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ABSTRACT 

The family Flaviviridae includes important genera such as flavivirus and hepacivirus 

which comprise significant human pathogens that affect hundreds of millions annually.  The 

understanding of these viruses, the viral life cycle, and pathogenicity is vital when it comes to 

developing therapeutics.  Flavivirus virions undergo major conformational rearrangements during 

the life cycle, including the assembly and maturation steps. In order to create a reagent to 

investigate these processes, luminescent reporter viruses have been constructed. Luminescent 

reporter tags have yet to be incorporated into the structural proteins of dengue virus (DENV) 

without significantly affecting replication or infectivity and successful tagging would allow for 

targeted studies examining access to specific structural epitopes.  Engineering tags in DENV 

structural proteins is particularly difficult because most reporter tags involve large insertions which 

may create steric hindrance and inhibit proper protein folding.  However, the reporter system 

described here, developed by Promega, is much smaller than a full-size luciferase protein.  It 

involves an eleven amino acid subunit (HiBiT) tagged to a viral protein that creates measurable 

luminescence when incubated with the larger subunit (LgBiT).  Using the structure of the virion 

as a guide, the HiBiT reporter tag was incorporated into the structural region of the DENV genome 

including sites in capsid (C) as well as the glycoproteins membrane (M) and envelope (E).  

Resulting recombinant viruses were characterized and tag sites within the C protein membrane 

anchor as well as the transmembrane domain of M protein were found to tolerate HiBiT insertion 

and produce infectious particles.  The recombinant virus possessing HiBiT in C protein was found 

to be stable over three rounds of serial passaging while virus containing the M protein tag site was 

found to be unstable.  HiBiT activity of the capsid tagged virus was also found to directly correlate 

with purified infectious particles, suggesting the capsid membrane anchor may remain associated 

with the virus even after polyprotein processing.  Additionally, insert composition was found to 

be a key determinant for the production of infectious virus.  The lessons learned from engineering 

HiBiT in the DENV system were then applied to hepatitis C virus (HCV). 

The highly lipophilic and pleiomorphic nature of HCV has made structural studies 

particularly difficult.  However, by constructing multi-tagged reporter viruses containing both 

HiBiT and various purification tags, researchers will save time and resources in preparation for 

structural studies which are vital for vaccine development.  In this study, HiBiT was incorporated 



 

 

13 

into sites within HCV previously shown to tolerate tags of various sizes.  Different insert 

compositions were engineered within the genome and the construct containing both FLAG and 

HiBiT tags within the N-terminus of E2 yielded highly infectious and quantifiable, luminescent 

virus.  The recombinant HCV containing FLAG and HiBiT displayed similar peak titer as 

compared to WT while also demonstrating HiBiT activity.  Furthermore, the FLAG peptide was 

found to be partially surface exposed and capable of being used for virus purification purposes.  

The multi-tagged reporter virus characterized in this study provides a robust platform for 

quantification and purification of HCV, two facets of research that are critical for the determination 

of viral structure via cryo-EM and other imaging techniques.  The findings from both the DENV 

and HCV studies provide a robust foundation for future tagging of viruses within the family 

Flaviviridae and offer insight on the structural proteins that compose the virion. 
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 INTRODUCTION 

1.1 Flaviviridae 

Flaviviruses, family Flaviviridae, impact hundreds of millions of people each year 

resulting in high rates of morbidity and mortality worldwide.  Within the genus there are several 

significant human pathogens such as dengue virus (DENV), Zika virus (ZIKV), and West Nile 

virus (WNV), among many others.  Also included in the family Flaviviridae is the hepacivirus 

genus consisting of Hepatitis C virus (HCV), a bloodborne pathogen responsible for a tremendous 

public health burden (WHO, 2019).  Flavivirus infection is one of the leading causes of disease in 

humans with symptoms ranging anywhere from slight rash and joint pain to hemorrhagic fever. 

Reported infections are mostly concentrated in tropical and subtropical regions due to their 

transmission via arthropod vectors such as Aedes aegypti.  As the habitat for these arthropod 

vectors increases, so too does the infection rate within previously unaffected areas (Morales et al., 

2017).  Due to the growing infection rate and global health concern, a comprehensive 

understanding of flavivirus life cycle and pathogenicity is more important than ever.   

1.2 Overview of select members 

1.2.1 Dengue virus 

DENV has four serotypes which account for an estimated 390 million infections each year; 

of which, anywhere from 67 to 136 million manifest clinically (WHO, 2019).  Additionally, 

several studies indicate a continued increase in global incidence over the past few decades and 

estimate that over 3.9 billion people are now at risk of infection with DENV (Brady et al., 2012).  

A majority of DENV infections are asymptomatic or subclinical, but some infections result in 

severe flu-like symptoms.  Although not as prevalent, DENV infection may progress to dengue 

hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which involve severe bleeding, 

organ impairment, and/or plasma leakage (WHO, 2019).    

Infection, and subsequent recovery, from one DENV will provide lifelong immunity 

against that particular serotype.  However, any cross-immunity to other serotypes will subside.  

Subsequent infections with a different serotype may increase the severity of disease and the risk 
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of developing DHF/DSS (WHO, 2019).  Currently, there are no specific treatments for dengue 

fever.  Advanced medical care from trained professionals has resulted in decreased mortality rates 

from ~20% to less than 1%, but, in some lesser developed regions, the mortality rates remain high 

(Rajapakse et al., 2011).  There are several vaccines currently in clinical trials and one 

commercially available under the brand name Dengvaxia.  However, these vaccines face many 

challenges including antibody dependent enhancement (ADE), a phenomenon in which the 

antibodies bind to surface proteins but do not inactivate the virus, increasing the likelihood of 

developing severe dengue (Flipse et al., 2016).  In order to overcome these challenges, researchers 

must be armed with insights into the viral envelope, protein conformations, and the DENV particle 

structure (Mukhopadhyay et al., 2005). 

1.2.2 Hepatitis C virus 

HCV, the lone species in the hepacivirus genus, is one of the leading causes of cirrhosis, 

hepatocellular carcinoma, and liver-related deaths in humans (Milliman et al., 2017).  The virus 

can lead to both acute and chronic hepatitis with severity depending on a number of virologic and 

host genetic factors.  Approximately 30% of those infected will spontaneously clear the virus 

through a multitude of immunological factors within 6 months without the need for treatment.  The 

remaining 70% will likely develop chronic HCV infection.  The symptoms of HCV infection range 

anywhere from mild illness to serious, lifelong conditions like those stated above.  An estimated 

71 million people have chronic HCV infection globally and a large proportion of those individuals 

will likely develop cirrhosis or liver cancer (WHO, 2019).  Unlike flaviviruses, HCV is a 

bloodborne pathogen with the most common modes of infection and transmission being injection 

drug use, unsafe injection practices, or sexual practices which lead to exposure of blood (WHO, 

2019).  Additionally, HCV is highly infectious and exposure to a small amount of virus particles 

can lead to infection (Pfaender et al., 2018).   

Despite the seriousness of long-term, chronic infection, more than 95% of affected 

individuals can be cured with antiviral medication.  However, access to diagnosis and treatment is 

low.  The average total cost of a 12-week course of antivirals in the US is around $84,000 with 

additional combinatorial approaches costing much more (Henry, 2018).  Furthermore, there is 

currently no effective vaccine for HCV.  In order to produce more accessible medication and 

develop a useful vaccine, researchers must first understand the structural and immunological 
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mechanisms of infection clearance.  Currently, there is ongoing research involving the structural 

analysis of broadly neutralizing antibodies (bNAbs) which may reveal key details about the 

underlying mechanisms of infection clearance and, ultimately, lead to a vaccine.  However, the 

proper tools to enable high resolution structural analysis would likely be necessary to achieve this 

goal (Kinchen et al., 2018). 

1.3 Flaviviridae life cycle 

1.3.1 Flavivirus life cycle 

Flaviviruses, a genus containing more than 70 different viruses, all follow a similar process 

of entry, replication, and virus release.  Entry is first initiated upon direct contact of the envelope 

glycoprotein (E) with one or more hypothesized host receptors such as C-type lectin CD209 

antigen (DC-SIGN) (Figure 1.1) (Mukhopadhyay et al., 2005).  Binding triggers receptor-mediated 

endocytosis which involves clathrin pits forming in the host cell membrane.  Once in the endosome, 

the acidic environment causes an irreversible trimerization of E protein which results in fusion of 

viral and endosomal membrane.  Particle disassembly occurs and the viral genome is released into 

the cytoplasm.  Once in the cytoplasm, the positive sense viral RNA (vRNA) is translated into a 

single polyprotein.  Viral and host proteases process the polyprotein both co- and post-

translationally.  The viral proteins are transported to the endoplasmic reticulum (ER) where the 

nonstructural proteins aid in forming ER-derived vesicle packets which serve as the site of genome 

replication (Gillepsie et al., 2010).  Virus assembly occurs on the surface of the ER.  Newly 

synthesized capsid proteins (C) associate with vRNA to nucleate assembly and bud through the 

ER membrane (Li et al., 2008).  During this portion of the life cycle, the viral particle is in its 

immature state, which consists of 60 trimeric, spike-like projections of E protein and pre-

membrane protein (prM).  This conformation is formed in order to prevent premature membrane 

fusion due to the prM protein occluding the fusion loop on E protein (Yu et al., 2009).  The 

immature particles are transported through the trans-Golgi network (TGN) where the host-protease 

furin cleaves prM.  The pr petpide remains associated with the viral particle until released into the 

neutral pH environment of the extracellular milieu (Yu et al., 2009).  Mature particles are 

subsequently released via exocytosis and ready to infect naïve host cells.  
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Figure 1.1. Flavivirus life cycle. Flaviviruses follow a sequential progression upon attachment to 

the host cell.  The particles enter the cell via clathrin-dependent, receptor-mediated endocytosis.  

An acidic pH in the late endosome triggers conformational changes which allow fusion and the 

release of genomic material. The positive sense RNA is recognized by ribosomes, translated in the 

ER, and a polyprotein is produced.  Host and viral proteases co- and post-translationally process 

the polyprotein and the nonstructural proteins form the replication complex for the synthesis of 

new proteins.  The nucleocapsid nucleates a new virus particle and buds from the ER membrane 

and enters the secretory pathway.  In the TGN, the pr peptide is cleaved by furin but remains 

attached to the particle until secretion.  Used with permission from Nature Reviews Microbiology 

and Neufeldt et al. (Neufeldt et al., 2018). 
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1.3.2 Hepacivirus life cycle 

The hepacivirus life cycle is similar to flaviviruses but with a few important differences.  

