/absence of an affinity tag, cell lines, antibodies and affinity resins. A primary 

concern is that the lysis procedure destroys any spatial constraints (251).  Germain et al. 

2014, used affinity purification of FLAG-tagged HCV Core, NS2, NS3/4A, NS4B, NS5A 

and NS5B from 293 cells. They defined 98 host interacting proteins involved with the six 

HCV proteins chosen and compared these host proteins to a curated list of previously 

identified HCV interacting partners, (543 PPIs total) (248). The 74 overlapping PPIs from 

the author’s study and the literature were identified leading to a 24.5% overlap (248). In 

the case of NS5A, 17 PPIs were identified of which eight were previously reported (248).  
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While hepatoma cells would be the preferred biological source for expressing HCV 

proteins for TAP, expression in these cells from a CMV promoter is quite weak.  

However, 293 cells have been used to propagate the SG JFH1 replicon (375) albeit 

inefficiently, and thus must contain the necessary cellular factors to support JFH1 

replication justifying their use.  Experimental manipulation of cell lines can also impact 

the reproducibility of a PPI study.  Chung et al., 2003, identified Bax as an NS5A 

interacting protein.  However, cells were always stimulated with sodium phenylbutyrate 

prior to performing interaction studies (205).  The Grb2/NS5A often cited as a clear 

NS5A interacting partner, but is apparently only observed in HeLa cells stimulated with 

epidermal growth factor (201).    

 

An interaction between NS5A and PKR was established using NS5A from genotype 1b, 

but studies using NS5A derived from genotypes 2a and 3a failed to confirm the NS5A-

PKR interaction (240–243).  While Bax, Grb2, and PKR may be bona fide NS5A 

interacting proteins, they would not be detected except under specific experimental 

conditions or with specific NS5A bait proteins.  Expression levels of the NS5A protein 

may also impact its interactome.  An Hsp70/90/NOD-like receptors protein interaction 

was identified when NOD-like receptors were highly expressed by transfection but was 

absent when evaluated from a moderately expressing lentiviral integrated stable cell line 

(348,376,377).  The lack of reproducibility of NS5A-host PPIs across studies 

demonstrates the need to scrutinize the interaction by many methods using several model 

systems with negative controls addressing interaction specificity. 
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5.1.6 Confirmation of nTAP and xdTAP NS5A interacting candidates 

In order to further confirm candidate PPIs, FLAG-myc Co-IPs were undertaken. FLAG-

GFP was used as an irrelevant expressed negative control protein in tandem with FLAG-

NS5A-2a to control for interaction specificity.  Surprisingly, the Co-IPs using FLAG 

antibody and affinity resins all resulted in the co-precipitation of the myc-tagged TAP 

interaction candidate with FLAG-GFP as well as FLAG-NS5A-2a (Fig.3.15).  This 

interaction did not occur when lysates were prepared from cells transfected with only the 

myc-expressing construct subjected to FLAG pull downs. Numerous technical 

optimizations were attempted, but no criteria seemed to improve the specificity, although 

lowering the GFP expression did help to some extent. However, even a 5-fold reduction 

of FLAG-GFP still allowed binding of the myc-FKBP38 positive control interaction 

(232,234–237) Fig.3.15.B.  Additionally, EGLN1, another previously identified NS5A 

interacting protein (248), was evaluated as a control (a kind gift from Dr. Daniel 

Lamarre, University of Montreal). Unfortunately, EGLN1 co-elutes with the IgG heavy 

chain at approximately 50 kDa, and it was difficult to distinguish the two proteins by 

SDS-PAGE analysis (not shown). 

 

It is unclear why the FLAG immunoprecipitation experiments did not give definitive 

results and why FLAG-GFP co-precipitated the TAP candidate proteins and myc-

FKBP38 positive control.  Other FLAG-tagged proteins (FLAG-NS5A-1b, 3XFLAG-

NS5A-1b) (a kind gift from Dr. Daniel Lamarre, University of Montreal) were also able 

to indiscriminately co-precipitate the myc-tagged TAP candidate proteins (not shown).  

There appears to be a specificity issue with the FLAG antibody/resin when a FLAG-



 197 

tagged protein is expressed that is absent from the myc antibody/resin and thus 

interaction confirmations were only considered from the myc-Co-IPS. 

 

5.1.6.1 Specificity of the NS5A-2a interactions with TOM22 and CCAR2 in Myc 

reciprocal Co-IP 

As there was an issue with the FLAG Co-IP experiments, additional controls were 

evaluated to determine the specificity of the NS5A-2a/TOM22 and NS5A-2a/CCAR2 

interactions by myc Co-IP (Fig.3.17).  myc-FKBP38 was used as a positive control 

(232,234–237) (Fig.3.17, lanes 1-6) and a myc-tagged Measles Matrix protein was used 

as an additional negative control bait protein (Fig.3.17, lanes 7-12).  FLAG-NS5A-2a but 

not FLAG-GFP was captured by myc-FKBP.  Neither FLAG-NS5A-2a nor FLAG-GFP 

was captured by the myc-Measles matrix protein suggesting that not just any myc-tagged 

protein will result in non-specific binding. FLAG-NS5A-2a and FLAG-GFP, when 

expressed in the absence of a myc-tagged protein, were not detected with the myc-capture 

protocol suggesting they did not bind to the myc antibody or resin directly (Fig.3.17, 

lanes 13-18). While myc-TOM22 precipitated both FLAG-NS5A-2a and FLAG-GFP, 

myc-CCAR2 specifically precipitated FLAG NS5A (Fig.3.17, lanes 22-24 & 28-30).  

Therefore, the interaction between CCAR2/NS5A-2a was both reproducible and specific 

in the reciprocal myc-Co-IP.   

 

The TOM22/NS5A interaction, while reproducible was not deemed specific to NS5A-2a 

as FLAG-GFP was also co-precipitated by Myc-TOM22 ((Fig.3.17, lanes 24). This may 

be due to the chaperone activity of TOM22 (339). TOM20/22/70 function as the TOM 
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complex receptors as they contain cytosolic tails with TOM20/22 recognizing N-terminal 

pre-sequences and TOM70 recognizing internal hydrophobic residues (378).  In addition 

to their receptor function TOM20/22 also function as chaperones, binding to unfolded 

proteins to aid in folding preventing aggregation on the mitochondria (339).  The high 

levels of FLAG-GFP and FLAG-NS5A-2a proteins resulting from the transient 

transfection experiments may be binding to TOM22 acting as a chaperone and not as a 

receptor in complex with the other TOM proteins.  It is possible that FLAG-NS5A-2a and 

HBH-NS5A-2a are binding different pools of TOM22 protein.  Figure 3.16 also used a 

reciprocal myc Co-IP to co-precipitate FLAG-NS5A-2a with Myc-TOM40, but without 

the use of FLAG-GFP as a specificity control.  As TOM40 makes up part of the TOM 

complex channel, this possibly suggests that FLAG-NS5A-2a was in complex with at 

least one protein within the mitochondrial TOM complex.  Therefore, it is possible that 

NS5A interacts with the TOM complex, but further studies would need to be performed 

to elucidate which member(s) of the TOM complex specifically interact with NS5A.   

 

As it is often the case that many viruses utilize similar mechanisms for propagation in the 

host cell it is not surprising that the TOM proteins make additional appearances in the 

literature with other viral proteins. Interestingly, the mitochondrial import of Influenza A 

RNA polymerase PB1+1 alternative frame-shift protein appears to be reliant on the 

presence of TOM40 (379).  However, siRNA reduction of TOM20 and TOM22 and 

mutation of the internal TOM70 recognition sequence did not impede import of PB1+1 

into the mitochondria (379). This suggests that while PB1+1 requires TOM40 to enter 

mitochondria, it is by a non-canonical TOM import pathway not reliant on the 
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TOM20/22/70 receptors (379).  It is not impossible to consider that NS5A binds TOM40 

but uses a similar non-canonical pathway and that the TOM20/22 proteins detected act as 

chaperones.  In another study, the HIV-1 protease was found to cleave TOM22 when 

associated with the mitochondria resulting in a reduction in mitochondrial membrane 

potential and apoptosis (380).  As many studies have demonstrated the antiapoptotic 

effects of expressing NS5A (205,216,217,221),  it could be that NS5A binding to TOM22 

protects the protein from cleavage.  Additional experiments would need to be performed 

to assess whether NS5A has a protective effect on TOM22 under induced apoptotic 

conditions. 

 

5.1.6.1.1 NS5A-2a interaction with CCAR2  

Deletion constructs of NS5A-2a were generated to identify the CCAR2 binding site 

within NS5A (Fig.3.18). Unlike full-length NS5A-2a, myc-CCAR2 failed to provide 

clear co-precipitation with any of the FLAG-NS5A-2a domain constructs.  It may be that 

CCAR2 binds to multiple NS5A-2a domains requiring the full-length protein or that the 

presequence of more than one domain provides a tertiary structure that is necessary for 

CCAR2 interaction. Of the constructs tested, FLAG-D2 NS5A-2a (25 kDa) produced a 

weak signal in the input lane. This is likely a stability issue as increasing the plasmid 

transfection amount did not improve the signal substantially. Therefore it is possible that 

this low protein abundance was below the detection limit of the Western blot. However, it 

could be assumed that the other constructs D1-D2 and D2-D3, which both contain the 

domain 2, would have shown capture with the myc-CCAR2 protein (Fig.3.18).  It is also 
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possible that CCAR2/NS5A interaction requires NS5A domain 1 dimerization but then 

binds elsewhere in the protein. 

 

Colocalization studies using both fluorescent and confocal laser-scanning microscopy 

indicated that NS5A-2a and CCAR2 occupy a similar cellular location (Fig.3.19, 

3.20,3.21).  Demonstrating this NS5A-2a/CCAR2 co-localization was important as 

CCAR2 is often described as a nuclear protein (340–342). Interestingly, CCAR2 can be 

N-terminally deleted due to activated caspase cleavage, and in this case, it is found to be 

exclusively cytoplasmic (381).  Confocal images of negative control 293TN and Huh7.5 

cells (in which NS5A-2a was absent) demonstrate that while the majority of CCAR2 does 

align with the DAPI stained nucleic acids, CCAR2 is also detected in the cytoplasm 

(Fig.3.20.A.E, Fig.3.21.A). In NS5A/CCAR2 doubly transfected cells, yellow punctate 

fluorescence indicating NS5A-2a/CCAR2 co-localization are present in any NS5A-2a 

expression model evaluated (transient transfection or SG replicon, 293 or Huh7.5 cells), 

although the majority of NS5A-2a and CCAR2 proteins are not participating in this 

interaction. This is not surprising given the fact that both proteins likely have a role in 

interacting with other proteins in the host proteome.  

 

Additionally, in FLAG-NS5A-2a (endogenous CCAR2 detection) and FLAG-NS5A-

2a/myc-CCAR2 double transfections, there is a correlation between high FLAG-NS5A-

2a expression, condensed nucleic acids, and CCAR2 cytoplasmic redistribution 

(Fig.3.20.C.D.F.G).  One interpretation for the increase in co-localization could be that 

NS5A-2a is sequestering CCAR2 in the cytoplasm.  CCAR2 interacts with mutated in 
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colorectal cancer (MCC) protein and MCC sequestered CCAR2 in the cytoplasm in a 

subset of RKO cells doubly transfected with tagged HA-CCAR2 and GFP-MCC (341).  

Nuclear/cytoplasmic fractionation of HBH-NS5A-2a 293 cells showed no increase in 

cytoplasmic redistribution of CCAR2 (Fig.3.22.C) however, the translocation may only 

occur in only a small population of cells as with MCC/CCAR2 (341). Fig.3.20&21show 

that CCAR2 cytoplasmic redistribution does not happen in all NS5A-2a expressing cells 

and therefore may be diluted out when analyzed by subcellular fractionation.  Another 

explanation for CCAR2 cytoplasmic redistribution, especially in NS5A-2a cells with 

condensed nuclei, is that these cells are undergoing apoptosis. Nucleic acid condensation 

is a hallmark of apoptotic cells, and DAPI stained images of FLAG-NS5A-2a transfected 

(Fig.3.20.C), FLAG-NS5A-2a/Myc-CCAR2 double transfected (Fig.3.20.D.G) 293 and 

Huh7.5 cells suggest cells with irregular nucleic acid components are coupled with 

virtually complete cytoplasmic redistribution of CCAR2. As such, cells high levels of 

NS5A-2a may be experiencing cellular stress and activating an apoptotic response 

thereby leading to N-terminal cleavage of CCAR2 and ultimately its cytoplasmic 

translocation (381). Whether NS5A-2a has higher/any affinity for truncated CCAR2 over 

the full-length protein remains unknown.   

 

A specific protein interaction has the potential to increase a protein’s stability or induce 

an increase in expression of that protein to compensate for the portion participating in the 

interaction.  The result of either is an increase in protein abundance. The CCAR2 

antibody used for CCAR2 quantification studies (abcam, 151190) specifically detected 

the full-length CCAR2 protein and was capable of producing a reliable, linear 
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quantifiable signal when analyzed using a five-point dilution curve (not shown). The anti-

myc antibody and commercial anti-CCAR2 antibody (detecting the N-terminus of 

CCAR2) both detected expressed myc-CCAR2 but in the absence of a C-terminal target, 

it is unclear whether a truncated form is present at different levels in NS5A expressing 

cells.  It may be that NS5A expression may increase quantities of the truncated CCAR2, 

but an antibody directed toward an epitope in the C-terminus of CCAR2 is required. 

 

Quantitative western blotting performed on HBH-NS5A-2a, and HBH-GFP 293 cells 

determined that the expression of NS5A-2a did not affect the abundance of 130 kDa 

CCAR2 (Fig.3.22.A&B).  One caveat to quantifying CCAR2 in GP2 293 cells is that 

these cells have neoplastic origins.  293 cells are a transformed embryonic kidney cells 

containing adenovirus type 5 DNA where portions of the viral genome integrated into the 

host genome and decreased cellular senescence resulting in continuous cell division 

(382). Bae et al. 2012, quantified the CCAR2 protein in both cancerous and noncancerous 

liver tissue of 10 HCC patients and revealed CCAR2 was only increased in the tumours 

(383).  As such, CCAR2 expression may already be elevated in GP2 293 cell lines used 

in the studies described here, dampening any observable effects of NS5A on CCAR2 

abundance. Demonstrating any CCAR2 expression changes in both an authentic ex vivo 

HCV infection and ectopic NS5A expression in primary liver cells could provide insight 

into NS5A effects on CCAR2 in a non-cancerous cell line.  JFH1 infections of primary 

hepatocytes have recently been demonstrated (384). 
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While NS5A-2a expression may not have impacted CCAR2 abundance, the NS5A-

2a/CCAR2 interaction could affect the HCV lifecycle. One of the best-characterized 

functions of CCAR2 is its ability to bind SIRT1 and interrupt its NAD+-dependent 

deacetylase functions (360,361,385).  SIRT1 regulates several cellular functions 

including DNA repair, metabolism, rRNA transcription (386–391), and directly impacts 

p53 function by deacetylating p53 at K382 (392).  SIRT1 deacetylation serves as a p53 

antagonist as deacetylated p53 exhibits dampened p53 target gene expression (387,392).  