The virus particle targets hepatocytes and is transported to the surface of the cell via the 

bloodstream.  The particle is enveloped with a lipid membrane that the glycoproteins, envelope 1 

and envelope 2 (E1 and E2), are anchored to.  These proteins are hypothesized to play a role in 

entry, or at least cell attachment, where apolipoprotein E (apoE) and cell surface heparan sulfate 

proteoglycans (HPSG), among other surface receptors, interact (Figure 1.2) (Alazard-Dany et al., 

2019).  Binding to these receptors can cause downstream signaling which promotes the lateral 

movement of the particle to sites of cell-cell contact.  HCV then enters via the endocytic pathway 

and fuses with the membrane based on endosomal acidification.  Like flaviviruses, the viral RNA 

is translated as a single polyprotein which is co- and post-translationally processed by both host 

and viral proteases.  In the case of HCV, there are liver-specific microRNA (miRNA), such as 

miR-122, which are essential for replication and translation.  Viral assembly of HCV is still poorly 

understood but occurs near replication complexes at assembly sites associated with ER-derived 

membranes (Miyanari et al., 2007).  Viral nonstructural (NS) protein 2 and p7 also play a key role 

by facilitating the recruitment of core protein (core) and E1-E2 to assembly sites (Alazard-Dany 

et al., 2019).  Although the exact mechanisms of maturation are not entirely understood, as the 

HCV particle moves through the secretory pathway, glycan modification, as well as possible 

rearrangement of E1-E2 disulfide bonds, may occur (Lindenbach et al., 2013).  HCV particles also 

interact with lipoproteins throughout the secretary pathway, and certain cell lines, such as Huh-7 

cells, can produce very-low-density-lipoprotein (VLDL) particles which are under-lipidated.  HCV 

particles can have a wide range of densities and lipid compositions which can make the 

quantification and purification of virus difficult (Miyanari et al., 2007).  During maturation, p7 

also acts as a viroporin which equilibrates pH gradients and stabilizes particles on the way to 

excretion.  HCV particles acquire their low buoyant density via interactions with apoE-containing 

VLDLs or high-density lipoproteins (HDL).  Virus particles are excreted via the secretory pathway 

and are protected by p7 from low pH exposure which would otherwise neutralize intracellular 

compartments (Wozniak et al., 2010). 
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Figure 1.2. Hepacivirus life cycle. HCV particles bind to receptors such as HSPG and low-

density-lipoprotein receptors and laterally diffuse towards the apical membrane.  They then enter 

via clathrin-dependent, receptor-mediated endocytosis.  Genomic material is released into the 

cytosol and translated at the ER where host cell factors and viral proteins form the replication 

complex.  Particle assembly occurs with cytosolic lipid droplets at sites enriched with core protein, 

envelope glycoproteins, p7, and NS2.  Formation and secretion of virions occurs in association 

with VLDL machinery.  The acquisition of apoE aids in the maturation of the particle and possibly 

particle release.  HCV can also form lipoviroparticles or bind to VLDL particles after release.  

Used with permission from Nature Reviews Microbiology and Neufeldt et al. (Neufeldt et al., 

2018). 
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1.4 Flavivirus genome and proteins 

Flaviviruses are enveloped positive-sense single stranded RNA viruses with a genome of 

approximately 11 kilobases (kb) (Mukhopadhyay et al., 2005).  The particle is about 50 nanometers 

(nm) in diameter and contains capsid proteins with a capped RNA genome at its core.  Surrounding 

the capsid proteins is a host-derived lipid membrane serving as the virus envelope with embedded 

membrane and glycoproteins.  E protein arranges in a quasisymmetric T=3 array which consists 

of 90 homodimers forming a smooth surface interface following maturation (Kuhn et al., 2002).  

Prior to maturation, E and prM/M proteins form 60 trimeric, spike-like projections which prevent 

immature fusion.   

The flavivirus genome is translated using a single open reading frame (ORF) which results 

in a large polyprotein (Figure 1.3).  Following translation, the polyprotein is processed by both 

cellular and viral proteases producing 10 proteins that each play a role in the viral life cycle.  The 

3 structural proteins (C, prM, and E) are used to build new virus particles while the 7 nonstructural 

proteins (NS1, 2A, 2B, 3, 4A, 4B, and 5) primarily function as replication proteins 

(Mukhopadhyay et al., 2005). 

 

Figure 1.3. Flavivirus polyprotein processing.  Following translation of the viral polyprotein, 

host and viral proteases cleave at the indicated junctions.  ER membrane is shown in pink and 

transmembrane domains are connected by loops depicted as lines.  Black, blue, and red arrows 

represent signal peptidase, NS2B-3 protease, and furin protease cleavage sites, respectively.  Used 

with permission from Current Opinion in Virology and Apte-Sengupta et al. (Apte-Sengupta et al., 

2014). 
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1.4.1 Envelope protein 

E protein, a structural protein in flaviviruses, plays an important role in viral infections.  In 

the mature particle, the E glycoproteins are arranged in 90 homodimers which lay flat in a 

herringbone pattern along the particle surface.  E protein is approximately 53-60 kilodaltons (kDa) 

and each monomer is composed of three β-barrels which are divided into three different structural 

domains: EDI, EDII, and EDIII in addition to the stem-anchor region. The structure for the 

ectodomain of E protein has been determined by X-ray crystallography, nuclear magnetic 

resonance (NMR) spectroscopy, and electron cryo-microscopy (cryo-EM) with some structures as 

low as 3.1 Angstrom (Å) resolution (Sevanna et al., 2018).  Structural and functional studies have 

revealed that each of the domains serve distinct and vital roles in the flavivirus life cycle (Zhang 

et al., 2017).   

EDI contains ~120 residues which form an eight-stranded β-barrel.  It is thought to stabilize 

the overall orientation of E protein and has a conserved N-linked glycosylation site at residue Asn 

154.  However, in DENV, glycosylation occurs at Asn 67 and Asn 153 (Wen et al., 2018).  Recent 

studies have also demonstrated that EDI may play a role in pH sensitivity and neuroinvasiveness 

(Beasley et al., 2005).  EDI and EDII are connected via discontinuous peptides to form the hinge 

region, which contains a ligand binding pocket (Zhang et al., 2017).  EDII contains the fusion 

peptide which allows for virus-mediated membrane fusion.  The low pH within the late endosome 

triggers a conformational change exposing the fusion loop and results in fusion and the release of 

genomic material (Fritz et al., 2011).  EDII is also responsible for facilitating E homodimerization 

and mutations in this region can reduce virulence (Yu et al., 2013).  EDIII is a globular domain 

that resides opposite of EDI.  Composed of ~100 amino acids (aa), it is believed to participate in 

receptor recognition and contain important linear antigenic epitopes that interact with neutralizing 

antibodies (Matsui et al., 2010).  Mutations in this region have been demonstrated to drastically 

affect host cell tropism and virulence and many of the neutralizing antibody binding epitopes are 

conserved across viruses meaning they could potentially be used as a therapeutic target (Kanai et 

al., 2006, Sun et al., 2018). 
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1.4.2 Capsid protein 

C protein is the first protein encoded in the flavivirus genome and is proteolytically 

processed at the N- and C- termini of the transmembrane anchor junctions (Figure 3) (Stocks et 

al., 1998).  At approximately 12 kDa in size, C protein can exist both as a membrane-associated 

protein as well as a free monomer which can form homodimers in solution.  The protein is highly 

basic with an affinity for both nucleic acids and lipid membranes and, thus, is proposed to nucleate 

assembly (Jones et al., 2003).  It has been demonstrated that C protein assists in nucleic acid 

arrangements and can act as an RNA chaperone in vitro and winds the vRNA into the particle to 

form the nucleocapsid.  Although the C protein structure within the virus particle is not yet fully 

resolved to subatomic resolution, structural studies have shown residual density fitting the 

approximate size of C protein near the particle surface; which may indicate C protein interactions 

with the transmembrane portions of E and M proteins during the immature state of the virus 

(Therkelsen et al., 2018).  This notion is further supported by cryo-EM studies revealing helix α5 

of C protein being inserted into the viral membrane (Tan et al., 2020). 

1.4.3 Pre-membrane/Membrane protein 

The prM protein is the precursor to M protein and initially forms a heterodimer with E 

protein in the immature state of the virus particle.  Upon exposure to the acidic environment of the 

TGN, prM is proteolytically cleaved by host protease furin which converts the spiky, immature 

particle into a smooth, infectious virus.  However, the pr peptide remains attached to the particle 

(in order to prevent premature fusion) until it is released into the extracellular milieu and exposed 

to a more neutral pH (Sirohi et al., 2016).  M protein is an 8 kDa fragment of its precursor form, 

prM, and is anchored to the membrane via two transmembrane helices.  In the mature particle, M 

forms homodimers with E protein.  

1.4.4 Nonstructural proteins 

The nonstructural proteins of flaviviruses consist of NS1, 2A, 2B, 3, 4A, 4B, and 5, each 

of which play important and distinct roles in the replication and assembly of flaviviruses.  NS1 is 

a highly conserved protein amongst flaviviruses and the intracellular dimer plays a role in genome 

replication whereas the secreted hexamer plays a role in immune evasion (Rastogi et al., 2016).  
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Intracellular NS1 is targeted to the ER and forms a replication complex constructed from ER 

derived vesicle packets.  The secreted form of NS1 serves as a diagnostic marker for detection of 

infection but has also been shown to affect signal transduction pathways and can modulate the 

pathogenesis of certain flaviviruses (Rastogi et al., 2016).   

Two hydrophobic proteins, NS2A and B, are encoded upstream of NS3.  NS2B serves as 

the protease cofactor of NS3 while NS2A is an essential component of the replicase (Khromykh 

et al., 2000).  NS2A has been shown to play a vital role in the incorporation of genomic RNA into 

the budding virion and interacts with other nonstructural proteins to aide in virus assembly (Murray 

et al., 2008).  NS3 performs a variety of different functions throughout the viral life cycle including: 

forming a serine protease which is responsible for cleavage of the viral polyprotein, helicase 

activity, and even inducing apoptosis through caspase interactions (Amberg et al., 1994, Patkar et 

al., 2008).  NS4A/B are important for membrane rearrangement which leads to replication complex 

formation.  Cleavage regulation, facilitated by a transmembrane 2K peptide, allows for interaction 

of NS4A/B with other nonstructural proteins like NS1 and NS3 (Shiryaev et al., 2010).  

Additionally, NS4B is thought to play a role in immune evasion and is deeply involved with the 

host immune response (Kelley et al., 2011).  NS5 is the largest of the flavivirus proteins and 

possesses RNA-dependent RNA polymerase (RdRp), methyltransferase, and guanylyltransferase 

activities (Murray et al., 2008). 

1.5 Hepacivirus genome and proteins 

Like all Flaviviridae, hepaciviruses are enveloped positive-sense single stranded RNA 

viruses.  The HCV genome is approximately 9 kb and the virus particles range in size anywhere 

from 40 to 100 nm in diameter (Catanese et al., 2013).  The non-capped RNA is contained within 

the core protein, and the ORF codes for 11 different proteins with a 341 nucleotide (nt) 5’ 

untranslated region (UTR) containing an internal ribosomal entry site (IRES) which can form a 

stable, translation pre-initiation complex (Jubin et al., 2000).  The structural proteins include core, 

E1, and E2, while the nonstructural proteins include p7, NS2, NS3, NS4A, NS4B, NS5A, and 

NS5B.  HCV is the most structurally pleiomorphic member of the Flaviviridae family with 

particles forming spherical, spike-like projections of E1 and E2 heterodimers (Catanese et al., 

2013). 
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1.5.1 Envelope-1/Envelope-2 proteins 

E1 and E2 are the two envelope glycoproteins which compose the HCV virion envelope 

and play vital roles in entry and fusion.  Both E1 and E2 are type I transmembrane glycoproteins 

with ectodomains of 160 and 354 aa, respectively, and a C-terminal transmembrane domain of 

approximately 30 aa (Chevaliez et al., 2006).  The structure of the envelope proteins has yet to be 

solved at a high enough resolution to enable advanced structural/antibody binding studies.  

However, some 3D-structural information has been elucidated from cryo-EM and cryoelectron 

tomography (cryo-ET).  One such finding revealed that HCV particles incorporate apoB and apoA-

I in addition to apo-E (Catanese et al., 2013).  Further structural studies have been able to classify 

some antibody binding patterns and show that some mechanisms of bNAb mediated clearance is 

dependent on binding primarily to E2, with additional binding profiles showing partial binding to 

E1 (Kinchen et al., 2018). 

Similar to flaviviruses, the envelope proteins have a variety of functions including ER 

localization, dimer assembly, and membrane anchoring.  The conformations of E1 and E2 are 

interdependent and, therefore, functional studies of the envelope proteins tend to treat the two as a 

complex (Kong et al., 2013).  Both E1 and E2 are heavily glycosylated which contribute to the 

correct protein folding and execution of proper biological functions (Goffard et al., 2005).  

Additionally, there are eight cysteine residues that are highly conserved across all HCV genotypes 

which indicate a host of possible disulfide bonds between E1 and E2 (Castelli et al., 2017). 

E2 is the major envelope protein that interacts with cell surface receptors and coreceptors 

with E1 possibly assisting in coordinating the entry process.  However, the apolipoproteins that 

bind to the envelope proteins have also been shown to be crucial for entry (Lavie et al., 2006).  It 

is currently believed that fusion is mediated by complex intra- and intermolecular E1E2 

interactions, which coordinate structural and conformational rearrangements, exposing the fusion 

peptide (Vieyres et al., 2014).  Compared to fusion and entry, much fewer studies have been 

conducted with regards to the role of E1/E2 in morphogenesis.  However, it has been suggested 

that the envelope proteins undergo disulfide bond modification during the assembly process 

(Castelli et al., 2017). 
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1.5.2 Core protein 

The core protein of HCV is similar to the capsid protein of flaviviruses in that it is a highly 

basic, RNA-binding protein.  The protein varies in size from about 17-23 kDa with the 21 kDa 

core being the predominant form (Yasui et al., 1998).  The core protein consists of three different 

predicted domains: an N-terminal hydrophilic domain (DI), a C-terminal hydrophobic domain 

(DII), and a signal peptide for E1.  Like flaviviruses, the core exists in both membrane-bound and 

membrane-free, dimeric and multimeric forms.  In addition to association with ER membranes and 

viral capsid formation, the core interacts with several other cellular proteins and pathways which 

may be crucial in the viral life cycle (Shimoike et al., 1999). 

1.5.3 Nonstructural proteins 

The nonstructural region of hepaciviruses consists of p7, NS2, NS3, NS4A, NS4B, NS5A, 

and NS5B which each mainly deal with replication and assembly.  p7 is a small membrane protein 

that appears to be essential, but its exact function is yet to be defined.  Some studies suggest it acts 

as a calcium ion channel and belongs to the viroporin family (Gonzalez et al., 2003).  NS2 contains 

two internal signal sequences which are mainly responsible for ER membrane association 

(Santolini et al., 1995).  NS2, along with NS3, forms the NS2-3 protease which self-cleaves from 

the complex and is eventually degraded.  NS3 performs multiple functions in the viral life cycle, 

and its domains include the aforementioned serine protease at its N-terminus and a 

helicase/NTPase at its C-terminus. Additionally, NS3 interacts with NS4A to form another 

protease which is critical for the HCV life cycle and a major target for HCV therapeutics (Chatel-

Chaix et al., 2010).  NS4B is a membrane protein with at least four transmembrane domains 

responsible for anchoring and, additionally, can modulate NS5B RdRp activity (Chevaliez et al., 

2006).  NS5A mainly plays a role in replication and regulation of cellular pathways but the exact 

mechanisms by which it does so are fairly unclear.  Finally, as mentioned above, NS5B is the 

viruses RdRp, catalyzing the synthesis of HCV RNA.
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1.6 Protein and epitope tags 

The study of viruses and their interaction with their host and environment can be 

particularly difficult without the use of tools to more efficiently detect and track certain molecules.  

Therefore, protein and epitope tags have been developed to aid researchers in more targeted studies.  

Currently, a wide range of protein and epitope tags are employed by researchers for many different 

reasons including detection, quantification, purification, and the identification of binding partners.  

For the purpose of this review, protein tags will refer to those with more than 12 aa (usually with 

some kind of structure) i.e. Green fluorescent protein (GFP), Renilla luciferase; and eptiope tags 

will refer to tags with less than 12 aa i.e. FLAG, polyhistidine tag (HIS). 

1.6.1 Luminescent tags 

Fluorescent tags, among the most common biological tools utilizing luminescence, are 

protein sequences that fold and become fluorescent either through the formation of a fluorophore 

or by binding to a small molecule fluorophore.  Other luminescent tags also emit a detectable and 

quantifiable light but do so through the use of enzymes and substrates.  Luciferase is a common 

enzyme used in protein tags which catalyzes the oxidation of specific substrates resulting in the 

emission of a photon.  These tags have revolutionized cell biology and changed the way cells are 

imaged and the information that can be gleaned from cell imaging.  These tags can be fused to 

proteins of interest via genetic insertion which enables multicolor imaging with colors spanning 

the visible spectrum.  Additionally, luminescent proteins can be affixed to RNA or DNA sequences 

in order to further interrogate biological processes. 

The most common and widely used example of an intrinsically fluorescent protein is GFP.  

GFP is a 238 aa protein composed of an 11-stranded β-barrel which autocatalytically forms a 

fluorophore.  All intrinsically fluorescent proteins share a similar fold and mechanism (Kremers, 

2011).  Depending on the protein, the fluorescence can last anywhere from minutes to days.  

Originally isolated from the Aequorea jellyfish, GFP has since been genetically inserted and 

expressed in a wide array of viruses, including flaviviruses, to study protein-protein interactions, 

conformational changes, and localization.   
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Many other fluorescent proteins have been derived from natural fluorescent organisms such 

as the sea anemone Discosoma striata, from which the commonly used protein tag DsRed was 

derived.  However, this protein often exists as a tetramer and the isolation of monomers has proven 

to be very difficult (Campbell et al., 2002).  Monomers are generally preferred for a number of 

reasons, one of the most important being the resulting size of the inserted gene.  Inserting foreign 

genes into viral proteins can often lead to the excision of these genes during the replication and 

life cycle of the virus or, revertants, which lead to changes in the wild type genetic sequence (Thorn, 

2017). One of the most successful and useful monomeric fluorescent proteins is mCherry which 

emits at around the 610 nm wavelength.  Demonstrating stable and bright fluorescence, mCherry 

has a similar barrel architecture and shares the approximate dimensions of GFP derivatives but 

tends to have more elliptical symmetry.  Although these tags have proven useful for live cell 

imaging, luciferase tags have also been utilized for their high sensitivity and ability to be adapted 

for high-throughput studies. 

Renilla and Firefly luciferase are just a few of the commonly utilized luciferase tags that 

researchers use as reporters.  Isolated from the sea pansy and firefly beetle, respectively, the tags 

utilize a chemical reaction to emit light that is often short-lived but highly correlative to the amount 

of tagged protein.  Some of the most common uses for these tags are luciferase reporter assays 

which can be used to investigate the effect of regulatory elements like promoters, enhancers and 

UTRs, or the effect of mutations on gene expression (McNabb et al., 2005).  These tags have 

proven useful in probing certain aspects of the viral life cycle but do not provide an efficient 

method to isolate and purify viral proteins for structural studies. 

1.6.2 Affinity tags 

Many of the first affinity tags used for protein expression and purification were large 

proteins developed for E. coli.  Since then, advances in commercially available expression systems 

have fostered improvement on these original protein fusion partners.  These new tools allow for 

the isolation of increasingly smaller, and more difficult to purify, viral proteins through affinity 

chromatography and other antibody or enzyme-based methods.  Of the many purification tools 

used by researchers, a few of the most common are the HIS, FLAG, and Streptavidin (STREP) 

tags. 
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The HIS tag typically consists of six consecutive histidine residues but can sometimes vary 

in length from two to ten.  Insertion of the small epitope tag rarely effects protein function and 

immunogenicity is typically conserved depending on the insert location.  Histidine purification has 

become fairly ubiquitous and works via the formation of coordination bonds with immobilized 

transition metal ions.  Depending on the protein being purified, immobilized Co2+, Cu2+, Ni2+, Zn2+, 

Ca2+, and Fe3+ have all been used with Ni2+ being the most common (Kimple et al., 2013).  A 

typical method of purification using the HIS tag is chromatography with metallic beads, but, 

various matrices can be utilized.  Additionally, primary antibodies have been developed for 

detection of HIS tag fusion proteins in vitro.   

The FLAG tag is similar to the HIS tag in size but differs in composition, making it more 

suitable for different types of antibody-mediated detection and purification.  The FLAG tag is a 

hydrophilic affinity tag that can vary slightly in composition but typically consists of 

DYKDDDDK (D=aspartic acid, Y=tyrosine, and K=lysine).  Similar to HIS tag, FLAG is small 

in order to avoid disruption of the native folding of proteins.  The tag is also water soluble and 

works with a relatively inexpensive and efficient affinity purification procedure.  The specific 

residues were chosen because aromatic aa are major factors in antigen-antibody interactions 

(Janeway et al., 2000).  A Tyr was placed in the second position and flanked by highly charged aa 

because an aromatic amino acid is more likely to be involved in antigenic sites compared to less 

polar environments.  The Lys at position three ensures maximum hydrophilicity and also 

contributes to the strong antigenicity.   

There are currently several robust monoclonal antibodies available for the FLAG tag that 

enable Western blots, ELISAs, and a litany of other experiments to be performed with FLAG 

tagged proteins.  Although both HIS and FLAG purification have been utilized for flavivirus and 

hepacivirus purification, there are also biotin-based tags that have been shown to be more efficient 

in some cases (Catanese et al., 2013). 

The STREP tag utilizes the high-affinity interaction between biotin and streptavidin or 

avidin.  The Strep- and Strep II-Tag, produced by Sigma, are 8 and 9 residue epitopes that can bind 

to a specific form of streptavidin.  A major advantage of using the Strep-II tag is that protein-

folding and secretion are mostly unencumbered.  Another advantage of Strep-tagged proteins is 

that they can be isolated through one step affinity chromatography, and the binding affinity is 

particularly high which enables larger scale purification.  Variations of the number of STREP 
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epitopes and their orientation can be engineered using linkers and spacers which increase the 

accessibility of the tag. 