Furthermore, SIRT1 overexpression in cells containing wt p53 leads to increased 

resistance to genotoxic induced apoptosis (387,392). Deacetylation of p53 at K382 also 

allows for ubiquitination of K382 by the Mdm2 E3 ubiquitin-protein ligase and p53’s 

subsequent degradation (393).  CCAR2 is a direct negative regulator of SIRT1’s 

antagonist effects on p53 as CCAR2 binds SIRT1’s active site rendering SIRT1 unable to 

deacetylate p53 (360,361).  siRNA depletion studies of CCAR2 revealed that such cells 

were more resistant to genotoxic-induced apoptosis and these effects were reversed by 

reducing both CCAR2 and SIRT1 protein abundance (360,361).  Therefore, the 

interaction of NS5A-2a and CCAR2 could impact CCAR2’s negative regulation of 

SIRT1 leading to either an increase or decrease in p53 K382 acetylation.   

 

Using a quantitative Western blot with a K382 acetylation specific p53 antibody could 

determine any change in p53 K382 acetylation in the presence of NS5A-2a.  

Interestingly, it was discovered that CCAR2 did not function as a negative regulator of 

SIRT1 mediated deacetylation of p53 in the liver cancer cell line SNU-182 (383). As 

well, siRNA mediated CCAR2 silencing led to a reduction in p53 acetylation in etoposide 



 204 

treated A549 epithelial cells but not in etoposide treated SNU-182 liver cells (383).  

These results suggest that CCAR2 may not influence SIRT1 functions in SNU-182 cells 

and are perhaps indicative of CCAR2 function in HCC. However, the acetyl-p53 

antibody used in this study was not well described, and it is not clear which acetylated-

lysine the antibody targeted in p53.  Without quantifying the pixel density on the Western 

blots, it is hard to conclude that acetylated p53 is not reduced in CCAR2 depleted SNU-

182 cells as the results obtained from SNU-182 cells are not as dramatic when compared 

to reduced acetylated p53 levels in CCAR2 depleted controls (383).  The author’s 

themselves state that p53 is wt in A549 cells and is a mutant derivative in SNU-182, 

which may confound the results further (383).  As such, studies determining on whether 

the NS5A-2a/CCAR2 interaction affects p53 K382 acetylation in an HCC cell lines are 

still warranted.   

 

An additional function of SIRT1 in the liver that has links to HCV protein expression is 

protection against steatosis (394). CCAR2 is involved in the development of steatosis as 

mice depleted of CCAR2 were resistant to lipid accumulation, inflammation and injury in 

a steatosis induction model (394).  The development of steatosis is a frequent 

complication of HCV infection that is linked to a Y164F mutation in the HCV Core 

protein (34,35).  However, an interaction between NS5A-2a/CCAR2 may inhibit CCAR2 

functions and lead to an increase in cellular lipid accumulation contributing to steatosis.  

The deacetylase activity of HDAC and the methyltransferase activity of SUV39H1 are 

also negativity impacted by their binding to CCAR2 (362,363), and these targets could be 

examined in the presence of NS5A-2a expression.  CCAR2 is also a ligand dependent co-
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activator of several receptors including the estrogen receptor alpha, glucocorticoid and 

the thyroid hormone receptors (364) and NS5A-2a may affect CCAR2’s affinity and 

potentially downstream signaling. The DBIRD complex is composed of 

CCAR2/ZNF326/ZIRD and regulates mRNA elongation and splicing (365).  The 

NS5A/CCAR2 interaction could influence the formation of the DBIRD complex.  Given 

the important regulatory functions of CCAR2, interaction with NS5A may affect these 

processes and have multiple effects on cellular homeostasis. 

 

5.1.6.1.3 Role of CCAR2 in viral infections 

The role of CCAR2 has been investigated in viral infections. CCAR2 was evaluated in 

199 HCC patients infected with hepatitis-related viruses by immunohistochemical 

staining and tissue microarray (395). 177/199 HCC cases displayed high reactivity to 

CCAR2 and were associated with unfavorable effects on recurrence-free survival  (395). 

Twenty-two out of 199 patients were HCV positive, and 14 of those patients had high 

CCAR2 staining (395).  

 

Cardiovirus leader proteins (LX) belonging to viruses of the Picornaviridae family are 

known for halting nuclear import/export processes by binding Ran-GTP protein leading 

to perpetual activation (396).   The RAN-Lx interaction results in NUP 

hyperphosphorylation thus terminating nucleocytoplasmic trafficking (397). Affinity 

purification coupled to mass spectrometry analysis revealed CCAR2 bound to the EMCV 

LX  protein (398).  This is interesting as the both the EMCV Lx protein and HCV NS5A 

both interfere with the cellular distribution of the Ran GTPase (195,196).  Majority of the 
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Ran protein is typically located in the nucleus, but in HCV infected cells Ran was 

observed in the cytoplasm in NS5A positive foci (195,196).  The EMCV Lx protein and 

NS5A both disrupt the nuclear/cytoplasmic trafficking and also bind to CCAR2 

suggesting the possibility of common functions.  Mass spectrometry also identified 

CCAR2 as an interacting partner of Ebola virus (EBOV) VP24 by purification of VP24-

EGFP using GFP-trap from 293 cells (399).  VP24 is a multifunctional protein with an 

affinity for membranes that plays a role in EBOV replication, assembly, and packaging 

(400,401).  VP24 aids in Ebola virus immune evasion by binding karyopherin-alpha 

blocking nuclear accumulation of STAT1, again interfering with the nuclear transport 

system (402).  It is tempting to draw correlations between EBOV VP24 and NS5A in that 

both are multifunctional proteins involved in viral life cycle regulation and cellular 

trafficking and both interact with CCAR2.  It is not surprising to find that many different 

virus proteins target a single host cellular protein, such as CCAR2, as a means to 

modulate host cell functions.  

 

5.2 Mapping and characterization of phosphorylation sites on hepatitis C virus 

NS5A protein 

NS5A exists as two distinct phospho-proteoforms by SDS-PAGE analysis (97) and this 

has prompted initiatives to generate a comprehensive list of all the phosphorylated 

residues within NS5A. Several investigations have reported identifying NS5A 

phosphopeptides (289,303–305), but fine-mapping has only identified S146, S222, S225, 

S235, S238, and T348 as bona fide phosphoacceptor sites (303–306).  In this 

investigation, NS5A was isolated for phosphoacceptor site identification by mass 
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spectrometry. In several isolation experiments, nTAP or dTAP was used to isolate highly 

purified HBH-NS5A-2a protein from GP2 293 cells, and NS5A-HBH-2a from SG JFH1-

NS5A-HBH Huh7.5 cells. Continuous elution electrophoresis was also used as a 

purification technique in order to purify untagged NS5A derived from SG JFH1 protein 

in Huh7.5 cells.  In all, 28 phosphoacceptor sites were identified in the NS5A protein 

(Table 4.1& Fig.4.4) across all experimental platforms.  Twenty of these phosphorylated 

residues were novel, and six previously identified sites were confirmed (S146, S222, 

S225, S235, S238,  and T348 (303–306) (Fig.4.4).  

 

The identification of 28 phosphorylated residues within NS5A was aided by the use of 

multiple sources of NS5A, purification techniques, phosphopeptide enrichment and 

multiple proteases.  Several phosphorylated residues were identified in samples obtained 

from expression of HBH-NS5A-2a, SG JFH1-NS5A-HBH, and SG JFH1 that included 

S146, T164, T204, S222, S225, S228, S230, and T348 (Table.4.1&Fig.4.4).  Consistent 

identification of these residues could indicate that they are highly abundant or that these 

phosphopeptides have biochemical characteristics favourable for mass spectrometry 

identification.  Phosphopeptides containing “S381/S382”, “S414/S415” and “T410” were 

identified exclusively from the unmodified SG JFH1 replicon (Table.4.1&Fig.4.4).  As 

such, phosphorylation of these residues may require active RNA replication of the 

presence of the other HCV NS proteins.  S201, T210, T213, S229, S232, S235, S238, 

S272, S288, T334, and, S365 were only identified in TAP purified HBH-NS5A-2a 

samples (Table.4.1&Fig.4.4).   
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TAP purified HBH-NS5A-2a is extremely pure and as such may have significantly 

improved detection sensitivity potentially leading to the identification of low-level 

phosphorylations.  TAP purified HBH-NS5A-2a was digested with GluC and AspN in 

addition to trypsin producing alternative peptides. The expanded coverage led to the 

identification of S288, S381/S382, S401, T410, and S414/S415 from GluC digested 

peptides and T210, and S272 from AspN.  

 

5.2.1 Phosphorylation requirements for NS5A from different genotypes 

While clear that differential phosphorylation exists in NS5A, presence of the 

hyperphosphorylated form (p58) appears to differ between HCV genotypes even to the 

strain level.  Expression of NS5A-1b in COS-1 cells showed that hyperphosphorylation 

was dependent on the expression of HCV-NS4A provided in trans (97).  Deletion of the 

1b polyprotein in Hep3B cells indicated that p58 production depends on NS5A being 

expressed in cis as an NS3-NS5A segment and that NS3 must contain an active protease 

(276).  NS5A-1a requires the expression all of the nonstructural proteins for NS5A 

hyperphosphorylation (276).  However, the findings were different when NS5A-1a was 

expressed in BHK-21 cells. Here, both phospho-proteoforms were observed without the 

need for additional HCV proteins (281).  This study also demonstrated that NS5A-2a did 

not require other HCV proteins for the production of both phospho-proteoforms (281).   

 

NS5A hyperphosphorylation requirements are further complicated when evaluated at the 

strain level.  Several different HCV 1b strains were assessed independently, and each 

appeared to require a different set of HCV proteins to produce NS5A p58.  Strain J 
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(genotype 1b) required NS4A supplied in trans (97), while a 102 amino acid deletion 

from the N-terminus no longer required NS5A to generate p58 (403). Strain BK 

(genotype 1b) required NS2 provided in cis (278) for p58 formation. NS5A derived from 

two patients (genotype 1b) required complete NS3-NS5A expression for p58 to be 

produced (279). It is possible that the use of different cell lines could explain many of 

these discrepancies.  However, it is also probable that even subtle differences within the 

NS5A sequences used may lead to differences in phenotype. The effects these different 

requirements have on HCV biology remains unresolved. 

 

5.2.2 Conservation of phosphoacceptor sites identified in NS5A JFH1 

Typically highly conserved residues across multiple samples, or in this case 

genotypes/strains would suggest conservation of function. An alignment of the NS5A 

ORF from several different HCV genotypes indicated that T204, T210, S225, S229, 

S230, S232, S235, S414, and S415 were highly conserved across all seven genotypes 

(Appendix Fig. A1). Conservation of serines within the LCSI (S225, S229, S230, S232, 

S235) has been previously noted and modifications in this area have been shown to affect 

HCV life cycle kinetics indicating their importance in the virus life cycle (141).  T204 

and T210 are present in the PI4KIIIα binding site on NS5A(284).  T204 was conserved in 

genotypes 1-6 but with a negatively charged aspartic acid in two genotype 3a strains 

while T210 was conserved in all genotypes. Given the important role for PI4KIIIα in 

HCV replication, they are of interest especially since work presented here has 

demonstrated that each can be phosphorylated.  Reiss et al., 2013 revealed 

phosphoablatant alanine substitution of T204 was wt, but T210 lead to dramatic increases 
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in hyperphosphorylation, indicating that phosphorylation of these residues are repressive 

to p58 formation (284). T204A and T210A replicated to wt levels but T210E replication 

was severely reduced, T204E was not tested (284).  The conservation of T204 and T210 

among HCV genotypes may indicate that phosphorylation of these residues is detrimental 

to p58 production and negatively affects HCV replication.   

 

Interestingly, T410 is exclusive to the JFH1 strain.  JFH1possesses the unique ability to 

grow in hepatoma cell culture without adaptive mutations (151) and identifying which 

viral sequences provide this capacity has been inconclusive. Sequences within Core, NS3, 

NS5A, and NS5B (100,152–155) have all been suggested. While it was demonstrated that 

T410A/D mutations produced near wt RNA replication levels and viral titers 

(Fig.4.10.D), the T410 residue may be a factor, in combination with an additional site 

that contributes to the unique features found in JFH1. 

 

5.2.3 Phospho-proteoform effects on HCV life cycle 

The phosphoacceptor sites identified in NS5A were systematically mutated in the JFH1 

virus backbone to determine the effects of eliminating and constitutively mimicking 

phosphorylation charge at a single residue.  The mutant viruses were then evaluated for 

their effects on RNA genome production, p58/p56 protein abundance ratios, and 

infectious virus particle production (Fig.4.5).  While the majority of the mutants did not 

differ significantly from the wt control, others showed clear differences in one or more of 

the factors studied. 
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5.2.4 NS5A phosphomutant effects on HCV RNA replication 

When comparing the four-hour (input) to 72-hour (replicated) viral RNA levels, most 

mutants showed no appreciable differences compared to wt, and none of the mutants 

exhibited higher levels of RNA production compared to wt. Mutants were considered of 

interest when their replicative capacity differed from wt by more than 5-fold as 

evaluating duplicate wt JFH1 RNA over multiple experiments revealed a variability in 

the wt of two-fold. Replication phenotypes differing from wt JFH1 were classified as 

weak (0- 10 fold less RNA levels 72hpe compared to 4hpe), very weak (10-100 fold less 

RNA levels 72hpe compared to 4hpe) and extreme (>100 fold less RNA levels 72hpe 

compared to 4hpe). A point to consider is that the input RNA levels at 4hpe for each 

mutant are relatively high and thus the genome replication may hit a “replication ceiling,” 

thus limiting the fold change observed.  While this was not tested empirically, a 

replicative maximum may account for the smaller fold changes observed with the RNA 

data presented in this study. 

 

S229A was the only mutant to display extremely weak replication levels comparable to 

that of the GND negative control.  T210D, S229D and S235A mutants had very weak 

replication and the mutants that replicated weakly included T204D, T210A, S225D, 

S232A/D, S235D, S238A/D, T334A/D and T363A/D   (Fig.4.6). Interestingly T210A 

and S235D mutants at least partially rescued the virus although not necessarily to wt 

levels, suggesting that the presence of a charged residue at T210 and the absence of one 

at S235 are tolerated. Alanine or aspartate substitutions at position S229 were both 

deleterious with S229A showing no RNA replication and S229D showing very weak 
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RNA replication capacity. It is interesting to speculate that this site represents a 

molecular “switch” such that at certain points in the genome replication cycle, the serine 

must be unphosphorylated while at other times it must be phosphorylated. The effect of 

these mutations on RNA replication is consistent with previously published data 

(284,289,299,304,305). Reduced RNA replication capacity for mutants T210A, S232A 

and T334A are consistent with earlier investigations (179,284,289,299,304). Whether the 

reduced replicative capacity observed with these mutants involves altering the stability of 

the NS5A protein, the efficiency of establishing replisomes or actual RNA replication 

remains unknown.  