1.6.3 HiBiT reporter system 

In order to address some of the barriers faced by the bulkier luminescence tags, Promega 

has recently developed the HiBiT detection system.  HiBiT is a split reporter tag consisting of an 

11 aa peptide which is fused to a protein of interest.  The recombinant protein is then incubated 

with LgBiT, a 156 aa protein, which binds to HiBiT with an affinity of 0.7 nM.  Upon binding, the 

complex emits a stable, glow-type luminescence measured at 470nm that is directly proportional 

to the amount of HiBiT-tagged protein (Promega, 2017).  This allows for the creation of a standard 

curve that would simplify quantitation of proteins and virus particles by being able to correlate a 

luminescent signal with a certain level of expression/production.  The HiBiT complex creates an 

enzyme that utilizes the substrate furimazine to create a signal that can be detected by a 

luminometer for hours, even with low abundance proteins at endogenous levels of expression.  The 

resulting luminescence is relatively temperature and pH-stable but the background signal can vary 

depending on cell line and media used.  The HiBiT kit comes in both a lytic and extracellular 

detection format and can be used for both protein detection and quantification as well as identifying 

protein-protein interactions.  Thus far the HiBiT tag has been used to investigate proteins that are 

not readily tolerant of larger insertions. 

With the development of HiBiT, researchers have been able to insert reporter genes into 

selected viruses from the family Flaviviridae such as DENV and HCV (Tamura et al., 2018).  

Nonstructural proteins in Flaviviridae have been shown to be tolerant of the HiBiT insertion with 

only a slight decrease in viral titer.  However, when attempting to insert the gene into the structural 

region such as E protein, the viral titer decreases significantly (Tamura et al., 2019).  Additionally, 

work has been done with West Nile virus like particles (VLPs) and subviral particles (SVPs) 

demonstrating the ability to study viral entry and release using HiBiT (Sasaki et al., 2018).  HiBiT 

is still a fairly new system, but the current research serves to show that it can be utilized effectively 

in Flaviviridae and has a good chance of avoiding misfolding, altering dynamics, or inhibiting 

replication - some of the common problems that other luminescent reporter tags face.   
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 GENERATION AND CHARACTERIZATION OF 

REPORTER FLAVIVIRUSES 

2.1 Chapter Summary 

The previous chapter provided a broad overview of flaviviruses, their life cycle, 

pathogenesis, and clinical significance.  Also introduced was the flavivirus genome and the 10 

viral proteins that compose the particle and its replication machinery.  Additionally, several 

different protein tags were discussed and a brief overview of the HiBiT system was provided.  This 

chapter will delve into the methodology of integrating the HiBiT reporter tag and other reporters 

into the flavivirus genome and the characterization of the resulting recombinant virus.  Previous 

efforts to tag flaviviruses with a wide range of tags are reviewed and many of the top sites and 

insert variations are described and assessed through titration, luminescence, and protein expression.  

Analysis of tag sites and construct variations in the DENV model system revealed two sites (one 

in C protein and one in M protein) capable of producing infectious virus when tagged with HiBiT.  

Although the recombinant virus containing HiBiT within M protein was found to be unstable after 

serial passaging, the C protein tagged DENV was stable over three serial passages.   Furthermore, 

the HiBiT signal was found to directly correlate with purified infectious particles, indicating the 

retention of the capsid membrane anchor in assembled virus.  Despite not producing infectious 

particles when tagged with HiBiT, sites in E protein were explored further and results showed that 

inserting tags other than HiBiT enabled production of infectious particles.  This extensive analysis 

of HiBiT epitope insertion within DENV serves as a foundation for future studies attempting to 

create reporter viruses and hints at the possibility of a luminescent reagent that can be used to 

facilitate virus quantification and the study of DENV structural proteins. 

2.2 Introduction 

The flavivirus genus consists of positive-sense single stranded RNA viruses and includes 

important human pathogens such as Zika virus (ZIKV), Japanese encephalitis virus (JEV), and 

dengue virus (DENV) (Mukhopadhyay et al., 2005).  All members of this genus encode 3 structural 

proteins and 7 nonstructural proteins that comprise the viral particle and replication proteins 

respectively.  Viral assembly occurs on the membrane of the endoplasmic reticulum (ER), but 
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important conformational changes must occur before the particle matures and becomes infectious 

upon release (Apte-sengupta et al., 2014).  Many of these conformational changes that occur 

throughout the life cycle of flaviviruses are poorly understood.  Therefore, developing tools to 

study the complex dynamics of the flavivirus structural proteins is of particular importance. 

Since the discovery of green fluorescent protein (GFP) in 1960, reporter proteins have 

revolutionized the way researchers investigate biological processes such as gene expression, 

protein localization, interaction, signaling pathways, and trafficking (Chalfie et al., 1999).  As 

virus research has progressed, other bioluminescent proteins have been developed to conduct more 

targeted studies.  For example, luciferase enzymes such as Renilla and Firefly are reporter proteins 

that have enabled highly specific and quantifiable light outputs.  The incorporation of such reporter 

proteins into flaviviruses could prove crucial for the research of viral life cycle, pathogenesis, and 

the development of therapeutics.  However, incorporating reporter tags into the structural region 

(C, prM/M, and E) of flaviviruses can be difficult due to the size of most reporter proteins causing 

misfolding, altering dynamics, etc.  Additionally, many of the cDNA clones containing reporter 

genes are deleterious for bacteria (Ruggli et al., 1999).  

In order to overcome these issues, Promega has recently developed a split luciferase system 

(HiBiT Protein Tagging System) involving a 1kDa protein (HiBiT) attached to a protein of interest 

that binds to a 156 amino acid, 17.6 kDa protein (LgBiT) with an affinity of  0.7 nM. After binding, 

the complex emits a sensitive and specific, glow-type luminescence upon addition of substrate.  

Thus far researchers have been able to develop recombinant flaviviruses possessing HiBiT within 

NS1 (one of the five nonstructural proteins of flaviviruses), which exhibited approximately a log 

decrease in focus forming units compared to wild type (Tamara et al., 2018).  Work has also been 

done with West Nile SVPs and VLPs examining a detectable luminescent signal when 

incorporating HiBiT into the transmembrane region of E protein (Sasaki et al., 2018).  However, 

a full-length, wild type titer flavivirus containing HiBiT within the structural region of the genome 

has yet to be described.  Depending on the location of the incorporated HiBiT, such a reporter 

virus could be used to study the structural changes of flavivirus particles throughout their life cycle, 

such as the folding that occurs during maturation or dynamics that occur during viral breathing 

(Kuhn et al., 2015).  Additionally, due to HiBiT signal being highly correlative to the amount of 

tagged protein, a reporter flavivirus containing the HiBiT gene could be used to simplify the 

quantification of virus production, saving researchers’ time and resources in future studies. 
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2.3 Materials and methods 

2.3.1 Cell culture  

Baby hamster kidney (BHK-15) cells were cultured in minimal essential medium (MEM) 

supplemented with 10% fetal bovine serum (FBS) with 5% CO2 at 37ºC  

2.3.2 Site-directed mutagenesis 

The recombinant constructs were created using site-directed mutagenesis performed on full 

length DENV cDNA (serotype 2 strain 16681) following a modified Phusion polymerase protocol 

(New England Biolabs, NEB).  Complementary, overlapping primers were designed using 

NEBuilder software and used for insertions of up to 57 bp.  Following the polymerase chain 

reaction (PCR), products were digested using DpnI (NEB), phosphorylated using T4 

polynucleotide kinase (NEB), and ligated using T4 DNA ligase (NEB).  Mutants were transformed 

into DH5α cells and plasmid DNA was extracted and sequenced through either Genewiz or the 

Low Throughput Purdue Genomics Core Facility.  Following sequence confirmation, an 

approximately 3 kb segment of the full-length DENV cDNA mutant was created using the SacI 

and KasI restriction enzymes and gel purified using the gel extraction kit (Qiagen).  The mutated 

segment was then ligated at a 1:1 molar ratio with the wild type (WT) cDNA that had been 

restriction digested using the enzymes described above and the appropriate segment (~11 kb) gel 

purified.   

2.3.3 In vitro transcription and transfection of vRNA 

Plasmid clones were linearized using the XbaI enzyme, in vitro transcribed using T7 RNA 

polymerase and cap A (NEB) at 37ºC for 1.5 hours and run on a 0.8% agarose gel to confirm RNA 

product size and quality.  Transfection into BHK cells was performed via electroporation using 

0.2 cm gap cuvettes (BioRad).  18 micrograms of RNA for both WT and mutants were 

electroporated into cells using the following settings: 1.5kV, 25F, 200 Ohms and 2 consecutive 

pulses.  Transfected cells were resuspended in 5% FBS MEM in both a 6-well and 96-well format 

for downstream collection (6-well) and HiBiT assays (96-well).  Virus supernatants and lysates 
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were harvested at 24-hour timepoints up to 120 hours post electroporation (hpe) and stored at -

80ºC. 

2.3.4 HiBiT assay 

HiBiT activity was assessed using the HiBiT lytic detection kit and protocol provided by 

the manufacturer (Promega).  Luminescence was measured with an integration time of two seconds 

at 470 nm in white polystyrene non-binding 96-well plates (Corning).   

2.3.5 Plaque assay 

Supernatant from the mutant and WT transfected cells were collected at 24-hour timepoints 

post transfection.  BHK cells were plated in a 6 well format and 6, 10-fold dilutions of supernatant 

with PBS were used for infection once cells reached 90% confluency.  Plates were rocked for 1 

hour at room temperature and were then overlayed with 3 ml of a 1% agarose and 1X MEM 

mixture.  The plates were then incubated at 37ºC for 5 days.  After day 2, 2 ml of 5% FBS MEM 

was added to each well to prevent the agarose from drying.  Each well was then stained using a 

neutral red solution and counted to determine viral titer. 

2.3.6 Infections 

BHK cells were infected with DENV recombinant mutants and WT DENV at an MOI of 

0.01 at room temperature and gently rocked for 2 hours.  After rocking, the virus supernatant was 

aspirated and replaced with MEM supplemented with 2% FBS.  The infected cells were incubated 

at 37ºC and supernatant was collected at 24-hour timepoints and replaced with new media.  

Infections continued for up to eight days depending on observed CPE. 

2.3.7 Density gradient centrifugation 

Supernatant of transfected cells was collected at 24-hour timepoints and pooled together.  

Total sample was spun at 32,000 RPM for 2 hours at 4ºC with a 24% sucrose cushion using the 

Optima L-100 XP ultracentrifuge and type 50.2 rotor (Beckman Coulter).  Concentrated virus was 

applied to the top of a linear gradient formed from 10-35% solutions of potassium tartrate and 

glycerol.  Gradient was spun at 32,000 RPM for 2 hours at 4ºC using an SW41 rotor (Beckman 
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Colter).  Fractions were extracted from bottom to top using 500μl increments and the HiBiT 

activity and infectious titer was assessed for each fraction. 

2.3.8 SDS-PAGE and western blot 

Transfected or infected cell supernatants and lysates were collected at 24-hour timepoints.  

Cells were lysed through the addition of 250μl of RIPA buffer.  SDS-PAGE was performed using 

a 10% acrylamide gel with or without heating samples for 5 minutes at 95ºC depending on the 

protein being visualized.  Additionally, samples were mixed with loading dye and BME depending 

on whether reducing conditions were necessary.  The nitrocellulose membrane was probed with 

anti-FLAG, 4G2, or anti-NS5 antibodies.  Secondary antibodies with infrared-labels (680-800nm) 

were added to the membrane and visualization was done utilizing an Odyssey infrared imager (Li-

COR). 

2.4 Results 

2.4.1 Development of HiBiT methodology and replication of previous findings 

Before attempting HiBiT insertion in the structural proteins of DENV, the cloning 

methodology was optimized in order to minimize the possibility of off-site mutations and obtain a 

nonstructural, HiBiT-tagged DENV control to compare with structurally tagged recombinant virus.  

After attempting to engineer the 33 amino acids (aa) that compose HiBiT via standard Phusion 

(NEB) protocol, the reaction failed to produce a viable PCR product.  However, a modified 

Phusion (NEB) protocol utilizing blunt-end ligation was used to introduce the mutation and the 

product was able to be transformed and confirmed via sequencing.  To validate the low possibility 

of off-site mutations, a mutation (K101-E101), discovered and evaluated by fellow lab mates and 

known to have no effect on viral titer, was introduced.  The mutation was engineered using the 

previously described SDM methodology and confirmed via sequencing.  The mutant DENV 

exhibited similar titer compared to WT with a peak viral titer of 3.2x105 PFU/ml compared to 

3.8x105 PFU/ml respectively.  When accounting for standard deviation, the difference between the 

two was not statistically significant (p>0.1).  Therefore, the cloning method most likely did not 

introduce off site mutations and was used for all future SDM reactions. 
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After validating the cloning method, two sites in NS1 of DENV (NS1-4 and NS1-349) 

were chosen to potentially serve as a positive control for HiBiT-tagged viruses.  The NS1 sites 

were chosen in an attempt to replicate previous findings that demonstrated these sites can tolerate 

HiBiT insertion and experience only a one to two log decrease in WT titer (Tamara et al., 2018, 

Tamara et al., 2019).  The NS1-4 HiBiT construct consisted of a repeat of the first four amino acids 

of DENV NS1 followed by the HiBiT insert and a GSSG linker at the C-terminus for added 

flexibility.  The second site was characterized in JEV following amino acid 349 of NS1 and 

consisted of only the HiBiT insert. These exact constructs were engineered following methodology 

described above, with the NS1-349 tag site correlated to the analog amino acid in DENV NS1.  

The recombinant virus was then characterized through plaque assay and HiBiT assay.  However, 

the recombinant virus did not yield an infectious titer comparable to WT as described in previous 

studies (Figure 2.1). 

Previous studies found that inserting HiBiT after the fourth amino acid of NS1 in DENV 

serotype 4 yielded a peak infectious titer of ~2x104 FFU/ml compared to a wild type infectious 

titer of 1x105 FFU/ml, indicating approximately a log decrease in titer (Tamura et al., 2018).  

Tamura et al. calculated infectious titer when the recombinant virus reached its peak titer at 120 

hpi.  The study also found the NS1-4 recombinant virus to display HiBiT activity of approximately 

105 Relative Light Units (RLU) compared to WT DENV infected cells with a HiBiT activity of 

approximately 103 RLU, a 2-log increase.  This study was replicated under slightly different 

conditions such as transfecting BHK cells and assessing via plaque forming units instead of focus 

forming units.  Under these conditions, the NS1-4 HiBiT-tagged DENV reached a peak titer of 

5.1x102 PFU/ml and displayed HiBiT activity of 6.7x105 RLU compared to a WT titer of 5.2x105 

PFU/ml and HiBiT activity of 1x104 RLU (Figure 2.1).  In addition to delayed growth kinetics 

compared to WT, the infectious titer of the recombinant NS1-4 DENV was not high enough in 

BHK cells to be used in downstream assays.  The NS1-349 tag site also displayed lower infectious 

titer and HiBiT activity than previously described. 

Along with site NS1-4 in DENV, Tamura et al. also characterized an NS1 C-terminal site 

at aa 349 in JEV.  In the study, after five serial passages, Huh7 cells were infected with the mutant 

virus and this site was shown to have an infectious titer and growth pattern identical to WT and 

displayed HiBiT activity of 108 RLU at 48 hpi compared to a WT HiBiT activity of 103 RLU 

(Tamura et al., 2019).  However, upon replicating this experiment with a DENV construct and 
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infection performed in BHK cells, the recombinant virus displayed an approximate 2 log decrease 

in peak viral titer and HiBiT activity of 6.9x106 RLU compared to a WT of 104 RLU (Figure 2.1).  

Similar to the NS1-4 site, NS1-349 HiBiT DENV did not display high enough titer compared to 

WT to be used as a positive control for HiBiT signal.  However, these results confirmed the 

possibility of constructing an infectious recombinant DENV containing the HiBiT gene. 

 

  

Figure 2.1. Evaluation of HiBiT recombinant DENV NS1 tag sites.  BHK cells were 

electroporated with vRNA and supernatants were collected at 24-hour intervals.  Displayed is the 

peak infectious titer for WT (96 hpe), NS1-4 (96 hpe), and NS1-349 (96 hpe) as assessed by plaque 

assay (left).  The luminescence of the cell lysate from the timepoint corresponding to peak 

infectious titer was determined using HiBiT assay (right). Experiments were performed in 

triplicate. 

2.4.2 Determination of suitable HiBiT loci and construct variation  

In order to determine an ideal locus for HiBiT insertion, previous literature was analyzed 

for insertion sites of protein and epitope tags with similar size and/or composition compared to 

HiBiT.  Additionally, the DENV structure was examined for flexible, surface exposed regions that 

may tolerate insertion.  A total of 16 distinct loci in the structural region were chosen: one in capsid 

protein (C), three in membrane protein (M), and 12 in envelope protein (E).  Depending on the 

previous literature and accessibility of the site, variants of the construct were created with either 

one linker sequence at the N-terminus of HiBiT or flanking linker sequences (Figure 2.2A). 
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Previous findings suggest C protein is tolerant of SmBiT and GFP11 insertion in its C-terminus, 

adjacent to the membrane anchor, with only a log decrease in WT titer (Eyre et al., 2017).  The 

loops connecting the transmembrane alpha helices of both M protein and E protein have also been 

found to withstand HiBiT insertion in West Nile virus SVPs and VLPs (Sasaki et al., 2018).  

Finally, sites in domain I of E protein have been shown to tolerate FLAG epitope insertions without 

affecting fitness in ZIKV (Chambers et al., 2018).  Additional sites in domain III of E protein were 

chosen due to their flexibility as a surface exposed loop or known capacity to bind to neutralizing 

antibodies which indicates possible space for HiBiT insertion (Gromowski et al., 2007, Oliphant 

et al., 2007) (Figure 2.2 B).  To construct the HiBiT-tagged DENV, a full length DENV serotype 

2 strain 16681 was used as a template. 
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Figure 2.2. HiBiT loci position in genome and mature E-M structure. (A) A schematic 

representation of DENV and the sequence of HiBiT and flanking GS linkers within E protein.  Red 

arrows indicate HiBiT insertion sites further described in table 2.1. (B) Structure of DENV E 

protein ectodomain dimer along the 2-fold axis (top) and side view showing transmembrane 

domains (bottom).  E domains I (red), II (yellow), III (blue), and the transmembrane stem and 

anchor (pink). The M protein transmembrane, stem, and loop regions (cyan). Also displayed are 

the tagging locations for HiBiT insertion (green). 

  

A. 

B. 
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Table 2.1 DENV-HiBiT tag locations and construct variation.  Table describing HiBiT tag 

locations with viral protein, protein region, nucleotide in full length genome, preceding amino acid 

within viral protein, and linker orientation specified 

Protein Protein Region Amino Acid Nucleotide Linker Orientation 

C Transmembrane 103 439 None 

    54 907 None, Flanking, N-terminus 

M Transmembrane Loop 55 910 None, Flanking, N-terminus 

    56 913 None, Flanking, N-terminus 

    147 1417 None, Flanking 

  149 1423 None, Flanking 

E DI 150 1426 None, Flanking 

  152 1432 None, Flanking 

    156 1444 None, Flanking 

    296 1861 None, Flanking 

E DIII 328 1954 None 

  361 2053 None 

    383 2119 None, Flanking 

  470 2380 None, Flanking, N-terminus 

E Transmembrane Loop 471 2383 None, Flanking, N-terminus 

    472 2386 None, Flanking, N-terminus 

NS1 β-roll 4 2467 N-terminus 

 β-ladder 349 3502 None 

 

2.4.3 Characterization of recombinant DENV replication and translation competence 

After constructing the recombinant flaviviruses carrying the HiBiT gene, the biological 

characteristics were assessed using a HiBiT screening methodology.  Viral RNA was transfected 

into BHK cells and luminescence was measured at 48 hpe (Figure 2.3).  24-hour timepoints post 

electroporation were initially assessed using the HiBiT assay and 48 hpe was found to yield peak 

signal for a majority of the samples.  All construct variants were subjected to electroporation and 

subsequent HiBiT screening at 48 hpe.  However, the addition of GSSG linkers did not alter the 

signal by more than 0.5 log RLU for each respective sample.  Therefore, the construct containing 

only the HiBiT gene was used for comparison of HiBiT activity between different tag sites.  

Luminescence of WT (lacking HiBiT) transfected cell lysate yielded a value of approximately 104 

RLU which was used as a baseline to compare mutant cell lysate values.  Apart from sites M-54 
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and E-328, all other sites displayed varying levels of HiBiT activity with a maximum value of 

approximately 108 RLU achieved by site E-152.   

The tag site adjacent to the C protein membrane anchor yielded a signal of approximately 

2x106 RLU.  Sites in the E and M protein transmembrane loop, aside from M-54, displayed similar 

signals of approximately 106 RLU.  On average, sites in domain I of E protein displayed the highest 

HiBiT signal with sites near the DENV glycosylation site and fusion loop of the adjacent E 

monomer (E-149, E-150, E-152) yielding a signal at or above 107 RLU.  A luminescent signal 

above that of the WT indicated at least some level of transcription and translation due to HiBiTs 

ability to bind to LgBiT.  According to the manufacturer, luminescent signal is directly 

proportional to HiBiT tagged protein over seven orders of magnitude.  Therefore, deviation from 

the maximum value indicates some modification or inhibition of RNA transcription, translation of 

viral proteins, or accessibility of HiBiT and, thereby, its ability to bind to LgBiT.  Future studies 

will need to be completed in order to determine the exact reason for the variability amongst HiBiT 

tag sites.  However, any HiBiT tag sites displaying HiBiT activity above that of the WT were then 

subjected to a HiBiT infectivity screen. 
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Figure 2.3. Luminescence of electroporated cells at 48 hours. Viral DENV RNA was 

transfected in BHK cells via electroporation and seeded in a 96-well plate format.  At 48 hours 

post electroporation the cells were lysed with the HiBiT lytic reagent and luminescence was 

measured with an integration time of two seconds at 470 nm.  Luminescence is measured in relative 

light units. The Y-axis begins at 104 RLU to account for WT HiBiT activity. Each experiment was 

performed in duplicate. Color scheme analogous to proteins and protein domains denoted in figure 

2.2B with the addition of C protein in purple. Experiments were performed in triplicate. 