 

The small but consistent reduction in replication for mutant S222D is in line with 

previous results (303), but others found this mutant to behave more like wt JFH1 virus 

(289,304). Mutant S238A has also been reported to replicate at wt levels whereas this 

work suggests a weakened replication capacity (289,299,304). Considering how small the 

reduced replicative capacities are for S222D, and S238A compared to wt, these lower 

level fold changes are difficult to quantify and could be a reason for the discrepancy 

between studies. It is not believed that RNA synthesis and electroporation was a key 

factor in this investigation as different batches of RNA were prepared, measured and 

electroporated with each species behaving very consistently across experiments.   

 

S229A and S235A both show decreases in replication compared to wt. In both cases, a 

phosphomimetic improves the replication capacity albeit not to the same levels as wt. 

This is not surprising. Besides the obvious possibility that the amino acids are simply 
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incompatible with the secondary/tertiary structure or stability of the protein at that site, 

there are inherent issues associated with attempting to mimic a phosphorylation event 

with a charged amino acid.  The negative charge on a phosphate molecule at 

physiological pH is generally -1.5 while aspartate has a charge of -1, thereby, limiting the 

size of the ionic shell created by the replacement (297).  Furthermore, if the phosphate 

residue contributes to an essential PPI, an aspartate mimic will not efficiently replicate 

the area needed to complete a proper interaction region (297). 

 

The negative impact on RNA replication in NS5A Domain 3 mutants was unexpected.  It 

was previously reported that this region was dispensable for genome replication and D3 

is principally involved in viral assembly and virion production (98,178). T334A/D, 

T363A/D and T401D all negatively impacted HCV replication and indicate that these 

sites may play some role in maintaining optimal genome replication levels (Fig.4.6). 

Reduced T334A replication levels have been observed previously, but a potential link to 

phosphorylation was not made (179). 

 

5.2.4.1 NS5A T356A Mutation 

Cordek et al.,2013, utilized an in vitro kinase assay with protein kinase A and NS5A 

protein derived from the Con1b genotype combined with mass spectrometry to identify 

T360 as a phosphorylation site (175).  1b replicons with the S2204I replication 

enhancement mutation were established containing the phosphoablatant alanine mutation 

and the phosphomimetic glutamine mutation and revealed that tampering with T360, 

regardless of the mutation introduced reduced HCV genome copies levels approximately 
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10-fold, but only after multiple cell passages (175).  However, the use of the Con1b 

replicon with the S2204I mutation may have interfered with NS5A phosphorylation 

studies as S2204I eliminates p58 NS5A hyperphosphorylated form (134). In order to 

verify the importance of this site in a replication model, T356 (the comparable residue in 

the JFH1 sequence) was mutated to either alanine or glutamate. These mutations were 

engineered into a JC1/Gluc2a luciferase reporter viruses (175). Both viral replication and 

infectivity were monitored and both assays indicated that the T356A mutation resulted in 

a non-replicative, non-infectious virus while T356E resulted in WT levels of replication 

and packaging (175).   

 

However, these results were not confirmed in the study presented here. Replication (and 

infectivity) levels of both T356A and D were comparable to wt ((Fig.4.6)&4.10). In order 

to rule out a mix-up of testing samples, RNA from T356A/D electroporation experiments 

was converted to cDNA and directly sequenced. In all cases, the mutations were present 

as expected.  Although the simplest explanation for the discrepancy in results is a mixed 

up sample, it is possible that T356A/D in the JC1/Gluc2a reporter virus exhibits different 

effects on genome replication compared to JFH1.  If this were the case, it could 

substantially change the interpretation of data using reporter systems for their read-outs.  

 

5.2.5 NS5A phosphomutant effects on NS5A phosphoform protein abundance 

Determining the effect of mutations on phosphorylation status, particularly on p58 and 

p56 was also of interest as prior studies using 1b replicons suggested a correlation of this 

ratio with HCV replication (141,282). The average p58/p56 ratio produced by wt NS5A 
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was 0.61.  Mutants S151D, S225A, and S232A produced the lowest levels of 

hyperphosphorylated NS5Awith mean p58/p56 ratios of 0.19, 0.11 and 0.08 respectively 

(Fig.4.9).  While S151D appeared to be wt, at least concerning RNA replication, S232A 

had lower replication levels compared to wt virus. Interestingly, S232D which showed 

impaired RNA replication levels had a p58/p56 ratio of  0.24.  Mutant S151A expressed a 

near wt ratio of 0.44 whereas S146D was considerably lower 0.19 ratio suggesting that 

phosphorylation at this site decreases p58 amounts (Fig.4.9). S151D also produced a ratio 

40% below wt although RNA replication was not affected. These findings appear to be 

consistent with previous observations involving sites within the N-terminus.  Double 

mutant experiments have demonstrated that the S146D mutation is dominant and 

negatively affects NS5A hyperphosphorylation at secondary sites within the LCSI (304). 

Interestingly, deleting N-terminal portions of NS5A-1b resulted in p58 production 

whereas the full-length NS5A-1b, p58 was only produced when NS4A expression 

occurred suggesting a role for the NS5A N-terminus on NS5A hyperphosphorylation 

(403).  One explanation for these findings is that phosphorylating residues at the NS5A 

N-terminus disrupts a recognition site that blocks phosphorylation or that the addition of 

a charge causes repulsion of an otherwise weak interaction at that site.   

 

Studies involving mutations of NS5A S235A have been inconsistent.  Both Masaki et al., 

2014 and Eyre et al., 2016 were unable to detect any NS5A protein production from 

JFH1 or JC1 viruses with that mutation (289,305). Chong et al., 2015 expressed S235A 

NS5A in HEK293 cells under a CMV promoter and determined by Western blot that the 

p58 band was below their detection limits (306).  In this thesis and in a study by Fridell et 
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al., 2013 (299), p58 is produced in the S235A background, albeit at a lower level than wt 

(Fig.4.9).  The disparities could easily be explained as a consequence of immunoblot 

sensitivity or RNA input levels.  Additionally, the difference in expression systems are 

likely significant; CMV-driven NS5A in HEK 293cells (306) compared JFH1 

electroporation into Huh7.5 cells (this study). P58 generation from a S235A mutant may 

require expression in the context of a more appropriate replication system.  In this study, 

the JFH1 virus without additional replication enhancing mutations was used in the 

Huh7.5 hepatoma cell culture providing a biologically relevant model that did produce 

low levels of p58 from S235A 

 

Three mutants produced a slightly greater p58/p56 ratio compared to wt and included 

T210A, T210D, and T213D with mean p58/p56 ratios of 1.08, 1.01, and 0.89, 

respectively (Fig.4.9).  Interestingly, T210A and T210D mutants replicated weakly and 

very weakly, respectively. High p58 levels generated by T210A/D suggest that 

modification of this site alone either favors p58 production or suppresses p56. 

Phosphorylation of T213 could be a major contributing residue to p58 production.   

 

Several reports have suggested that NS5A proteins containing S232D, S235D, and 

S238D mutations impede the mobility of p56 by SDS-PAGE (289,299,304).  That 

observation was also made in this study (Fig.4.9) suggesting that NS5A phospho-

proteoform production may be more complicated than just p56 and p58. 2D gel 

electrophoresis has indicated a large number of species at both the p56 and p58 levels 

that may differ by only one phosphorylation event (404) (Fig.4.9). 
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5.2.6 NS5A phosphomutant effects on infectious JFH1 titers 

Evaluating the effects of mutations on the quantity of released infectious JFH1 proved to 

be difficult due to the inherently low viral production of unaltered JFH1 virus (151).  A 

time-course evaluation determined that the optimal day post electroporation for viral 

harvest was nine dpe and serial passage was thus necessary to keep cell monolayers 

below 80% confluency.  WT titers averaged 8.96x102 TCID50/ml at nine dpe.  These 

observations were in contrast to the that of Ross-Thriepland et al., 2014 reporting WT 

JFH1 titers of approximately 2x104 ffu/ml (2.9x104 TCID50/ml) at 72hpe (304).  Such a 

high value in the latter case is surprising given that most reports using unaltered JFH1 

report similarly poor titers (hence the reason that the J6/JFH1 or Jc1 recombinant viruses 

are often used for virus production studies). The most plausible explanation is that there 

are differences in the cell lines used. This study uses the standard Huh7.5 cell line (a gift 

obtained directly from Dr. Rice, Rockefeller University) whereas the other study uses a 

Huh-7 cell line. In these cells, there appears to be a difference in the JFH1 input RNA 

decay rates. Using the same amount of input RNA (5ug) after 72 hours, GND mutants 

levels (an indication of RNA decay in the absence of viral replication) drops 

approximately 1000-fold in contrast to the study of Ross-Thriepland where there is only a 

100-fold reduction in RNA copy 72 hpe which they hypothesized was due to the stability 

provided by the 5´ UTR (304).   

 

What is clear from the study presented here is that any manipulation of S229, either to A 

or D, changing T210 to D or changing S235 to A all decreases JFH1 infectious virus 
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production (Fig.4.10).  In each case, this is directly explained by the fact that each of 

these species also showed the largest negative effect on RNA replication.  

 

Several other mutants produced less (2-5 fold) infectious virus than JFH1 wt. T204D, 

T210A, S230A/D and T334D all had reduced titers but also had reduced RNA replication 

levels (Fig.4.10). Interestingly, T164D, T210D, S238D and S381D produced 2.3, 4.7, 2.7 

and 2.4 fold less released infectious virus than WT but had no difference in genome 

replication levels compared to wt (Fig.4.10). This observation suggests that 

phosphorylation at T164, T210, S238 and S381 could be involved in the replication 

process but may be deleterious to viral assemble or packaging.  Conversely, S222A and 

S225A also exhibited wt RNA replication levels, but have a 2.6 and 3.1 fold reduction in 

released infectious titers (Fig.4.10), suggesting that phosphorylating S222 and/or S225 

may be required for processes downstream of replication.  Important to keep in mind that 

when dealing with small differences such as these along with high variances and low 

sampling that statistical significance was not reached and therefore these observations 

must be treated more as “suggestive observations.” 

 

5.2.7 NS5A phospho-proteoform abundance impact on the HCV lifecycle 

Reports using the Con1b SG replicon suggested that a low p58/p56 ratio promotes viral 

replication while a high ratio bolsters infectious virus production (141,282,283).  In direct 

contrast with this, work by Fridell et al., 2013 suggested that in the JHF1 system, high 

levels of p58 promoted genome replication whereas low levels of p56 caused higher viral 

titers (299).  Despite the detailed analysis of the sites identified in this study and the 
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extensive investigation into the associated phenotypes, the results are not supportive of 

the hypothesis that a differential abundance of NS5A phospho-proteoforms promotes 

replication over packaging or vice versa.  The findings here do support the concept that 

phosphoablatant mutations in the LCSI (which causes reduced p58 abundance levels) 

appear to have the largest impact on the overall HCV life cycle.  The reduction is most 

apparent with S232A, and S235A as each mutant produced a p58/p56 ratio <0.35 

accompanied by a greater than 10 fold decrease in genome replication and lower levels of 

released infectious virus.  These sites are of particular interest as the serines of the LCSI 

are conserved across 40 HCV strains (141).  It is tempting to conclude that 

phosphorylation in the LCSI is a major contributing factor to the creation of 

hyperphosphorylated NS5A, but this may require phosphorylation of more than one 

residue. P58 likely contains multiple species of phospho-proteoforms but it may be that 

only one type is crucial in the phenotypes examined here and as such is but one of several 

essential factors.  

 

5.2.8 NS5A/PI4KIIIα Interaction 

NS5A constructs containing the T204A mutation replicated to essentially wt levels while 

the T204D mutant was reduced 5-fold.  The replication of the T210A mutant was also 5-

fold less than wt, but the T210D was severely impaired and considered replication dead. 

Reiss et al., 2013 had previously mapped the PI4KIIIα binding region  to Q187-A214 on 

NS5A and suggested that the NS5A/PI4KIIIα interaction either favored the p56 form or 

suppressed p58 formation (284).  Utilizing triple alanine mutations in the PI4KIIIα 

binding region revealed the importance of this region to both HCV RNA replication and 
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p58 production. Mutations that altered T204 and T210 resulted in non-replicative 

phenotypes with higher p58/p56 ratios (284).  Similar to this study, a single alanine 

substitution at T204 resulted in wt replication and wt p58/p56 levels, but a 

phosphomimetic mutant was not evaluated (284).  However, T210 proved to be a critical 

site as alanine substitution resulted in a 100-fold reduction in genome replication a 

phosphomimetic substitution (T210E) reduced virus genome replication by 10,000-fold. 

It also abrogated PI4KIIIα binding leading to the argument against T210 as a 

phosphoacceptor site (284).   

 

In the study presented in this thesis, conclusive evidence of both T204 and T210 

phosphorylation was provided as both sites were seen as phosphorylated in expressed 

NS5A while T204 phosphorylation was also identified in a replicon model.  T204A/D 

and T210A/D produced similar phenotypes to those reported by Reiss et al., 2013 with 

T204A replication levels indistinguishable compared to wt and the T204D mutant 

reduced 5.6-fold (Fig.4.6.A).  T210A/D mutant RNA replication levels were reduced 6.5-

fold for T210A and were almost non-existent for T210D (Fig.4.6.A).  This phenomenon 

may not be directly related to the predominance of one p56 or p58 forms directly, as the 

p58/p56 ratios produced by T204A/D were similar to wt (Fig.4.9).  While more studies 

would be necessary, it is possible that phosphorylation of T204 and T210 may negatively 

influence the NS5A/PI4KIIIα interaction.  As such, when T204 and T210 are not 

phosphorylated PI4KIIIα can bind successfully, and HCV replication proceeds but 

phosphorylation at these sites prevents PI4KIIIα binding and reduces viral replication. 

Eyre et al., 2016 provided further evidence that PI4KIIIα expression is required for 
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optimal HCV genome replication (305). It appears that PI4KIIIα is also involved in 

events needed for successful phosphorylation of S235 in NS5A through an undetermined 

mechanism (305).  In this scenario, PI4KIIIα may block access of other kinases 

responsible for phosphorylation events leading to the production of p58 (305).  While 

there is cumulating evidence suggesting that PI4KIIIα influences NS5A phosphorylation 

(284,305), further investigation will be required to establish the mechanism. 