2.4.4 Characterization of recombinant DENV infectious particle production 

Following characterization of the recombinant DENV mutants post transfection, 

supernatant from electroporated cells was used for a first passage (P1) infection.  Although the 

supernatant had not been titrated, the goal of this screen was to assess the ability of the virus to 

propagate HiBiT signal.  To do this, 100μl of 48 hpe supernatant was incubated with BHK cells at 

90-100% confluency in a 96-well plate.  Two wells were infected for each sample and, 
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immediately following infection, the first well was lysed with the HiBiT lytic reagent and a 0 hpi 

luminescence value was measured.  After 72 hpi, a second luminescence value was measured and 

compared to the 0 hpi value to determine any deviation from the baseline value.  Again, all 

constructs and construct variants were subjected to the P1 screen, but the addition of linkers made 

little difference in the ability of viruses to produce infectious particles.  Therefore, the construct 

with only the HiBiT tag was used for tag site comparison. 

 Of the 16 tag sites in the structural region, only two sites demonstrated an increase in HiBiT 

activity over 72 hours (Figure 2.4).  Both sites C-103 and M-55 had approximately a log increase 

in HiBiT activity as compared to their 0 hpi timepoints.  All other constructs experienced no 

change or a decrease in signal compared to their 0 hpi timepoints.  Despite extensive washing with 

PBS, both after infection and before collection of cell lysates, some samples, notably E-149 and 

E-150, yielded high 0 hpi HiBiT activity compared to WT.  Those samples with particularly high 

(>105) HiBiT activity at 0 hpi all had a decrease in signal with E-150 showing a nearly two log 

decrease.  All samples were titrated via plaque assay but only C-103 and M-55 indicated infectious 

particles that maintained HiBiT were being produced. 
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Figure 2.4. Luminescence of infected cells at 72 hours post infection. BHK cells were seeded 

in a 96-well format and infected with 100 μl of virus supernatant from 48 hours post 

electroporation (see Figure 2.3) when the cells reached 90% confluency.  The plates were washed 

extensively with pbs after rocking with virus inoculum for 2 hours. For “0hpi” samples, the 

samples were lysed immediately after PBS washing with the HiBiT lytic reagent.  For “72hpi”, 

the infection proceeded for 72 hours before the samples were lysed and luminescence measured 

with a two second integration time at 470nm. Experiments were performed in triplicate. 

To investigate the viral titer and growth kinetics of the mutant viruses, plaque assays and 

infections in BHK cells were performed.  The supernatant of transfected virus was collected at 24-

hour timepoints post electroporation and titrated.  Although C-103 and M-55 both demonstrated 

slower growth kinetics, the viruses eventually reached their peak titer at 96 hpe at 6.1x103 PFU/ml 

and 1.8x103 PFU/ml respectively (Figure 2.5).  All other titrated viruses displayed no visible 

plaques. 
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Figure 2.5 Infectious titer of recombinant clones following electroporation.  BHK cells were 

transfected with WT, C-103, and M-55 vRNA and seeded in a 6-well format.  Supernatant was 

collected at 24-hour intervals and infectious titer was assessed via plaque assay. Experiments were 

performed in triplicate. 

After initial titration of transfected cell supernatants was performed, naïve BHK cells were 

infected with C-103, M-55, and WT DENV at an MOI of 0.01 and the infection progressed for up 

to 8 days.  Viruses containing HiBiT inserted at site C-103 were stable over three cycles of 

infection and maintained its initial peak titer of approximately 7x103 PFU/ml after serial passaging 

(Figure 2.6).  This titer represents a two log decrease as compared to WT DENV.  Despite 

infectious titer stability, HiBiT activity was assessed at 120 hpi and was shown to be variable 

compared to the initial, P0 HiBiT assessment.  Following the same infection procedure, M-55 

seemed to yield WT titer after first round infection.  Upon performing the HiBiT assay with 

supernatant from infected cells, an initial increase in HiBiT activity up to 72 hpi is followed by a 

steady decline down to WT levels (Figure 2.7). 
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Figure 2.6 Infectious titer and HiBiT activity of C-103. (A) BHK cells were infected with WT 

and C-103 recombinant virus at an MOI of 0.01 in both a 6-well and 96-well format. Supernatant 

was collected at 24-hour intervals, cells were washed with PBS, and fresh media was added to 

each well.  Infectious titer was assessed by plaque assay of the supernatant collected from the 6-

well plate and HiBiT assay was performed with the lysate from the 96-well plate. (B) Supernatants 

collected from the previous passage were used to infect naïve BHK cells and the above procedures 

were repeated. Depicted are the titers and HiBiT activity at 96 hpe for P0 and 120 hpi for P1-P3 

(peak titer). 

A. 

B. 
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Figure 2.7 Infectious titer and HiBiT activity of M-55.  BHK cells were infected with WT and 

M-55 recombinant virus at an MOI of 0.01 in both a 6-well and 96-well format. Supernatant was 

collected at 24-hour intervals, cells were washed with PBS, and fresh media was added to each 

well.  Infectious titer was assessed by plaque assay of the supernatant collected from the 6-well 

plate and HiBiT assay was performed with the lysate from the 96-well plate.  Infection proceeded 

for eight days. 

2.4.5 C-103 HiBiT signal is associated with the DENV particle 

The results from the growth curve of C-103 recombinant virus seem to suggest that the 

particle is retaining the tag and is stable throughout serial passaging.  However, previous findings 

suggest that the α5 helix of C protein, the site of HiBiT tagging for this virus, is cleaved and 

retained in the ER.  In order to investigate this, supernatant from electroporated cells was collected 

at 24-hour timepoints and purified using ultracentrifugation and a 24% sucrose cushion.  Following 

purification, the resulting product was added to a potassium tartrate-glycerol gradient which 

consisted of 6 different densities (10-35%).  After ultracentrifugation, the fractions corresponding 

to different densities were extracted and HiBiT assays were performed in parallel with plaque 



 

 

47 

assays for each fraction (Figure 2.8).  Peak HiBiT activity was found to occur mainly at the 

fractions corresponding to 15 and 20% (9-15).  Previous research has found that the DENV particle 

localizes within the 20% fraction (Yu et al., 2009).  Infectious titer for each fraction was assessed 

and the peak HiBiT signal was found to associate with infectious particles.  Fraction 11, which 

correlates to the 20% density, yielded the highest titer with approximately 1.2x103 PFU/ml and 

HiBiT signal of 2.0x105 RLU.  Fractions 10 and 12, also correlating to the 20% density, were 

found to have slightly lower titers than fraction 11 and, subsequently, a lower HiBiT signal.  

Fractions 13 and 14, corresponding to the 15% density, also yielded infectious particles but 

maintained a similar HiBiT activity as compared to fraction 11.  Fraction 15 and 16 demonstrated 

relatively high luminescent signal but were not found to contain infectious particles. 

 

Figure 2.8 HiBiT activity and infectious titer for each fraction following density gradient 

fractionation.  Supernatant from cells transfected with C-103 vRNA was collected at various 

timepoints and purified using a 24% sucrose cushion and ultracentrifugation.  Purified supernatant 

was then added to a potassium-tartrate, glycerol gradient and spun for 32,000 RPM for two hours.  

500µL fractions were extracted from bottom to top and each fraction was assessed for HiBiT 

activity (line) and infectious titer (column) via HiBiT and plaque assay respectively. 
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2.4.6 Composition of insert within E protein is critical for infectious particle production  

The HiBiT assay performed at 48 hpe displayed a wide range of HiBiT activity amongst 

tag sites.  However, the sites within domain I of E protein, on average, yielded a much higher 

signal compared to the rest (Figure 2.3).  Despite the high HiBiT activity following transfection, 

upon using the 48 hpe supernatant to infect naïve BHK cells, the EDI recombinant mutants were 

unable to make infectious particles.  In order to investigate the discrepancy between high HiBiT 

activity following transfection and an inability to propagate HiBiT to new cells, different epitope 

tags were inserted in tag site E-149, a representative of the EDI tag sites.  Site E-149 had previously 

been shown to tolerate FLAG epitope insertions, aa sequence: DYKDDDDK, with little to no 

effect on infectious titer in ZIKV (Chambers et al., 2018).  Additionally, SmBiT (Promega) aa 

sequence: VTGYRLFEEIL, an alternative to HiBiT, shares a similar size compared to FLAG and 

HiBiT but has a different amino acid composition.  These two tags were engineered into site E-

149 with the hope of rescuing infectivity.  The recombinant clones were then transfected, and the 

resulting supernatant was titrated (Figure 2.9). 
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Figure 2.9 Infectious titer of recombinant virus containing FLAG and SmBiT epitopes.  BHK 

cells were transfected with WT, E-149 FLAG, and E-149 SmBiT vRNA and seeded in a 6-well 

format.  Supernatants were collected at 24-hour intervals and infectious titer was assessed via 

plaque assay.  Experiments were performed, with biological replicates, in triplicate. 

 

 Supernatant and lysis were collected at 24-hour timepoints post electroporation and FLAG 

expression was confirmed through western blotting using anti-FLAG antibodies.  The HiBiT assay 

was also performed with the E-149 SmBiT clone and HiBiT activity was found to be 

approximately 7x105 RLU at 72 hpe, confirming SmBiT expression.  Both the FLAG and SmBiT 

insertions were able to rescue infectivity, with the E-149 FLAG mutant demonstrating a peak viral 

titer of 4.4x104 PFU/ml at 72 hpe and SmBiT with a titer of 3.3x103 PFU/ml at 72 hpe.  Despite 

FLAG and SmBiT displaying an approximate one and two log decrease in infectious titer 

respectively, the ability to rescue any infectious titer by replacing HiBiT demonstrates that 

composition, and not necessarily size, of the tag is crucial for infectious particle production. 
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2.5 Discussion 

In order for a HiBiT-tagged DENV to be used as a reagent for future studies, the 

recombinant virus must behave as closely to WT as possible.  This includes near identical titer, 

growth kinetics, and plaque morphology.  Before choosing sites in the structural proteins of DENV 

to achieve the aforementioned objectives, two sites that had previously been described to tolerate 

HiBiT insertion with minimal loss in infectivity were constructed and characterized.  Sites NS1-4 

and NS1-349 had been characterized in DENV serotype 4 and JEV respectively (Tamara et al., 

2018, Tamara et al., 2019).  After constructing and characterizing the recombinant virus, the HiBiT 

tag sites were found to maintain infectivity and emit luminescence.  However, the clones did not 

achieve an infectious titer within one log of WT DENV2 and, therefore, could not be used as a 

positive control to compare against HiBiT tag sites in the structural region (Figure 2.1).  Only the 

construct variants described in the published studies were attempted; but recent studies, and results 

within this study, indicate that insert composition may be critical for the maintenance of WT virus 

replication competency and infectivity (Eyre et al., 2017).  Eyre et al., also demonstrated that tags 

within NS1 impaired virus replication efficiency which may have contributed to the deficiency in 

viral titer.  Following the characterization of sites in NS1, using previous studies and the structure 

of the virion as a guide, sites were chosen in the structural proteins (C, M, and E) that were believed 

to be able to tolerate HiBiT insertion.   