 

5.2.9 NS5A tyrosine phosphorylation 

This investigation, along with several others using mass spectrometry/database search 

based approaches (289,303,304,306), has yet to positively identify tyrosine 

phosphorylation in NS5A.  However, two studies utilizing a phospho-tyrosine antibody 

have suggested that NS5A contains phosphorylated tyrosine(s).  The first study employed 

myc-NS5A-1b deletion constructs expressed in COS cells stimulated with the tyrosine 

phosphatase inhibitor, pervanadate, and used a phosphotyrosine antibody, pY20, to reveal 

a phosphotyrosine present between amino acids 147-447 (405).  Mutation of Y334 to 

phosphoablatant phenylalanine in myc-NS5A produced a much weaker Western blot 

signal than wt NS5A when probed with the pY20 antibody (405).  In a follow-up study, 

the pY20 antibody was used to evaluate the phosphotyrosine status of NS5A 

immunoprecipitated from a J6/JFH1 infected Huh7.5 cells and suggested that p58 was 

preferentially phosphorylated (406).  Y330 in JFH1 NS5A was reported to be the tyrosine 

that corresponds to Y334 from NS5A-1b, and Y330F was engineered into the J6/JFH1 

virus and the SG JFH1 replicon.  Y330F J6/JFH1 produced lower genomic RNA levels 

and reduced intra and extracellular infectious viral titers while the Y330F mutation did 
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not affect genome replication (406).  The conclusion was that Y330 phosphorylation was 

involved in HCV particle assembly and that the effects may only be evident in cells 

producing infectious virus (406).  The investigation performed in this thesis did not 

identify Y330 as a phosphorylated residue. The tryptic peptide, containing Y330 is 

“RPDYQPPTVAGCALPPPK,” and this study mapped T334 as a site of phosphorylation 

indicating that the peptide was seen by the methods employed here. It cannot be ruled out 

the possibility that a multi-phosphorylated peptide exists (and is not captured for 

analysis) but other possibilities need to be evaluated. The phosphotyrosine antibody, 

pY20, may not be performing optimally when recognizing the NS5A epitope containing 

Y330.  Peptide microarray experiments evaluating pY20 specificity revealed optimal 

affinity when a proline residue is at position +3, and a leucine at -1 from the tyrosine and 

that charged residues in the -1 positions reduce antibody specificity (407). Y330 in the 

JFH1 sequence has an aspartic acid residue at the -1 position, and as such, pY20 

specificity for this residue may be lacking.  The stringency of pY20 for phosphorylated 

tyrosines has been brought into question. Immunoblots using pY20 compared 293 cells 

treated with insulin (induces phosphorylation of tyrosine residues) with untreated cells, 

and the number of bands identified between the two treatments was indistinguishable 

(407).  Therefore, the presence and/or significance of tyrosine phosphorylation in the 

NS5A phenotype remains an open question and it was not surprising to not have 

identified phospho-tyrosine residues in this investigation 
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5.2.10 NS5A protein production from non-replicative phosphomutants versus GND 

An interesting observation was made involving the production of NS5A protein from the 

JFH1 mutants defective in RNA replication. The S229A mutation results in no 

measurable JFH1 genome replication and S229D mutant exhibits extremely weak RNA 

replication.  However, T210D and S235A, while also exhibiting very reduced levels of 

RNA replication (and undetectable titers of infectious virus), do exhibit very low levels 

of NS5A protein at 72hpe.  Initially, this was believed to be the result of translating input 

RNA, but the absence of NS5A protein in the GND mutant experiments indicated that 

this was unlikely to be the case (Fig.4.9).  Two possible mechanisms include: 1) the 

mutations in NS5A severely inhibit RNA replication competency, but a small amount of 

activity still exists albeit it extremely inefficiently. 2) NS5A is known to have the 

capacity to bind RNA and may still maintain a binding/protective mechanism shielding 

input RNA from degradation in the absence of replication.  

  

5.2.11 NS5A phosphorylation at early-time points post electroporation 

It is generally accepted that NS5A is basally phosphorylated following liberation from 

the HCV polyprotein. This species then serves as a scaffold for hyperphosphorylation 

(188,276,277). In support of this, 35S Methionine pulse-chase experiments revealed trace 

amounts of NS5A detected at the end of the labeling period, but 32P labeled NS5A was 

only detectable 20 minutes after the chase period (188). Neddermann et al., 1999, 

utilizing 35S methionine pulse-chase experiments with NS5A from the pcD3-5A genotype 

1b polyprotein expressed in Hep3B cells evaluated phospho-proteoform appearance. p56 

was detected 15 minutes after labeling and  p58 was of equal intensity following two 
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hours of incubation time, therefore, p56 is released from the polyprotein and used as a 

substrate for hyperphosphorylation (276).  These observations were also confirmed in 

pulse-chase experiments utilizing the Con1b replicon where p56 was produced before 

p58 (277).  While this explanation is plausible, the functional nature of the two phospho-

proteoforms of NS5A at early times has not been heavily studied. In this thesis, with any 

of the model systems evaluated, hyperphosphorylated NS5A (p58) was present at higher 

levels (compared to p56) at early points post electroporation (Fig.4.11).  The p58/p56 

ratios from electroporation of infectious JFH1 were 3.3 and 1.5 at the earliest detectable 

time-points, 24 and 36 hpe (Fig.4.11.B&C). At 48 hpe the ratio switches and p56 

becomes the more abundant form with a mean ratio of 0.71 followed by 0.58 at 72 hpe 

(Fig.4.11.B&C).  These observations were confirmed in SG JFH1 and SG JFH1-NS5A-

HBH replicons, albeit the HBH-tagged NS5A SG replicon displayed the trend at a 

delayed time point, consistent with its delay in RNA replication (Fig.4.11.D, E, F).   

 

While this is a novel observation, there have been other cases of differential p58/p56 

ratios being reported. McCormick et al., 2006 showed that HCV replicons containing the 

GND mutants delivered via baculovirus had higher levels of p58 protein than their wt 

counterparts and that hindering polyprotein translation correlated with p58 abundance 

(280). These observations may help to explain the high p58/p56 ratio obtained at early 

time-points post electroporation. To establish a productive replication, HCV must 

translate its polyprotein to produce functional NS proteins to establish the replisome.  

Therefore, the process of polyprotein translation preceding genome replication may 

explain the initially elevated levels of p58.  Differential decay rates of p56 and p58 may 
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offer an alternative explanation as the p58 produced by JFH1 may have a longer half-life 

thereby appearing to be the dominant form.  However, Pietschmann et al., 2001, 

established that the half-life of the p56 was 16 hours and p58 was seven hours when 

NS5A was produced by the Con1b replicon (277).  A potential reconciliation is that the 

stability of NS5A phospho-proteoforms may differ by genotype.  

 

On the contrary, an overabundance of p58 at early time-points post electroporation may 

indicate that p58 is required to establish HCV genome replication while p56 is needed for 

later steps, perhaps with virion production.  Interestingly, Fridell et al., 2013 investigated 

phospho-proteoform levels in relation to JFH1 replication and packaging utilizing 

phosphoablatant and phosphomimetic mutations of the serines of the LCSI and concluded 

that a large abundance of p58 results in higher replication levels while p56 promotes viral 

packaging (299).  The results presented in this thesis are not at odds with this hypothesis.  

 

5.2.12 Reduction of p58 levels in long-term passage of established SG JFH1 Huh7.5 

replicon cells 

Studies exist that report upon prolonged cell culture passage, HCV SG replicon cell lines 

show decreased p58 phospho-proteoform levels (141,282,304).  Ross-Thriepland et al., 

2014 using an established SG JFH1 Huh-7 cell line model showed that after 40 passages 

the percentage of total NS5A hyperphosphorylation dropped by 40% and that this change 

was not due to nucleotide changes in the NS5A sequence (304).  This investigation also 

evaluated the consequences of longer-term passage and showed that the p58/p56 ratio 

drops by 16% over ten weeks following initial electroporation.  As was observed by 
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Ross-Thriepland et al., 2014 there were no sequence alterations within NS5A, therefore, 

reduced p58 was not due to loss of a phosphoacceptor site (data not shown).  One other 

hypothesis for decreased p58 levels is that a cellular kinase responsible for p58 becomes 

exhausted over time. To assess this, wt SG JFH1 or full-length JFH1 RNA was 

introduced into ten-week-old SG JFH1-HBH-NS5A Huh7.5 cell lines. As the HBH-

tagged NS5A protein is 11 kDa larger, it was possible to evaluate the two species 

independently. While wt  NS5A from SG JFH1 or full-length JFH1 introduced into the 

HBH-tagged NS5A SG replicon cells had a lower p58/p56 ratio than did RNA 

electroporated into naïve Huh7.5 cells at 24hpe (1.4 and 1.7 versus 3.0 and 3.3), by 72hpe 

the ratios were 0.74 and 0.66 comparable to the 0.59 ratio produced by wt.  This suggests 

that the elements required for p58 production are available and therefore the kinase 

exhaustion is not the mechanism responsible for depleted p58 abundance at least in 

replicon cells pssaged over a two and a half month period.   

 

An alternative hypothesis to the exhaustion concept is the possibility that kinase 

accessibility to NS5A changes.  The form of NS5A required for establishing functional 

replication may be freely accessible to the kinase(s) responsible for 

hyperphosphorylation, but after a replisome has been established, NS5A is no longer 

freely accessible, spatially, to the kinase(s).   

 

5.2.13 Issues involving phosphorylation studies 

The number of caveats associated with phosphorylation studies is tremendous. While it 

would be easy to dismiss phosphomutants that exhibit an altered phenotype as merely 
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“protein destabilizing mutants,” this is unlikely to be the case overall. The mutants 

presented here (and in fact all of the mutants discussed in the literature) do of course need 

to be evaluated for alterations in stability, localization, and interaction that could 

compromise analysis, but these studies do represent a start. What additionally needs to 

happen is a more quantitative understanding of the NS5A phosphorylation.   

 

For example, in most studies utilizing mass spectrometry and database analysis for 

studying phosphorylation, minimal mention is made of site occupancy issues. In order to 

identify the phosphates present on the peptides, enrichment is applied for these species, 

and as a result, the non-phosphorylated peptides are lost. As such, the phosphorylated 

species may be present at a minuscule level compared to the non-phosphorylated. Direct 

comparisons are difficult as a phosphopeptide is chemically distinct from its non-

phosphorylated counterpart and as such may affect its charge, ionization, and elution into 

the mass spectrometer and thus direct quantitative comparisons difficult (297).  

Identifying phosphopeptides without the ability to determine their site occupancy could 

overemphasize spurious and/or biologically irrelevant phosphorylation events.  

Conversely, the act of not observing a phosphorylation site does not necessarily imply 

that it does not exist.  Factors already discussed such as peptide length, hydrophobicity 

and charge may have significant effects on chromatographic properties and ionization 

efficiency. These issues are of concern as few truly quantitative proteomics has been 

performed at this stage.  
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An additional level of complexity concerning NS5A is its diverse functions aiding in both 

HCV propagation and modulating the host cellular environment. Differentially 

phosphorylated NS5A may direct specific functions that require only a specific subset of 

NS5A phospho-proteoforms to elicit a particular function. At this point, total cellular 

protein is evaluated, and the ability to work at both a temporal and spatial level becomes 

a future step forward. 

 

5.3 Conclusions 

Elucidating the molecular mechanisms ultimately responsible for HCV pathogenesis is a 

premier step required in the development of therapeutic interventions and a protective 

vaccine. The purpose of this study was to understand fundamental aspects of the HCV 

NS5A protein by: 1) implement a novel tandem affinity purification technique to 

identifying host proteins interactions and 2) delineating the sites and functions of 

phosphorylated residues within NS5A.  Chapter three successfully addressed the first 

hypothesis as NS5A interacting proteins were identified utilizing native state and 

denatured cross-linked TAP methodology.  The optimization of the TAP methodology 

resulted in the creation of a protocol that could be easily applied to any protein expressed 

in mammalian cell culture. Using Co-IP and colocalization experiments, CCAR2 was 

confirmed for the first time as a specific NS5A interacting protein. The interaction with 

NS5A was shown to occur in the cytoplasm, as expected, even though CCAR2 is often 

referred to as a nuclear protein. Identification of CCAR2 as an NS5A interacting protein 

may further mechanistic insights into HCV pathogenesis.  Given CCAR2’s regulatory 

functions in both apoptosis and carcinogenesis identification of this PPI may resulting in 
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more thorough understand of HCV induction of HCC.  Chapter four evaluated several 

NS5A purification strategies in combination with mass spectrometry/database searching 

to extend the mapping of NS5A phosphorylation. Phosphopeptides containing 28 

phosphoacceptor sites were identified with the specific residues assigned for 26 of them.  

In addition to confirming the six previously identified NS5A phosphorylated residues, 20 

novel phosphorylated sites were identified, several from SG replicons.  Identification of 

so many phosphorylated residues in the NS5A protein reveals the highly phosphorylated 

nature of NS5A.  The extensive number of phosphorylated residues furthers the 

hypothesis that phosphorylation regulates the functions of NS5A. A major hurdle to 

identifying the consequences of NS5A phosphorylation has been the lack of 

phosphorylated sites conclusively identified in an ex vivo model.  By now having 

conclusively identified 28 sites these provide a much-needed scaffold for future studies 

such as the identification of the NS5A phosphorylating kinases or the role of 

phosphorylation in facilitating protein interactions essential to HCV propagation.  Both 

the kinases and interacting host proteins could present themselves as viable anti-HCV 

targets not amenable to the mutative nature of the HCV genome.  Mutation of these sites 

to alanine (phosphoablatant) or an aspartic acid (phosphomimetic) residue in the context 

of a JFH1 infectious virus clone revealed that the majority of mutations had no impact on 

the HCV life cycle with some exceptions.  The replicative capacity of JFH1 mutants 

T204D, T210A/D, S225D, S229A/D, S232A/D, S235A/D, S238A/D, T334A/D, and 

T363A/D was reduced compare to wt JFH1. Furthermore, T210D, S229A, S229D, and 

S235A mutants did not produce infectious virus indicating that phosphorylation of T210 

is deleterious to HCV propagation but phosphorylation of S235 is required.  While it was 
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generally thought that the predomination of p56 or p58 represented a possible 

mechanistic switch between viral replication and packaging, this study revealed that this 

mechanism not reliant on phosphorylation status of a single site identified in this study. 

This revealed a regulation of the HCV life cycle by NS5A phosphorylation is likely very 

complicated and may be reliant on sequential, multiple, or redundant phosphorylation 

events. A novel observation was made that electroporated JFH1 RNA leads to production 

of NS5A predominately in its hyperphosphorylated (p58) form followed by a switch to 

mostly the basally phosphorylated (p56) form past 72 hpe.  This observation may reveal 

that hyperphosphorylated NS5A is required in the early events of HCV infection and a 

further target to halt the commencement of HCV propagation.  

 

5.4 Future Directions 

In this investigation, a specific interaction was established between NS5A-2a and 

CCAR2 using multiple methodologies.  Revealing the NS5A-2a binding site(s) on 

CCAR2 could reveal possible consequences of the interaction.  The N-terminus of 

CCAR2 is critical to its functions; N-terminal cleavage of CCAR2 sensitizes cells to 

apoptosis (381) and SIRT1, HDAC3, and SUV39H1 bind near the N-terminus (360–363). 

CCAR2 negatively regulates acetylation of p53 by SIRT1, leaving p53 acetylated on 

K382 (360,361,392) and interference with p53 deactylation increases p53 transactivation 

and apoptosis (360,361).  Therefore, K382 p53 acetylation could be quantified in the 

presence and absence of NS5A-2a. This could reveal a relationship between NS5A 

expression and CCAR2 cellular functions and may reveal a mechanism of p53 regulation 

by NS5A.  Given that tight regulation of p53 is so important to cellular transformation a 
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role for NS5A in the development of HCC could be established.  Furthermore, studies 

involving the reduction and overexpression of the CCAR2 protein could be used to 

investigate loss or gain of function effects on the JFH1 life cycle and determine if the 

NS5A/CCAR2 interaction is a requirement for successful HCV propagation.  These gain 

and loss experiments could reveal if CCAR2 and its functions could provide viable anti-

HCV targets.  

 

The specificity of NS5A-2a interactions with CDK12, OGDH, SOD1, NKRF, and the 

TOM complex should be followed up.  xdTAP revealed an interaction between NS5A-2a 

and the TOM complex.  Although Co-IP results determined that the NS5A-2a/TOM22 

interaction was not specific the caveat of TOM22 (339) acting as a chaperone may have 

influenced this result.  Therefore, the interaction between NS5A-2a and the TOM 

complex could be further specified by using Co-IPs to determine if NS5A-2a specifically 

interacts with other members of the TOM complex.  The NS5A-2a/TOM complex 

interaction could be involved in importing NS5A into the mitochondria or NS5A-2a may 

be influencing the import process of other proteins.  Given that NS5A has been viewed in 

the mitochondria and mitochondrial dysfunction has been correlated with NS5A-2a 

expression (191), understanding the role of the TOM complex may provide insight into 

the underlying mechanisms.   

 

CDK12 provides an interesting candidate given its kinase function and the highly 

phosphorylated nature of NS5A-2a.  If an NS5A-2a/CDK12 interaction was deemed 

essential to HCV propagation, a CDK12 inhibitor was recently developed (408) and 
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targeting CDK12 could potentially provide a host protein target as an alternative to 

DAAs. The NS5A-2a/TOM complex interaction could be involved in importing NS5A 

into the mitochondria and explain the mitochondrial dysfunction that has been correlated 

with NS5A-2a expression (191). Further confocal microscopy experiments should be 

applied first. 

 

Precise identification of the phosphorylated residues in NS5A here has provided the 

framework for quantification studies. By adding known quantities of isotopically labeled 

synthetic NS5A-2a phosphopeptides into a wt NS5A-2a sample would allow for selected 

reaction monitoring for quantitative mass spectrometry analysis (409). Determining site 

occupancy especially with key residues that affect RNA replication and genome 

packaging may provide formation on the biological mechanisms of replication and 

packaging.  Furthermore, quantifying a specific NS5A phosphorylation event would 

provide more biological relevance to a phosphorylated residue and help to narrow down 

the 28 for targeted studies.  Identification of a predominant phosphoacceptor site within 

NS5A-2a provides a substrate to evaluate the specific kinase responsible for 

phosphorylation.  Many kinase inhibitors are currently utilized in cancer chemotherapy 

and could potentially be adapted as an already safe anti-HCV therapy. 

 

The incomplete overlap of phosphorylation mapping between the three NS5A sources, 

particularly the two SG replicon models suggests that there is more to be discerned.  In 

particular, the application of purified HBH-tagged SG NS5A in the SG model applied to 

491 separation should be able to discern the biochemical identity of p56 versus p58.  
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Additionally, it should not be discounted that there could be differences in NS5A 

between a SG replicon model and an infectious virus model as viral packaging may be 

influenced by particular phosphorylation events.  We have already shown that the HBH 

NS5A tag can be inserted into JFH1 to produce infectious virus. 

 

The phosphorylation status of NS5A influences its ability to interact with host proteins as 

such as hVAP-A and PI4KIII (140,284). The PI4KIIIbinding site in NS5A-2a 

contains phosphoacceptor sites T204 and T210 (284). Phosphomutants T204A/D could 

be used to assess the impact of phosphorylation on the NS5A/PI4KIIIinteraction and 

whether phosphorylation repels PI4KIIIα acting as the molecular  switch for HCV to 

move from genome replication to viral packaging. 

 

A paramount goal of any study in the field of infectious disease is to use the obtained 

knowledge to aid in the generation new therapeutics to ameliorate the disease. An NS5A-

host PPI, if deemed essential for HCV propagation, could be used to disrupt the host 

protein’s function using an aptamer to interrupt the interaction. The phosphorylated 

residues of NS5A-2a also provide a potential therapeutic target through an NS5A aptamer 

or specific kinase inhibitors.  HCV infection often leads to devastating disease and the 

vast genetic diversity the mutagenic potential of HCV demands continued investigation 

into its pathogenic mechanisms. 
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Chapter 7: Appendix 1 

 

Table A 1. Cloning primer nucleotide sequences.  Included are the target amplification sequence, primer codes, primer 

nucleotide sequences and applicable restriction sites. 

Amplification Target Primer Code Nucleotide sequence (5’3’) Restriction site 

NS5A -2a (JFH1) into 

pQCXIN-HBH-TAP-N-ter 

vector 

650F TGTGCGTACGCTCCGGATCCTGGCTCC BsiWI 

651R TAGAGAATTCCTAGCAGCACACGGTGGTAT EcoRI 

NS5A -2a (JFH1) into 

pQCXIN-HBH-TAP-C-ter 

vector vector 

652Fr TGTTGCGGCCGCATGTCCGGATCCTGGCTCCG NotI 

653Rr GTGTCGTACGGCGCAGCACACGGTGGTATC BsiWI 

GFP into pQCXIN-HBH-TAP-

N-ter vector 

616F ACTAGGATCC ATGGTGAGCA AGGGCGA BamH1 

617R TGATGAATTCTTACTTGTACAGCTCGTCC EcoR1 

GFP into pQCXIN-HBH-TAP-

C-ter vector 

618F ACTA GCGGCCGC ATGGTGAGCA AGGGCGAG Not1 

619R TGATACCGGTTT CTTGTACAGCTCGTCCATG Age1 

GFP into N-terminal pFLAG- 770F TGATGAATTCCATGGTGAGCAAGGGCGA EcoRI 
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CMV-4 771R GTATAGATCTTTACTTGTACAGCTCGTCC BglII 

NS5A-2a domain mapping into 

pFLAG-CMV-4 

764F TGATGAATTCCGGATCCTGGCTCCG EcoRI 

765F TGATGAATTCACGGCGCTTGGCACGGG EcoRI 

766F TGATGAATTCCCCCCCCAAGAAGGCCCC EcoRI 

767R GTATAGATCTCTAGCAGCACACGGTGG BglII 

768R CATCAGATCTCTATCTCCTTGGGGGAGGCG BglII 

769R TCAGAGATCTCTAGGTGTTGCTGTGGGTGGTG BglII 

NKRF N-terminally into 

pCMV-myc 

824F CCGCAGATCTCTATGGAAAAAATTCTCCAAATGGC BglII 

825R TTATGCGGCCGCTCAATTTGCTTGAGGCATAACAAG NotI 

Rangap1 N-terminally into 

pCMV-myc 

826F TGCGGAATTCGGATGGCCTCGGAAGACATTG EcoRI 

827R GACTCTCGAGCTAGACCTTGTACAGCGTCTG XhoI 

CHERP N-terminally into 

pCMV-myc 

828F ATTCGTCGACCATGACTATGGAGAAGCAGAAGGAC SalI 

829R CGAAGGTACCCTACTTACACTCGTCCCTG KpnI 

TOM40 N-terminally into 

pCMV-myc 

830F GTCTGAAT TCGGATGGGG AACGTGTTGG CTG EcoRI 

831R TTACCTCGAGTCAGCCGATGGTGAGGCC XhoI 

TOM22 N-terminally into 832F TCCAGAATTCGGATGGCTGCCGCCGTCGC EcoRI 
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pCMV-myc 833R TGTACTCGAGCTAGATCTTTCCAGGAAGTG XhoI 

FKBP38 N-terminally into 

pCMV-myc 

1023F AGACGAATTCGGATGGGACAACCCCCGGC EcoRI 

1024R ATCTGCGGCCGCTCAGTTCCTGGCAGCGAT NotI 

CCAR2 N-terminally into 

pCMV-myc 

1212F GATCGAATTCGGATGTCCCAGTTTAAGCGCCAG EcoRI 

1213R TCTACTCGAGTCAGTTGCTAGGTGCCGGCTC XhoI 

CDK12 N-terminally into 

pCMV-myc 

1216F GTAGGTCGACCATGCCCAATTCAGAGAGACA SalI 

1217R TACTGCGGCCGCTTAGTAAGGAACTCCTCTCC NotI 

OGDH N-terminally into 

pCMV-myc 

1220F GATCGAATTCGGATGTTTCATTTAAGGACTTG EcoRI 

1221R TCTACTCGAGCTACGAGAAGTTCTTGAAGAC XhoI 

HBH tag into NS5A SG JFH1 1098F ACACCCTCGAGGCAAGGGGTTCACATCATCACC AbsI  

1099R CTCTCCTCGAGGCGTACGGAGCCGGCG AbsI 
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Table A 2. Primary antibodies. Antibody concentrations utilized in immunoblots 

and immunofluorescent microscopy.  Described are the protein targets, antibody 

concentration used in Western blot (WB) and immunofluorescent microscopy (IF), 

company and catalogue numbers. 

Antibody  Concentration Company Catalogue Number 

Actin 1:2000 WB Abcam ab8226 

BUB3 1:1000 WB Epitomics S2663 

c-myc 1:1000 WB Santa Cruz sc-40 

CCAR2 

(KIAA1967) 

1:1000 WB 

1:200IF 

abcam ab151190 

CHERP 1:1000 WB abcam ab15951 

FLAG "THE 

DYKDDDDK 

Tag" 

1:1000 WB GenScript A00187-200 

FLAG M2 1:2000 WB Sigma F1804 

GAPDH Clone 

71.1 

1:10,000 WB Sigma G8795 

GFP 1:1000 WB Santa Cruz sc-9996 

Histone H3 1:1000 WB abcam Ab8580 

IGF2BP2 1:1000 WB abcam ab124930 

MCM2 1:1000 WB epitomics 2901 1 

NKRF 1:1000 WB  Abcam Ab168829 

NS5A-2a-Ab01 1:4000 WB Genscript Custom 

Epitope: 
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PPPKKAPTPPPRRR 

NS5A-2a-Ab02 1:4000 WB 

1:750 IF 

Genscript Custom 

Epitope: 

SSMPPLEGEPGDPDL 

p53 (DO-1) 1:1000 WB Santa Cruz sc-126 

 

RanGAP1 

 

1:1000 WB epitomics 

 

01-71 

RGS-HIS4 1:1000 WB 

1:200 IF 

Qiagen 34610 

tetra-HIS 1:1000 WB Qiagen 34670 

TOMM20 1:1000 WB abcam 

 

ab56783 

 

TOMM22 

 

1:1000 WB abcam 

 

ab57523 

 

TOMM40 

 

1:1000 WB abcam 

 

ab51884 

 

Vinculin 

 

1:2000 WB abcam 

 

ab18058 
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Table A 3. FLAG and myc-tagged expression vector cloning.   Listed are the name of the construct, source of the vector, 

source of the insert, PCR amplification primers (see Appendix Table A1 for nucleotide sequence) and restriction enzymes 

facilitating the cloning. 

Construct Name Source of tagged vector Source of insert PCR 

amplification 

Primers 

Restriction 

Enzymes 

FLAG-GFP pFLAG-CMV4 (Sigma cat# 

E7158) 

pEGFP-N1 (Clontech cat# 6085-1) 770F/771R  EcoRI/BglII 

FLAG-NS5A pFLAG-CMV4 (Sigma cat# 

E7158) 

pJFH1 plasmid (151) (NCBI # 

AB047640) 

764F/767R EcoRI/BglII 

FLAG-D1-NS5A pFLAG-CMV4 (Sigma cat# 

E7158) 

pJFH1 plasmid (151) (NCBI # 

AB047640) 

764F/769R EcoRI/BglII 

FLAG-D2-NS5A pFLAG-CMV4 (Sigma cat# 

E7158) 

pJFH1 plasmid (151) (NCBI # 

AB047640) 

765F/768R EcoRI/BglII 

FLAG-D3-NS5A pFLAG-CMV4 (Sigma cat# 

E7158) 

pJFH1 plasmid (151) (NCBI # 

AB047640) 

766F/767R EcoRI/BglII 

FLAG-D1-D2-NS5A pFLAG-CMV4 (Sigma cat# pJFH1 plasmid (151) (NCBI # 764F/768R EcoRI/BglII 
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E7158) AB047640) 

FLAG-D2-D3-NS5A pFLAG-CMV4 (Sigma cat# 

E7158) 

pJFH1 plasmid (151) (NCBI # 

AB047640) 

765F/767R EcoRI/BglII 

myc-NKRF pCMV-myc (Clontech 

cat#635689) 

MGC Human NKRF Sequence-

Verified cDNA (CloneId:5299667) 

NCBI#:BC068514 

824F/825R BglII/NotI 

myc-Rangap1 pCMV-myc (Clontech 

cat#635689) 

MGC Human RANGAP1 

Sequence-Verified cDNA 

(CloneId:3506039) 

NCBI# BC014044 

826F/827R EcoRI/XhoI 

myc-CHERP pCMV-myc (Clontech 

cat#635689) 

MGC Human CHERP Sequence-

Verified cDNA (CloneId:4053575) 

NCBI# BC021294 

828F/829R SalI/KpnI 

myc-TOM40 pCMV-myc (Clontech 

cat#635689) 

MGC Human TOMM40 Sequence-

Verified cDNA (CloneId:4549825) 

NCBI# BC012134 

830F/831R EcoRI/XhoI 



 295 

myc-TOM22 pCMV-myc (Clontech 

cat#635689) 

MGC Human TOMM22 Sequence-

Verified cDNA (CloneId:4302531) 

NCBI# BC009363 

832F/833R EcoRI/XhoI 

myc-FKBP38 pCMV-myc (Clontech 

cat#635689) 

MGC Human FKBP8 Sequence-

Verified cDNA (CloneId:4299915) 

NCBI# BC009966 

1023F/1024R EcoRI/NotI 

myc-EGLN1 pcDNA3.1+N-myc EGLN1 cDNA ORF clone, Homo 

sapiens (ConeID: OHu22997) 

NCBI# NM_022051NM_000454 

Purchased directly  

myc-SOD1 pcDNA3.1+N-myc SOD1 cDNA ORF clone, Homo 

sapiens (ConeID: OHu24018) 

NCBI# NM_000454 

Purchased directly  

myc-CCAR2 pCMV-myc (Clontech 

cat#635689) 

MGC Human CCAR2 Sequence-

Verified cDNA (CloneId:5496068) 

NCBI# BC065495 

1212F/1213R EcoRI/XhoI 

myc-CDK12 pCMV-myc (Clontech MGC Human CDK12 Sequence- 1216F/1217R SalI/NotI 
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cat#635689) Verified cDNA (CloneId:9021722) 

NCBI# BC140854 

myc-OGDH pCMV-myc (Clontech 

cat#635689) 

MGC Human OGDH Sequence-

Verified cDNA (CloneId: 3010095) 

NCBI# BC014617 

1220F/1221R EcoRI/XhoI 

myc-MeaslesMatrix  Kind gift from Helene Schultz   
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Table A 4. NS5A phosphoacceptor site mutagenesis primers.  Included are the target amplification sequence, primer codes, primer 

nucleotide sequences and applicable restriction sites. 