The structural proteins of flaviviruses play many important roles in flavivirus infection and 

pathogenesis (Apte-Sengupta et al., 2014).  Therefore, choosing sites to tolerate HiBiT insertion 

without inhibiting WT replication and infectivity proved to be a serious challenge.  Sites were 

chosen that avoided the β-sheet and α-helices of E and M, which are common structural elements 

of many different proteins and typically possess a wide range of functional or stabilization roles 

(Richardson, 1981).  Furthermore, previous studies have shown the ability of SVPs, VLPs, and 

full-length flaviviruses to tolerate insertions anywhere from a few amino acids in length to full size 

fluorescent proteins (Evans et al., 2018, Eyre et al., 2017, Sasaki et al., 2018, Tamara et al., 2018, 

Tamara et al., 2019).  The sixteen sites chosen were constructed with varying construct 

modifications like GS linkers on one or both termini that have been shown to increase flexibility 

and stability of tagged viruses (Chen et al., 2013).  The initial HiBiT screen was performed to 

assess replication and translation competency and, as expected, the constructs showed a wide range 

of HiBiT activity (Figure 2.3).  Aside from sites M-54 and E-328, all other sites displayed HiBiT 
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activity above that of WT with sites E-149 and E-152 displaying the highest activity.  The variation 

in HiBiT signal could be due to a number of factors including replication deficiency, improper 

folding, or general accessibility of the tag.  Although the cells were lysed prior to incubation with 

LgBiT, aggregation of proteins and location of HiBiT within the tagged protein could have affected 

the binding capacity of HiBiT to LgBiT (Dixon et al., 2016).  Despite some clones showing little 

activity post electroporation, all recombinant clones were subjected to an infectivity screen. 

Only tag sites M-55 and C-103 were capable of infecting a fresh batch of BHK cells and 

propagating HiBiT signal, both exhibiting an approximate two log decrease in peak infectious titer 

compared to WT (Figure 2.4, 2.5).  All other sites that displayed replication and translation 

competency had a decrease in HiBiT signal over time in the infectivity screen, suggesting the virus 

may be defective in assembly, maturation, or fusion.  Further studies must be done to assess the 

exact reason for the loss of infectivity.  That being said, epitope insertions in E-149 seem to suggest 

that the composition of the tag contributes to infectious particle production, at least within domain 

I of E protein.  The sites within EDI are near the fusion loop of the adjacent E monomer (Chambers 

et al., 2017).  The structure of HiBiT and SmBiT is not yet known but FLAG has little to no 

structure. FLAG tag was able to be inserted in site E-149 and produce infectious particles with 

little decrease in infectious titer compared to WT (Figure 2.9).  A possible explanation as to why 

HiBiT is unable to be inserted in the EDI region, while FLAG and SmBiT are, could be that the 

structure of the inserted reporter tag occludes the fusion loop, thus preventing fusion.  Another 

possible explanation as to why SmBiT and FLAG insertion was able to rescue infectious particle 

production is the importance of negative residues in this particular region of the E/M dimer.  FLAG 

is highly charged and seems to have little effect on DENV replication, folding, assembly, and 

fusion (Kimple et al., 2013).  Regardless of the reason for inhibition of infectivity for some clones, 

the two tag sites that exhibited particle production were further characterized to assess stability 

and growth kinetics. 

 Tag site C-103 demonstrated stable titer but varied HiBiT activity across three infections.  

What’s interesting about this tag site, and the resulting possibilities regarding its use as a reagent 

to study DENV, is its position within the C protein signal peptide.  The DENV polyprotein is 

cleaved at the COOH terminus of C protein and the viral proteases that catalyze this cleavage are 

recruited to the site through a signal peptide (Stocks et al., 1998).  Capsid consists of an N-terminal, 

positively charged loop followed by five α-helices with helix α-5 being the signal peptide directing 
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the translocation of prM through the ER.  All previous structures of flavivirus capsid seem to 

indicate C protein exists in its signalase cleaved form, N-terminus to the end of helix α-4, within 

the particle (Ma et al., 2004).  However, a recent study suggests, through structural and MALDI-

TOF analysis, that flaviviruses may retain helix α-5 in assembled virions (Tan et al., 2020).  

Furthermore, the helix may serve an important role in assembly by facilitating interactions 

amongst capsid dimers.  Tan et al. also found that assembled flavivirus particles exist as a 

heterogeneous population with both C proteins that retain the α-5 helix and those that do not.   

Although a stable infectious titer was observed in this study, the HiBiT activity varied 

depending on the passage (Figure 2.6B).   If HiBiT is truly directly correlative to the amount of 

tagged proteins present within the cell lysis, it is expected that the observed HiBiT activity would 

also be stable throughout serial passaging, assuming a stable amount of tagged protein.  The results 

in this study seem to support the notion of a heterogeneous population of both cleaved and partially 

cleaved C protein amongst flavivirus particles.  This notion is further supported by peak HiBiT 

signal associating with infectious titer following density gradient centrifugation (Figure 2.8).  

Although there is detectable signal in fractions without infectious titer, this could be due to a 

number of factors including noninfectious particles including the helix α5, difference in matrix 

affecting luminescent detection, or inefficient fraction extraction.  However, if HiBiT is directly 

associated with infectious particles, then helix α5 must be retained in at least a fraction of the virus 

population.  The difference in HiBiT signal across generations may be attributed to a possible 

degradation of cleaved signal peptides and a retention of helix α5 in the ER as well as uncleaved 

C protein incorporated in the virus particle.  A slightly inhibited titer when tagging helix α5 of C 

protein with HiBiT can also be explained due to possible inhibition of its role in virus assembly or 

partial inhibition of NS2B/NS3 cleavage.  The retention of HiBiT in site C-103 suggests that the 

structure and composition of HiBiT does not irreparably alter the interactions facilitated by helix 

α5, or, that the remaining population of cleaved C protein is enough to compensate for the 

interactions HiBiT may disrupt.  Regardless, a HiBiT-tagged C protein signal peptide provides a 

useful tool to study maturation and assembly as well as tracking the presence and absence of helix 

α5 throughout the flavivirus life cycle. 

Upon serial passaging recombinant M-55 virus, WT titer was rescued and HiBiT activity 

returned to WT levels over the course of the first passage.  There are a few explanations for this.  

First, the virus could have reverted to its WT composition, likely beginning at 72 hpi which is 
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where the drop in HiBiT activity is first characterized (Figure 2.7).  The reversion would most 

likely be the excision of the entire tag but could also be a partial excision that resulted in the 

prevention of HiBiT-LgBiT binding (Dixon et al., 2016).  Another explanation could be that a 

mixed population of both WT and recombinant RNA, because of incomplete digestion of WT 

DNA during cloning, was transfected into BHK cells and, due to some sort of inhibition of the 

virus because of HiBiT insertion, the WT virus outcompeted the recombinant virus during 

infection.  The first scenario indicates that the recombinant virus is unstable and, therefore, cannot 

be used as a tool to further study DENV.  The second scenario could potentially be addressed by 

purifying M-55 recombinant virus and repeating infection.  This would ensure a homogenous virus 

population and could help identify the exact reason for a loss of HiBiT signal.  After determining 

the cause of the decreased HiBiT signal, additional serial-passaging and luminescence analysis 

should be completed to evaluate the usefulness of the M-55 tagged virus as a reporter. 

The establishment of a flavivirus that emits a quantifiable luminescence would be 

particularly helpful in the quantification of virus production and could be used for a wide array of 

studies including those investigating replication, entry, and protein interactions (Schwinn et al., 

2017).  After construction and characterization of 16 individual sites with varying insert 

compositions, sites M-55 and C-103 maintained infectivity and could prove useful as tools to 

further examine different aspects of the flavivirus life cycle.  These findings serve as a foundation 

for further studies, of both RNA and DNA virus families, that wish to engineer recombinant viruses.  

Developing novel assays that utilize the latest biological advances like HiBiT is of the utmost 

importance for the discovery and advancement of possible therapeutics. 
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 GENERATION AND CHARACTERIZATION OF 

REPORTER HEPACIVIRUSES 

3.1 Chapter Summary 

In the previous chapter, HiBiT was incorporated into the structural proteins of DENV.  The 

resulting viruses were characterized in order to assess replication, translation of viral proteins, 

infectivity, tag stability, and the tolerance of various other epitope tags.  In this chapter, the lessons 

learned from the DENV model system were applied to Hepatitis C virus, another member of family 

Flaviviridae.  HiBiT and other small tags were engineered within core and E2 and the resulting 

viruses were characterized.  Various insert compositions within the N-terminus of E2 produced 

infectious, luminescent virus with the construct consisting of FLAG and HiBiT displaying similar 

peak titer as compared to WT while emitting far greater luminescence that seems to directly 

correlate to infectious particles.  Furthermore, the FLAG and HiBiT tagged virus was capable of 

being purified using immunoprecipitation with anti-FLAG antibodies suggesting the tag is 

partially surface exposed.  This multi-tagged, reporter HCV is a powerful reagent enabling 

quantification and purification in a more efficient and efficacious manner than the currently 

utilized techniques. 

3.2 Introduction 

Hepatitis C virus (HCV) is an important human pathogen that has infected over 170 million 

people worldwide (WHO, 2019).  The virus attacks the liver and typically manifests in a chronic 

infection which can lead to cirrhosis and hepatocellular carcinoma.  Despite the seriousness of 

chronic infection, a majority of individuals can be cured using antiviral medication that targets 

virus-specific proteases and other viral targets.  However, a treatment regimen involving a 

combinatorial approach can cost upwards of $80,000 and still may not address the emergence of 

resistant variants.  Additionally, the lack of any prophylactic vaccine, severe side effects of existing 

treatments, and low response rates in cirrhotic patients all emphasize the need for new and more 

efficacious HCV therapeutics (Delang et al., 2013).  

HCV is the sole member of the hepacivirus genus, family Flaviviridae, and is a positive-

sense single stranded RNA virus that encodes 3 structural proteins (core, envelope-1 (E1), and 
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envelope-2 (E2)) and 7 nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B).  

The HCV particle is comprised of a nucleocapsid core containing the viral genome and is 

enveloped by E1E2 heterodimers.  Unlike many viruses in family Flaviviridae, the structure of 

infectious HCV is likely highly irregular because it is believed that the virus circulates as a 

heterogeneous lipoviral particle (LVP) (Bartenschlager et al., 2011).  HCV particles have been 

shown to incorporate apolipoprotein E (apoE) which is known to participate in attachment and 

entry as well as alter the infectivity of HCV (Gong et al., 2019).  The association of HCV with 

host lipoproteins may explain the low buoyant density for highly infectious material and the broad 

range of observed densities of HCV particles (1.03 to 1.25g/mL) (Catanese et al., 2013).  Due to 

the highly pleiomorphic nature of the virus, and difficulty producing virus in cell culture, the 

quantification and purification of HCV remains problematic.   