NS5A 

phosphoacceptor site 

Primer code Nucleotide sequence (5’3’) 

S146A 856F CCAACTACCTGCCCCAGAGTTTTTC 

  857R CAAGGAATTTTCAGATTGTCAG 

S146D 858F CCAACTACCTGACCCAGAGTTTTTCTC 

  859R CAAGGAATTTTCAGATTGTCAG 

S222A 860F GGCACGGGGAGCCCCTCCATCTGAGG 

  861R AAGCGCCGCGCCGCAGTC 

S222D 862F GGCACGGGGAGACCCTCCATCTGAGGCGAGCTCCTCAGTG 

  863R AAGCGCCGCGCCGCAGTC 

S225A 864F ATCACCTCCAGCCGAGGCGAGCTCCTCAGTG 

  865R CCCCGTGCCAAGCGCCGC 

S225D 866F ATCACCTCCAGACGAGGCGAGCTCCTCAGTGAGCCAG 

  867R CCCCGTGCCAAGCGCCGC 
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S230A 868F GGCGAGCTCCGCCGTGAGCCAGC 

  869R TCAGATGGAGGTGATCCCCG 

S230D 870F GGCGAGCTCCGACGTGAGCCAGCTATC 

  871R TCAGATGGAGGTGATCCC 

T348A 872F GAAGGCCCCGGCCCCTCCCCCAAG 

  873R TTGGGGGGGGGGAGAGCA 

T348D 874F GAAGGCCCCGGACCCTCCCCCAAGGAGACG 

  875R TTGGGGGGGGGGAGAGCA 

T356A 876F GAGACGCCGGGCCGTGGGTCTGAG 

  877R CTTGGGGGAGGCGTCGGG 

T356D 878F GAGACGCCGGGACGTGGGTCTGAGCGAGAGC 

  879R CTTGGGGGAGGCGTCGGG 

S360A 880F AGTGGGTCTGGCCGAGAGCACCATATCAG 

  881R GTCCGGCGTCTCCTTGGG 

S360D 882F AGTGGGTCTGGACGAGAGCACCATATCAG 

  883R GTCCGGCGTCTCCTTGGG 
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S457A 884F GTCTACTTGCGCCGAGGAGGAC 

  885R CAAGACCCCGAGCCCGAA 

S457D 886F GTCTACTTGCGACGAGGAGGACGATACC 

  887R CAAGACCCCGAGCCCGAA 

T164A 939F GTTTGCACCCGCCCCAAAGCCGT 

T164D 940F GTTTGCACCCGACCCAAAGCCGTTTTTC 

  941R CTATGGATCTGCACACCG 

S201A 942F CGTATTGAGGGCCATGCTAACAGATC 

S201D 943F CGTATTGAGGGACATGCTAACAGATCCGCC 

  944R TCTGCGTCGGGCTCAGGT 

T204A 945F GTCCATGCTAGCCGATCCGCCCC 

T204D 946F GTCCATGCTAGACGATCCGCCCCAC 

  947R CTCAATACGTCTGCGTCG 

S228A 948F ATCTGAGGCGGCCTCCTCAGTGAGCC 

S228D 949F ATCTGAGGCGGACTCCTCAGTGAGCC 

  950R GGAGGTGATCCCCGTGCC 
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S229A 951F TGAGGCGAGCGCCTCAGTGAGCC 

  951R GATGGAGGTGATCCCCGTGC 

S229D 952F TGAGGCGAGCGACTCAGTGAGCC 

  953R GATGGAGGTGATCCCCGT 

S232A 954F CTCCTCAGTGGCCCAGCTATCAGC 

S232D 955F CTCCTCAGTGGACCAGCTATCAGC 

  956R CTCGCCTCAGATGGAGGT 

S235A 957F GAGCCAGCTAGCCGCACCGTCGC 

  957R ACTGAGGAGCTCGCCTCAG 

S235D 958F GAGCCAGCTAGACGCACCGTCGCTGCG 

  959R ACTGAGGAGCTCGCCTCA 

S238A 960F ATCAGCACCGGCCCTGCGGGCCA 

  960R AGCTGGCTCACTGAGGAGCTC 

S238D 961F ATCAGCACCGGACCTGCGGGCCACC 

  962R AGCTGGCTCACTGAGGAG 

S272A 963F AGAGCCTGAGGCCAGGGTGCCCG 
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  963R GTCTGAGCCACACCGCCCTCC 

S272D 964F AGAGCCTGAGGACAGGGTGCCCG 

  965R GTCTGAGCCACACCGCCC 

S288A 966F CGAGGAAGAGGCCGACCTTGAGC 

S288D 967F CGAGGAAGAGGACGACCTTGAGC 

  968R GCCATTGGCTCGAGAAAG 

S362A 969Fr TCTGAGCGAGGCCACCATATCAGAAGCCC 

S362D 970Fr TCTGAGCGAGGACACCATATCAGAAGCCC 

  971R CCCACTGTCCGGCGTCTC 

T363A 972F GAGCGAGAGCGCCATATCAGAAGC 

T363D 973F GAGCGAGAGCGACATATCAGAAGCCCTCC 

  974R AGACCCACTGTCCGGCGT 

S365A 975F GAGCACCATAGCCGAAGCCCTCC 

S365D 976F GAGCACCATAGACGAAGCCCTCCAGCAACTG 

  977R TCGCTCAGACCCACTGTC 

S381A 1029F CCAGCCCCCCGCCAGCGGTGATG 
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  1030R CCAAAGGTCTTGATGGCCAGTTG 

S381D 1031F CCAGCCCCCCGACAGCGGTGATGC 

  1032R CCAAAGGTCTTGATGGCC 

S382A 1033F GCCCCCCTCGGCCGGTGATGCAG 

S382D 1034F GCCCCCCTCGGACGGTGATGCAG 

  1035R TGGCCAAAGGTCTTGATGG 

T410A 1036F CCCCTCAGAGGCCGGTTCCGCCTC 

T410D 1037Fr CCCCTCAGAGGACGGTTCCGCCTCCTCTATGCC 

  1038R GCCGGCTCACCAGGGGAC 

S414A 1039F AGGTTCCGCCGCCTCTATGCCCC 

S414D 1040F AGGTTCCGCCGACTCTATGCCCCCC 

  1041R GTCTCTGAGGGGGCCGGC 

S415A 1042F TTCCGCCTCCGCCATGCCCCCCC 

S415D 1043F TTCCGCCTCCGACATGCCCCCCC 

  1044R CCTGTCTCTGAGGGGGCC 

S151A 1045F AGAGTTTTTCGCCTGGGTGGACG 
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S151D 1046F AGAGTTTTTCGACTGGGTGGACGG 

  1047R GGAGAAGGTAGTTGGCAAG 

S210A 1048F GCCCCACATCGCCGCGGAGACTG 

  1049R GGATCTGTTAGCATGGACCTC 

S210D 1050F GCCCCACATCGACGCGGAGACTG 

  1051R GGATCTGTTAGCATGGAC 

T213A 1052F CACGGCGGAGGCCGCGGCGCGGC 

  1053R ATGTGGGGCGGATCTGTTAGCATGGACCTC 

T213D 1054F CACGGCGGAGGACGCGGCGCGGC 

  1055R ATGTGGGGCGGATCTGTTAGC 

T334A 1056F CCAACCGCCCGCCGTTGCTGGTT 

  1057R TAATCTGGCCTCCTCCACGATTCCAC 

T334D 1058F CCAACCGCCCGACGTTGCTGGTT 

  1059R TAATCTGGCCTCCTCCAC 
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2b.JP.HC-J8.D10988              SGSWLQDIWDWVCSILTDFKNWLSSKLLPKMPGIPFISCQKGYKGVWAGTGVMTTRCPCG 60 

2c._.BEBE1.D50409               SGSWLRDVWDWVCSILIDFKNWLSAKLFPRLPGIPFISCQKGYRGTWAGTGIMTTRCPCG 60 

Ref.2a.JP.x.JFH-1.AB047639      SGSWLRDVWDWVCTILTDFKNWLTSKLFPKLPGLPFISCQKGYKGVWAGTGIMTTRCPCG 60 

Ref.2a.JP.x.HC-J6.D00944        SGSWLRDVWDWVCTILTDFKNWLTSKLFPKMPGLPFISCQKGYKGVWAGTGIMTTRCPCG 60 

Ref.7a.CA.x.QC69.EF108306       AGSWLREVWDWVCMVLSDFASWLKAKVLPSLPGIPFLSCQKGYKGEWRNDGIMNTKCPCG 60 

4a._.02C.DQ418784               ADSWLWEVWDWVCTVLSDFKTWLKAKLLPLMPGVPFLSCQRGYRGEWRGEGIMHTKCPCG 60 

Ref.4a.EG.x.ED43.Y11604         AESWLWEVWDWVLHVLSDFKTCLKAKFVPLMPGIPLLSWPRGYKGEWRGDGVMHTTCPCG 60 

5a.GB.EUH1480.Y13184            DGTWLRAIWDWVCTALTDFKAWLQAKLLPQLPGVPFFSCQKGYKGVWRGDGVNSTKCPCG 60 

5a.ZA.SA13.AF064490             DGTWLRAIWDWVCTALTDFKAWLQAKLLPQLPGVPFLSCQRGYRGVWRGDGVNSTKCPCG 60 

3a._.K3A.D28917                 SGDWLRIIWDWVCSVVSDFKTWLSAKIMPALPGLPFISCQKGYKGVWRGDGVMSTRCPCG 60 

3a._.NZL1.NC_009824             SDDWLRTIWDWVCSVLADFKAWLSAKIMPALPGLPFISCQKGYKGVWRGDGVMSTRCPCG 60 

6a.HK.6a63.DQ480514             ATSWLRDVWDWVCTVLSDFKVWLQAKLFPRLPGIPFLSCQTGYRGVWAGDGVCHTTCTCG 60 

1b.JP.JK1-full.X61596           SGSWLRDVWDWICTVLTDFKTWLQSKLLPRLPGDPFFSCQRGYRGVWRGDGVMQTTCPCG 60 

1b._.pCV-J4L10.AF054259         SGSWLRDVWDWICTVLTDFKTWLQSKLLPRLPGVPFLSCQRGYKGVWRGDGIMQTTCPCG 60 

1b.JP.JT.D11355                 SGSWLRDVWDWICTVLTDFKTWLQSKLLPQLPGVPFFSCQRGYKGVWRGDGIMQTTCPCG 60 

Ref.1a.US.x.HCV-1.M62321        SGSWLRDIWDWICEVLSDFKTWLKAKLMPQLPGIPFVSCQRGYKGVWRVDGIMHTRCHCG 60 

1a._.H77.NC_004102              SGSWLRDIWDWICEVLSDFKTWLKAKLMPQLPGIPFVSCQRGYRGVWRGDGIMHTRCHCG 60 

1a.US.HC-TN.EF621489            SGSWLRDIWDWICEVLSDFKTWLKAKLMPQLPGIPFVSCQRGYKGVWRGDGIMHTRCHCG 60 

1a.JP.HC-J1.D10749              SGSWLRDIWDWICEVLSDFKTWLKTKLMPHLPGIPFVSCQHGYKGVWRGDGIMHTRCHCG 60 

                                   **  :***:   : **   * :*..* :** *:.*   **:* *   *:  * * ** 

 

2b.JP.HC-J8.D10988              ANISGHVRMGTMKITGPKTCLNLWQGTFPINCYTEGPCVPKPPPNYKTAIWRVAASEYVE 120 

2c._.BEBE1.D50409               ANITGNVRLGTMRISGPKTCLNTWQGTFPINCYTEGSCVPKPAPNFKTAIWRVAASEYAE 120 

Ref.2a.JP.x.JFH-1.AB047639      ANISGNVRLGSMRITGPKTCMNTWQGTFPINCYTEGQCAPKPPTNYKTAIWRVAASEYAE 120 

Ref.2a.JP.x.HC-J6.D00944        ANISGNVRLGSMRITGPKTCMNIWQGTFPINCYTEGQCVPKPAPNFKIAIWRVAASEYAE 120 

Ref.7a.CA.x.QC69.EF108306       ALIAGHVKNGSMRIVGPKTCRNTWWGTFPINSHTTGPSSPVPSXCYQRALWRVSXTEYVE 120 

4a._.02C.DQ418784               AELAGHIKNGSMRITGPKTCSNTWHGTFPINAYTTGPGVPVPAPNYKFALWRVSAEEYVE 120 

Ref.4a.EG.x.ED43.Y11604         ADLAGHIKNGSMRITGPKTCSNTWHGTFPINAYTTGPGVPIPAPNYKFALWRVSAEDYVE 120 

5a.GB.EUH1480.Y13184            ATISGHVKNGTMRIVGPKLCSNTWQGTFPINATTTGPSVPAPAPNYKFALWRVGAADYAE 120 

5a.ZA.SA13.AF064490             ATISGHVKNGTMRIVGPKLCSNTWHGTFPINATTTGPSVPAPAPNYKFALWRVGAADYAE 120 

3a._.K3A.D28917                 ASIAGHVKNGSMRLAGPRTCANMCHGTFPINEYTTGPSTPCPPPNYTRALWRVAANSYVE 120 

3a._.NZL1.NC_009824             AAITGHVKNGSMRLAGPRTCANMWHGTFPINEYTTGPSTPCPSPNYTRALWRVAANSYVE 120 

6a.HK.6a63.DQ480514             AVIAGHVKNGTMKITGPRTCSNTWHGTFPINATTTGPSTPRPAPNYQRALWRVSAEDYVE 120 

1b.JP.JK1-full.X61596           AQITGHVKNGSMRIVGPKTCSNTWHGTFPINAYTTGPCTPSPAPNYSRALWRVAAEEYVE 120 

1b._.pCV-J4L10.AF054259         AQIAGHVKNGSMRIVGPRTCSNTWHGTFPINAYTTGPCTPSPAPNYSRALWRVAAEEYVE 120 

1b.JP.JT.D11355                 AQITGHVKNGSMRIVGPKTCSNMWHGTFPINAYTTGPCTPSPAPNYSRALWRVAAEEYVE 120 

Ref.1a.US.x.HCV-1.M62321        AEITGHVKNGTMRIVGPRTCRNMWSGTFPINAYTTGPCTPLPAPNYTFALWRVSAEEYVE 120 

1a._.H77.NC_004102              AEITGHVKNGTMRIVGPRTCKNMWSGTFFINAYTTGPCTPLPAPNYKFALWRVSAEEYVE 120 

1a.US.HC-TN.EF621489            AEITGHVKNGTMRIVGPKTCRNMWSGTFPINAYTTGPCTPLPAPNYTFALWRVSAEEYVE 120 
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1a.JP.HC-J1.D10749              AEITGHVKNGTMRIVGPKTCRNMWSGTFPINAYTTGPCTPLPAPNYTFALWRVSAEEYVE 120 

                                * ::*.:: *:*:: **: * *   *** **  * *   * *   :  *:***.  .*.* 

 

2b.JP.HC-J8.D10988              VTQHGSFSYVTGLTSDNLKVPCQVPAPEFFSWVDGVQIHRFAPVPGPFFRDEVTFTVGLN 180 

2c._.BEBE1.D50409               VTQHDSHAYVTGLTADNLKVPCQLPCPEFFSWVDGVQIHRFAPTPKAFMRDEVSFSVGLN 180 

Ref.2a.JP.x.JFH-1.AB047639      VTQHGSYSYVTGLTTDNLKIPCQLPSPEFFSWVDGVQIHRFAPTPKPFFRDEVSFCVGLN 180 

Ref.2a.JP.x.HC-J6.D00944        VTQHGSYHYITGLTTDNLKVPCQLPSPEFFSWVDGVQIHRFAPIPKPFFRDEVSFCVGLN 180 

Ref.7a.CA.x.QC69.EF108306       ILRHNDQHXVVGVTAEDLKCPCQVPSPEFFSFVDGVRIHRFAPEPKPMIREEAAFVVGLH 180 

4a._.02C.DQ418784               VRRVGDFHYVTGVTQDNIKCPCQVPAPEFFTEVDGIRLHRHAPKCKPLLRDEVTFSVGLN 180 

Ref.4a.EG.x.ED43.Y11604         VRRVGDFHYVTGVTQDNIKFPCQVPAPELFTEVDGIRIHRHAPKCKPLLRDEVSFSVGLN 180 

5a.GB.EUH1480.Y13184            VRRVGDYHYITGVTQDNLKCPCQVPSPEFFTELDGVRIHRFAPPCNPLLREEVTFSVGLH 180 

5a.ZA.SA13.AF064490             VRRVGDYHYITGVTQDNLKCPCQVPSPEFFTELDGVRIHRYAPPCNPLLREEVCFSVGLH 180 

3a._.K3A.D28917                 VRRVGDFHYITGATEDGLKCPCQVPATEFFTEVDGVRIHRYAPPCRPLLRDEITFMVGLN 180 

3a._.NZL1.NC_009824             VRRVGDFHYITGATEDELKCPCQVPAAEFFTEVDGVRLHRYAPPCKPLLRDDITFMVGLH 180 

6a.HK.6a63.DQ480514             VRRLGDCHYVVGVTAEGLKCPCQVPAPEFFTEVDGVRIHRYAPPCKPLLRDEVTFSVGLS 180 

1b.JP.JK1-full.X61596           VTRVGDFHYVTGMTTDNVKCPCQVPAPEFFTEVDGVRLHRYAPACKPLLRDEVTFQVGLN 180 

1b._.pCV-J4L10.AF054259         VTRVGDFHYVTGITTDNVKCPCQVPAPEFFTEVDGVRLHRYAPACKPLLREDVAFQVGLN 180 

1b.JP.JT.D11355                 ITRVGDFHYVTGXTTDNVKCPCQVPAPEFFTELDGVRLHRYAPACRPLLREDVTFQVGLN 180 

Ref.1a.US.x.HCV-1.M62321        IRQVGDFHYVTGMTTDNLKCPCQVPSPEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH 180 

1a._.H77.NC_004102              IRRVGDFHYVSGMTTDNLKCPCQIPSPEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH 180 

1a.US.HC-TN.EF621489            IRQVGDFHYVTGMTTDNLKCPCQVPSPEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH 180 

1a.JP.HC-J1.D10749              IRRVGDFHYVTGMTTDNLKCPCQVPSPEFFTELDGVRLHRFAPPCKPLLREEVSFRVGLH 180 

                                : :  .   : * * : :* ***:*. *:*: :**:::**.**    ::*::  * ***  

 

2b.JP.HC-J8.D10988              SFVVGSQLPCDPEPDTEVLASMLTDPSHITAEAAARRLARGS--PPSQASSSASQLSAPS 238 

2c._.BEBE1.D50409               SYVVGSQLPCEPEPDTEVLASMLTDPSHITAEAAARRLARGS--PPSAASSSASQLSAPS 238 

Ref.2a.JP.x.JFH-1.AB047639      SYAVGSQLPCEPEPDADVLRSMLTDPPHITAETAARRLARGS--PPSEASSSVSQLSAPS 238 

Ref.2a.JP.x.HC-J6.D00944        SFVVGSQLPCDPEPDTDVLTSMLTDPSHITAETAARRLARGS--PPSEASSSASQLSAPS 238 

Ref.7a.CA.x.QC69.EF108306       SYVVGSQLPCEPEPDVQTVSQLLTDPSHITAETAARRLRRGS--PPSNASSSASQLSAPS 238 

4a._.02C.DQ418784               SFVVGSQLPCEPEPDVAVLTSMLTDPSHITAETASRRLARGS--PPSLASSSASQLSAPS 238 

Ref.4a.EG.x.ED43.Y11604         SFVVGSQLPCEPEPDVAVLTSMLTDPSHITAESARRRLARGSR--PSLASSSASQLSPRL 238 

5a.GB.EUH1480.Y13184            SYVVGSQLPCEPEPDVTVLTSMLSDPAHITAETAKRRLNRGS--PPSLANSSASQLSAPS 238 

5a.ZA.SA13.AF064490             SFVVGSQLPCEPEPDVTVLTSMLSDPAHITAETAKRRLDRGS--PPSLASSSASQLSAPS 238 

3a._.K3A.D28917                 SYAIGSQLPCEPEPDVSVLTSMLRDPSHITAETAARRLARGS--PPSEASSSASQLSAPS 238 

3a._.NZL1.NC_009824             SYTIGSQLPCEPEPDVSVLTSMLRDPSHITAETAARRLARGS--PPSEASSSASQLSAPS 238 

6a.HK.6a63.DQ480514             NYAIGSQLPCEPEPDVTVVTSMLTDPMHITAETAARRLKRGS--PPSLASSSASQLSAPS 238 

1b.JP.JK1-full.X61596           QFPVGSQLPCEPEPDVTVLTSMLTDPSHITAETAKRRLARGS--PPSLASSSASQLSAPS 238 

1b._.pCV-J4L10.AF054259         QYLVGSQLPCEPEPDVTVLTSMLTDPSHITAETAKRRLARGS--PPSLASSSASQLSAPS 238 

1b.JP.JT.D11355                 QYLVGSQLPCEPEPDVAVLTSMLTDPSHITAETAKRRLARGS--PPSLASSSASQLSAPS 238 

Ref.1a.US.x.HCV-1.M62321        EYPVGSQLPCEPEPDVAVLTSMLTDPSHITAEAAGRRLARGS--PPSVASSSASQLSAPS 238 

1a._.H77.NC_004102              EYPVGSQLPCEPEPDVAVLTSMLTDPSHITAEAAGRRLARGX-XPPSMASSSASQLSAPS 239 
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1a.US.HC-TN.EF621489            EYPVGSQLPCEPEPDVAVLTSMLTDPSHITAEAAGRRLARGS--PPSMASSSASQLSAPS 238 

1a.JP.HC-J1.D10749              DYPVGSQLPCEPEPDVAVLTSMLTDPSHITAAAAGRRLARGS--PPSEASSSASQLSAPS 238 

                                .: :******:****. .: .:* ** **** :* *** **    ** *.**.****    

 

2b.JP.HC-J8.D10988              LKATCTT----HKTAY-DCDMVDANLF----MGG-DVTRIESDSKVIVLDSLD-SMTE-V 286 

2c._.BEBE1.D50409               LRATCTT----HAKCP-DIDMVDANLFCWCTMGG-NMTRIESESKVLMVDSFD-PVVD-K 290 

Ref.2a.JP.x.JFH-1.AB047639      LRATCTT----HSNTY-DVDMVDANLL----MEG-GVAQTEPESRVPVLDFLE-PMAEEE 287 

Ref.2a.JP.x.HC-J6.D00944        LRATCTT----HGKAY-DVDMVDANLF----MGG-DVTRIESESKVVVLDSLD-PMVEER 287 

Ref.7a.CA.x.QC69.EF108306       LKATHTT---L-PQHP-DAELIEANLMW-EHKVG-AIRRMETDTKVIILDSFD-SASSXE 290 

4a._.02C.DQ418784               LKATCTA----RHGSP-GTDLLEANLLW----GS-AATRVETDERVIILDSFE-PCVAES 287 

Ref.4a.EG.x.ED43.Y11604         LQATCTA----PHDSP-GTDLLEANLL----WGS-TATRVETDEKVIILDSFE-SCVAEQ 287 

5a.GB.EUH1480.Y13184            LKATCTI----QGHHP-DADLIKANLLWRQCMGG-NITRVEAENKVEILDCFK-PLKE-E 290 

5a.ZA.SA13.AF064490             LKATCTT----QGHHP-DADLIEANLLWRQCMGG-NITRVEAENKVVILDSFE-PLKA-D 290 

3a._.K3A.D28917                 LKATCQT----HRPHP-DAELVDANLLWRQEMGS-NITRVESETKVVILDSFE-PLRA-E 290 

3a._.NZL1.NC_009824             LKATCQT----HRPHP-DAELVDANLLWRQEMGS-NITRVESETKVVVLDSFE-PLRA-E 290 

6a.HK.6a63.DQ480514             LKATCTT----SKDHP-DMELIEANLLWRQEMGG-NITRVESENKVVVLDSFE-PLTA-E 290 

1b.JP.JK1-full.X61596           LKATCTT----RHDSP-DADLIEANLLWRQEMGG-NITRVESENKVVILDSFE-PLRA-E 290 

1b._.pCV-J4L10.AF054259         LKATCTT----HHDSP-DADLIEANLLWRQEMGG-NITRVESENKVVILDSFE-PLHA-D 290 

1b.JP.JT.D11355                 LKATCTT----HHDSP-DADLIEANLLWRQEMGG-NITRVESENKVVILDSFD-PLRA-E 290 

Ref.1a.US.x.HCV-1.M62321        LKATCTA----NHDSP-DAELIEANLLWRQEMGG-NITRVESENKVVILDSFD-PLVAEE 291 

1a._.H77.NC_004102              LKATCTAX---XHXXPXDAELIEANLLWRQEMGG-NITRVESENKVVILDSFXXPLVA-E 294 

1a.US.HC-TN.EF621489            LRATCTT----NHDSP-DAELIEANLLWRQEMGG-NITRVESENKVVILDSFD-PLVA-E 290 

1a.JP.HC-J1.D10749              LKATCTI----NHDSP-DAELIEANLLWRQEMGG-NITRVESENKVVILDSFD-PLVA-E 290 

                                *:**    **         :::.***:      .*   : * : :* ::* :         

 

2b.JP.HC-J8.D10988              EDDREPSVPSEYL-IK-RRKFPPALPPWARPDYNPVLIETWKRPGYEPPTVLGCALPPTP 344 

2c._.BEBE1.D50409               EDEREPSIPSEYL-LP-KSRFPPALPPWARPDYNPPLLETWKRPDYQPPVVAGCALPPPG 348 

Ref.2a.JP.x.JFH-1.AB047639      -SDLEPSIPSECM-LP-RSGFPRALPAWARPDYNPPLVESWRRPDYQPPTVAGCALPPPK 344 

Ref.2a.JP.x.HC-J6.D00944        -SDLEPSIPSEYM-LP-KKRFPPALPAWARPDYNPPLVESWKRPDYQPATVAGCALPPPK 344 

Ref.7a.CA.x.QC69.EF108306       -DDMEPSTAAECLRTR--KVFPPAMPIWARPDYNPPVVENWKDPEYAPPQVSGCALPPAQ 347 

4a._.02C.DQ418784               DDDKEVSVAAEIL-RP-TKKFPPALPIWARPDYNPPLTETWKQRDYCPPTVYGCALPPSK 345 

Ref.4a.EG.x.ED43.Y11604         NDDREVSVAAEILRPT--KKFPPALPIWARPDYNPPLTETWKQQDYQAPTVHGCALPPAK 345 

5a.GB.EUH1480.Y13184            EDDREISVSADCF-KK-GPAFPPALPVWARPGYDPPLLETWKRPDYDPPQVWGCPIPPAG 348 

5a.ZA.SA13.AF064490             DDDREISVSADCF-RR-GPAFPPALPIWARPGYDPPLLETWKQPDYDPPQVSGCPLPPAG 348 

3a._.K3A.D28917                 TDDAELSAAAECF-KK-PPKYPPALPIWARPDYNPPLLDRWKSPDYVPPTVHGCALPPKG 348 

3a._.NZL1.NC_009824             TDDVEPSVAAECF-KK-PPKYPPALPIWARPDYNPPLLDRWKAPDYVPPTVHGCALPPRG 348 

6a.HK.6a63.DQ480514             YDEREISVSAECH-RPPRQKFPPALPVWARPDYNPPLLQAWQMPGYEPPVVSGCAVAPPK 349 

1b.JP.JK1-full.X61596           EDEREVSVAAEIL-RK-SRKFPPALPIWARPSYNPPLLESWKDPDYVPPVVHGCPLPPTM 348 

1b._.pCV-J4L10.AF054259         GDEREISVAAEIL-RK-SRKFPSALPIWARPDYNPPLLESWKDPDYVPPVVHGCPLPPTK 348 

1b.JP.JT.D11355                 EDEREVSVAAEIL-RK-SKKFPPALPIWARPDYNPPLLESWKSPDYVPPAVHGCPLPPTT 348 

Ref.1a.US.x.HCV-1.M62321        -DEREISVPAEILRKS--RRFAQALPVWARPDYNPPLVETWKKPDYEPPVVHGCPLPPPK 348 
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1a._.H77.NC_004102              EDEREVSVPAEIL-RXVSEXFAPALPVWARPDYNPLLVETWKKPDYEPPVVHGCPLPPPR 353 

1a.US.HC-TN.EF621489            EDEREVSVPAEIL-RK-SRKFTPALPIWARPDYNPPLVEPWKKPDYEPPVVHGCPLPPPQ 348 

1a.JP.HC-J1.D10749              EDEREISVPAEIL-RK-SRRFTQALPIWARPDYNPPLIETWKKPNYEPPVVHGCPLPPPQ 348 

                                 .: * *  ::         :  *:* **** *:* : : *:   *    * ** : *   

 

 

2b.JP.HC-J8.D10988              QTPVPPP-RRRRAKV--LTQDNVEGVLREMADKVLSPL--QDNNDSGHS---TGAD--TG 394 

2c._.BEBE1.D50409               TTPVPPP-RRRRAVV--LDQSNVGEALKELAIKSF--GCPPPSGDPGHS---TGGG--TT 398 

Ref.2a.JP.x.JFH-1.AB047639      KAPTPPPRR-RR-TVG-LSESTISEALQQLAIKTF--GQPPSSGDAGSSTGA-GAA--ES 396 

Ref.2a.JP.x.HC-J6.D00944        KTPTPPPRR-RR-TVG-LSESSIADALQQLAIKSF--GQPPPSGDSGLSTGA-DAA--DS 396 

Ref.7a.CA.x.QC69.EF108306       TPPVPPPRR-KR-AVIQLTESAVSTALAELAERSF--PKEEAPPSDSAI--SLD-SPAAN 400 

4a._.02C.DQ418784               QPPVPPP-RRKRX--VQLTESVASAALAELAAKTFGQPELGSDSGAD-----------LT 391 

Ref.4a.EG.x.ED43.Y11604         QPPVPSPRR-KR-TVQ-LTESVVSTALAELAAKTF--GQSEPSSDRDT---DL-----TT 392 

5a.GB.EUH1480.Y13184            PPPVPLPRRKRKP--MELSDSTVSQVMADLADARFKVDTPSIEGQDS----AL------- 395 

5a.ZA.SA13.AF064490             LPPVPPPRRKRKP--VVLSDSNVSQVLADLAHARFKADTQSIEGQDS----AV------- 395 

3a._.K3A.D28917                 APPVPPP-RRKRT--IQLDGSNVSAALAALAEKSFPSSKPQEENSSS---SGVDTQSSTA 402 

3a._.NZL1.NC_009824             APPVPPP-RRKRT--IQLDGSNVSAALAALAEKSFPSSKPQEENSSS---SGVDTQSSTT 402 

6a.HK.6a63.DQ480514             PAPIPPP-RRKR--LVHLDESTVSHALAQLADKVFVESSSDPGPSSDS---GL--S--IT 399 

1b.JP.JK1-full.X61596           APPIPPP-RRKRT--VVLTESTVSSALAELATKTFGSSGSS-AVDSGT----A-----TA 395 

1b._.pCV-J4L10.AF054259         APPIPPP-RRKRT--VVLTESNVSSALAELATKTFGSSGSS-AVDSGT----A-----TA 395 

1b.JP.JT.D11355                 GPPIPPP-RKKRT--VVLTESTVSSALAELATKTFGSSGSS-AVDSGT----A-----TA 395 

Ref.1a.US.x.HCV-1.M62321        SPPVPPPRK-KR-TVV-LTESTLSTALAELATRSF----GSSS-TSGIT-GDN-----TT 394 

1a._.H77.NC_004102              SPPVPPP-RKKRT--VVLTESTLPTALAELATKSFGSS-----STSGIT-GDN-----TT 399 

1a.US.HC-TN.EF621489            SPPVPPP-RKKRT--VILTESTLPTALAELATKSFGSS-----STSGIT-GDD-----TT 394 

1a.JP.HC-J1.D10749              SPPVPPP-RKKRT--VVLTESTLSTALAELAAKSFGSS-----STSGIT-GDN-----TT 394 

                                  * * * : ::     *  .    .:  :*   :                          

 

2b.JP.HC-J8.D10988              GDIVQQP----SDETAASEAG----SLSSMPPLEGEPGDPDLEFEPVGSAPPSEGECEVI 446 

2c._.BEBE1.D50409               GETSKSP----PDEP--DDSEAG--SVSSMPPLEGEPGDPDLEPEQVEHPAPPQEGGAAP 450 

Ref.2a.JP.x.JFH-1.AB047639      GGP--TS----PGEPAP----SETGSASSMPPLEGEPGDPDLESDQVELQPPPQGGGVAP 446 

Ref.2a.JP.x.HC-J6.D00944        GSR--TP----PDELAL----SETGSISSMPPLEGEPGDPDLEPEQVELQPPPQGGVVTP 446 

Ref.7a.CA.x.QC69.EF108306       DP----PSDCDQG--------SEI-SFSSMPPLEGEPGDPDL----------------S- 430 

4a._.02C.DQ418784               TPTETTHSGPILADDASDN--G---SYSSMPPLEGEPGDPDLTSD--------------- 431 

Ref.4a.EG.x.ED43.Y11604         -PTETTDSGPIVVDDA-----SDDGSYSSMPPLEGEPGDPDL----------------T- 429 

5a.GB.EUH1480.Y13184            GTSSQHDSGPEEKRD--DNSDAA--SYSSMPPLEGEPGDPDLSSG--------------- 436 

5a.ZA.SA13.AF064490             GTSSQPDSGPEEKRD--DDSDAA--SYSSMPPLEGEPGDPDLSSG--------------- 436 

3a._.K3A.D28917                 SKVLPSPG----------EESDSE-SCSSMPPLEGEPGDPDLSCD--------------- 436 

3a._.NZL1.NC_009824             SKVPPSPG----------GESDSE-SCSSMPPLEGEPGDPDLSCD--------------- 436 

6a.HK.6a63.DQ480514             SPVPPAP---TTSDD--ACSEAE--SYSSMPPLEGEPGDPDLSSG--------------- 437 

1b.JP.JK1-full.X61596           PPDQPSDDGD-RGSD--DE------SYSSMPPLEGEPGDPDLSDG--------------- 431 

1b._.pCV-J4L10.AF054259         LPDQASDDGD-KGSD--VE------SYSSMPPLEGEPGDPDLSDG--------------- 431 
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1b.JP.JT.D11355                 PPDQTSDDGD-KESD--VE------SYSSMPPLEGEPGDPDLSDG--------------- 431 

Ref.1a.US.x.HCV-1.M62321        TSSEPAPSGCPPD--------SDAESYSSMPPLEGEPGDPDL----------------S- 429 

1a._.H77.NC_004102              TSSEPAPSGCPPDSD--VE------SYSSMPPLEGEPGDPDLSDG--------------- 436 

1a.US.HC-TN.EF621489            TSPEPASSSCPPDSD--AE------SYSSMPPLEGEPGDPDLSDG--------------- 431 

1a.JP.HC-J1.D10749              TSSEPAPSGCSPDSD--AE------SYSSMPPLEGEPGDPDLSDG--------------- 431 

                                                         * ***************                   

 

2b.JP.HC-J8.D10988              DSDSKSWSTVSDQ----EDSVICC 466 

2c._.BEBE1.D50409               GSDSGSWSTCSDV----DDSVVCC 470 

Ref.2a.JP.x.JFH-1.AB047639      GSGSGSWSTCSE----EDDTTVCC 466 

Ref.2a.JP.x.HC-J6.D00944        GSGSGSWSTCSE----EDDSVVCC 466 

Ref.7a.CA.x.QC69.EF108306       ---DGSWSTVST-----RSDVICC 446 

4a._.02C.DQ418784               -----SWSTVSGS----ED-VVCC 445 

Ref.4a.EG.x.ED43.Y11604         ---SDSWSTVS-----GSEDVVCC 445 

5a.GB.EUH1480.Y13184            -----SWSTVSGE----DN-VVCC 450 

5a.ZA.SA13.AF064490             -----SWSTVSDE----DS-VVCC 450 

3a._.K3A.D28917                 -----SWSTVSDS---EEQSVVCC 452 

3a._.NZL1.NC_009824             -----SWSTVSDS---EEQSVVCC 452 

6a.HK.6a63.DQ480514             -----SWSTVSDQ----DD-VVCC 451 

1b.JP.JK1-full.X61596           -----SWSTVSEEAS-ED--VACC 447 

1b._.pCV-J4L10.AF054259         -----SWSTVSEEAS--ED-VVCC 447 

1b.JP.JT.D11355                 -----SWSTVSGEAS-DD--IVCC 447 

Ref.1a.US.x.HCV-1.M62321        ---DGSWSTVSSEANAED--VVCC 448 

1a._.H77.NC_004102              -----SWSTVSSGADTED--VVCC 453 

1a.US.HC-TN.EF621489            -----SWSTVSSEADKED--VVCC 448 

1a.JP.HC-J1.D10749              -----SWSTVSSEAGTED--VVCC 448 

                                     **** *           ** 

Figure A 1. Conservation of NS5A phosphoacceptor sites. HCV amino acid sequences from 19 strains were chosen based on 

providing representation of the HCV genotypes 1-6 and were previously identified as such from investigations performed by 

Scheel et al., 2012 and Wose King et el., 2014 (343,344) and were retrieved from the Los Alamos Database 

(http://hcv.lanl.gov/content/index). Alignments were performed using CLUTAL Omega software.  Serines identified as NS5A 

phosphoacceptors in our study and their conserved corresponding serines in the other HCV strains are highlighted in light 

grey and threonines are highlighted in dark grey. 
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Chapter 8: Appendix 2: NS5A Phosphorylation Site Evidence 

 

S146 (Trypsin digestion, A-Score = 77.53) 
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T151 (Trypsin digestion, CID, A-Score =8.39) 

 

 

 

 

  



 311 

T164 (Trypsin digestion, CID, A-Score =1000) 
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S201 (Trypsin digestion, CID, A-Score =32.97) 
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T204 (Trypsin Digestion, HCD, A-Score =19.05) 
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T204 (GluC Digestion, HCD, digestion, A Score = 28.22) 
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T210 (AspN, CID, A-Score =13.22) 
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S213 (Trypsin Digestion, HCD, A-Score =0) 

 

 

The presence of the b-ions at b8, b9 and b12 supports phosphorylation at S13 (Serine 9 in 

this peptide).   
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S222 (Trypsin Digestion, HCD, A-Score =28.36) 
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S225 (Trypsin Digestion, CID, A-Score =32.28) 
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S228 (Trypsin Digestion, CID, A-Score = 0) 

 

 

 

The presence of the b-ion run from b6 to b13 strongly suggests phosphorylation at S228 

(Serine 8 in this peptide). Note that y11 is present limiting the phosphorylation event to 

the first nine amino acids in the peptide.  
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S229 (Trypsin Digestion, CID, A-Score = 0) 

 

 

 

 

 

The presence of the b-ion run from b6 to b10 strongly suggests phosphorylation at S229 

(Serine 8 in this peptide). Note that y11 is present limiting the phosphorylation event to 

the first nine amino acids in the peptide.  

  



 321 

S230 (Trypsin Digestion, CID, A-Score = 20.41) 

 

 

The presence of the b-ion run from b6 to b16  and y ion runs from y2 to y15 strongly 

suggests phosphorylation at S230 (Serine 10 in this peptide).  
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S232 (Trypsin Digestion, HCD, A-Score =42.61) 

 

 

The presence of the b-ion run from b6 to b16 strongly suggests phosphorylation at S232 

(Serine 12 in this peptide). Note that y8 and y10 ions constrain the phosphorylation event 

to S212 (Serine 12 in this peptide).  
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S235 (Trypsin Digestion, HCD, A-Score =42.61) 
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S238 (Trypsin Digestion, CID, A-Score =48.45) 
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T272 (AspN Digestion, CID, A-Score =32.48) 
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S288 (GluC Digestion, HCD, A-Score = 34.44) 

 

 

The presence of the b-ions at position b8 and b10 limit the phosphorylation event to E9 

and E14 in this peptide. There is only one serine residue in this region therefore S288 

(Serine 11 in this peptide) is phosphorylated.  
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T334 (Trypsin Digestion, CID, A-Score = 1000) 

 

 

 

Note this is a ragged N-terminus (breakage occurred after a glutamine residue). 
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T348 (Trypsin Digestion, HCD, A-Score =1000) 
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 T356 (Trypsin Digestion, CID, A-Score =72.72) 
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S360 (Trypsn Digestion, CID, A-Score =3.13) 

 

 

The presence of b6 and b7 ions strongly suggests phosphorylation at S360 (Serine 7 in 

this peptide). Note that y13 is present limiting the phosphorylation event to the first eight 

amino acids in the peptide.  
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S362 (Trypsn Digestion, CID, A-Score =0) 

 

 

 

The presence of the b8 to b10 ion run supports phosphorylation at S362 (Serine 8 in this 

peptide). Note that y11 is present limiting the phosphorylation event to the first eight 

amino acids in the peptide.  
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T363 (Trypsn Digestion, CID, A-Score =0) 

 

 

 

The presence of the b-ion run from b5 to b11 strongly suggests phosphorylation at T363 

(Threonine 10 in this peptide). Note that y10 is present limiting the phosphorylation event 

to the first twelve amino acids in the peptide.  
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S365 (Trypsn Digestion, CID, A-Score =0) 

 

 

 

The presence of the b9 and b12 ions limit the region of phosphorylation to a single serine 

residue at position 365. 
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S381/S382 (GluC Digestion, CID, A-Score =0) 

 

 

The presence of the y-ions at y14 and y16 limit the phsphorylaiton site to likely position 

S382 (S 16 in peptide. The absence of supporting b ions and the limited run of y ions 

upstream of y14 also raise the possibility of the phosphorylation occurring on S381 (S15 

on this peptide).  
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S401 (GluC Digestion, CID, A-Score =0) 

 

 

The presence of the b ion at b5, b6and b11 supports phosphorylation at position S401 

(Serine 6 in this peptide). The b ions at b10 and b13 exclude a number of potential 

residues.   
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T410 (GluC Digestion, CID, A-Score =0) 

 

 

The presence of the b-ion run from b11to b15 strongly suggests phosphorylation at T410 

(Threonine 15 in this peptide). Note that y18 is present limiting the phosphorylation event 

to the first seventeen amino acids in the peptide.  