Despite recent advances in the production and study of HCV, there is currently no crystal 

structure of HCV glycoproteins or a three-dimensional reconstruction of the virion.  Classical 

methods that have previously yielded sufficient quantities of intact Flaviviridae virus particles for 

imaging, have thus far proven inadequate for HCV (Catanese et al., 2013, Mukhopadhyay et al., 

2003, Sirohi et al., 2016).  Therefore, finding ways to acquire enough HCV particles for cryo-

electron microscopy (cryo-EM), while saving time and resources, is of the utmost importance.  

One such way to aide in the quantification and subsequent purification of HCV particles is to create 

multi-tagged constructs that facilitate luminescent detection in tandem with well-established 

purification methods.  However, there are several barriers that must be overcome in order to 

construct a viable, tagged HCV.  For example, the relatively large size of conventional reporter 

proteins like green fluorescent protein, Renilla luciferase, or Firefly luciferase can alter the 

replication or infectivity of wild type virus by causing misfolding, altering dynamics, etc.  

In order to overcome these issues, Promega has recently developed a split-luciferase system 

(HiBiT Protein Tagging System) involving a 1kDa protein (HiBiT) attached to a protein of interest 

that binds to a 156 amino acid, 17.6 kDa protein (LgBiT) with an affinity of  0.7 nM. After binding, 

the complex emits a sensitive and specific, glow-type luminescence.  Thus far, researchers have 

been able to incorporate the HiBiT gene into NS2 of HCV with less than a half log decrease in 

focus forming units (FFU) (Tamura et al., 2018).  Previous studies have also demonstrated HCV 

can tolerate small affinity tags like 6xHistidine (HIS), FLAG, and Streptavidin (Strep) (Catanese 

et al., 2013, Prentoe et al., 2011).  The insertion of larger tags has been attempted in E2 of HCV 
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with moderate success, likely due to the conformational flexibility demonstrated by the protein 

(Kong et al., 2016).  E2 is the receptor-binding protein of HCV and a common target for broadly 

neutralizing antibodies that has been shown, via structural studies, to exist in several different 

orientations when in complex with various fabs (Vasiliauskaite et al., 2017).  These findings, along 

with existing E2-tagged constructs, support the viability of engineering HiBiT in this protein.   

By incorporating both HiBiT and various purification proteins in the structural region of 

HCV (core, E1, E2), researchers would be able to detect and quantify HCV production via HiBiT 

and subsequently purify virus particles via HIS, FLAG, or Strep affinity chromatography or 

immunoprecipitation.  Obtaining a sufficient quantity of structurally sound HCV particles has 

proven to be extremely difficult and any tools that aid in this aim could be very useful.  In addition 

to structural studies, a reporter system for HCV is a powerful tool that can foster a better 

understanding of the viral life cycle and pathogenesis as well as assist in the development of new 

and more effective therapeutics. 

3.3 Materials and Methods 

3.3.1 Cell culture 

Human hepatic (HuH-7.5) cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) with 5% CO2 at 37ºC. 

3.3.2 Site directed mutagenesis  

The recombinant constructs were created using site directed mutagenesis performed on full 

length, tagged HCV cDNA (J6/JFH1 strain) following a modified Phusion polymerase protocol 

(New England Biolabs, NEB).  The cDNA was provided by the laboratory of Charles Rice at 

Rockefeller University and is a tagged clone 2 derivative encoding a duplication of amino acids 

384 and 385 of the HCV polyprotein of J6, a 6x histidine repeat (HIS), and a One-STrep tag (OST) 

(Catanese et al., 2013).  Core, E1, E2, p7, and NS2 are J6 strain derived and the remaining 

nonstructural proteins are JFH1 derived.  Complementary, overlapping primers were designed 

using NEBuilder software and used for insertions and substitutions.  Following the polymerase 

chain reaction (PCR), products were digested using DpnI (NEB), phosphorylated using T4 

polynucleotide kinase (NEB), and ligated using T4 DNA ligase (NEB).  Mutants were transformed 
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into DH5α cells and plasmid DNA was extracted and checked via restriction digestion, then 

subsequently sequenced through either Genewiz or the Low Throughput Purdue Genomics Core 

Facility.   

3.3.3 In vitro transcription and transfection of vRNA 

Plasmid clones were linearized using XbaI enzyme and in vitro transcribed using T7 RNA 

polymerase (NEB) at 37ºC for 1.5 hours and run on a 0.8% agarose gel to confirm RNA product 

size and quality.  Transfection into Huh7.5 cells was performed using lipofectamine 3000 (L3000) 

and the protocol provided by the manufacturer (Thermo Fisher).  For transfection in a 6-well plate, 

2.5 micrograms of RNA for both WT and mutants were mixed in an OptiMEM (OM) solution and 

added to another OM solution containing L3000 at a 1:2 ratio of RNA to L3000.  The mix of RNA 

and L3000 was added to each respective well, incubated for four hours at 37ºC, and the media was 

replaced with DMEM supplemented with 5% FBS.  Virus supernatant and lysate was harvested at 

24-hour timepoints up to 120 hours post transfection (hpt) and stored at -80ºC. 

3.3.4 HiBiT assay 

HiBiT activity was assessed using the HiBiT lytic detection kit and protocol provided by 

the manufacturer (Promega).  Luminescence was measured with an integration time of two seconds 

at 470 nm in white polystyrene non-binding 96-well plates (Corning).   

3.3.5 Focus unit identification assay 

Approximately 10,000 Huh 7.5 cells were plated into a 96-well plate 48 hours prior to 

infection.  20μl of viral supernatant was suspended in 180μl DMEM supplemented with 5% FBS 

and 6, 10-fold dilutions were used for infection.  Immediately after adding supernatant to the wells, 

plates were incubated at 37ºC for 48 hours.  The cells were then fixed with chilled methanol for 

20 minutes at -20ºC.  Wells were then washed with PBS and a 3% solution of H2O2 was added to 

each well.  After again washing with PBS, wells were blocked with bovine serum albumin (BSA) 

for one hour.  Following blocking, fixed cells were probed with an anti-NS5 antibody (Rice Lab) 

at a dilution of 1:2000 and rocked overnight at 4ºC.  Goat anti-Mouse conjugated HRP (Abcam) 

was added to each well at a dilution of 1:500 and rocked at room temperature for 1 hour.  Each 
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well was extensively washed with PBS and 60μl of TrueBlue substrate (SeraCare) was added to 

each well. 

3.3.6 Immunofluorescence assay 

Huh 7.5 cells were plated into a 24-well plate approximately 24 hours prior to infection.  

Transfected cell supernatant (500μl) collected at the appropriate timepoints was added to the wells, 

rocked for two hours at room temperature, and each well’s media was replaced with fresh DMEM 

supplemented with 2% FBS.  The infection proceeded for 48 hours at 37ºC.  The cells were then 

fixed with chilled methanol for 20 minutes at -20ºC.  Wells were then washed with PBS and 

blocked with BSA for one hour.  Following blocking, fixed cells were probed with an anti-NS5 

antibody (provided by the laboratory of Charles Rice at Rockefeller University) at a dilution of 

1:2000 and rocked overnight at 4ºC.  FITC secondary antibody (Abcam) was then added at a 

dilution of 1:500 and rocked at room temperature for 1 hour.  Nuclei were counterstained with 

propidium iodide and cells were visualized using fluorescent microscopy. 

3.3.7 SDS-PAGE and western blot 

Transfected or infected cell supernatant and lysate were collected at 24-hour time points.  

Cells were lysed through the addition of 250μl of RIPA buffer.  SDS-PAGE was performed using 

a 10% acrylamide gel with or without heating samples for 5 minutes at 95ºC depending on the 

protein being visualized.  Additionally, samples were mixed with loading dye and BME depending 

on whether reducing conditions were necessary.  The nitrocellulose membrane was probed with 

anti-FLAG or anti-NS5 antibodies.  Secondary antibodies with infrared-labels (680-800nm) were 

added to the membrane and visualization was done utilizing an Odyssey infrared imager (Li-COR). 

3.3.8 FLAG affinity purification 

Immunoprecipitation was performed using the FLAG immunoprecipitation kit (Sigma-

Aldrich).  Transfected cell supernatant from the 96 hpt timepoint was filtered using a 100kDa filter 

and one ml was used for downstream procedures.  50μl of Anti-FLAG M2-Agarose Affinity Gel 

was thoroughly washed with 1x wash buffer and once with elution buffer.  Sample was added to 

the affinity beads and rotated at 4 ºC overnight.  Sample was then thoroughly washed and 
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resuspended in FLAG peptide at a concentration of 150μg/ml.  100μl of initial sample, flow 

through, and each respective wash following flow through were saved and used for HiBiT assay 

analysis. 

3.4 Results 

3.4.1 Determination of insert loci and construct variation 

Due to no available structure of the reconstructed HCV particle, prior research was 

analyzed to determine additional locations for HiBiT insertion within the N-terminal E2 site.  

Previous studies were also reviewed for possible sites within core protein. Researchers have been 

able to engineer the tetracysteine (TC) tag, an epitope typically used for fluorescent labeling, 

within the N-terminus of core protein with only approximately a log decrease in infectious titer 

(Coller et al., 2012).  TC is six amino acids which is comparable to HiBiT in size.  Additionally, 

engineering HiBiT within the core of HCV would enable researchers to differentiate HCV 

infectious particles from subviral particles (SVPs).  Although such a tool would be very useful, 

the tag would not be surface exposed and, therefore, would not be useful for purification purposes.  

E2 of HCV has been extensively studied and shown to be very flexible which indicates the 

possibility of incorporating the HiBiT epitope in this protein with little influence on fitness. 

E2 is the receptor binding protein of HCV and a common target for neutralizing antibodies.  

Multiple conformations when bound to Fabs have been observed, suggesting the flexibility 

necessary for tagging (Strӧh et al., 2018).  Researchers have also incorporated several different 

tags of varying size into the N-terminus of E2 including OST, FLAG, and HIS, among others 

(Catanese at el., 2013, Prentoe et al., 2011).  Three variations of the OST-tagged plasmid, provided 

by the Rice lab, were constructed that each contained a repeat of amino acids (aa) 384-385 to 

conserve cleavage.  One construct contained only HiBiT because incorporating tags of a similar 

size compared to HiBiT, like FLAG, have had little to no impact on fitness.  The other construct 

consisted of both FLAG and HiBiT in order to potentially serve both quantification and 

purification purposes.  Finally, the OST plasmid was modified to contain a HIS tag, the HiBiT 

gene, and one StrepII tag with appropriate spacers.  Since the OST recombinant virus had been 

shown to only decrease viral titer by one log, this construct was created in order to maintain a 

similar size as compared to the OST insert while adding quantification capacity through the use of 
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HiBiT (Catanese et al., 2013).  Although the OST tag has been shown to enhance affinity to 

streptavidin beads as compared to a single StrepII tag, conserving size of the insert was deemed 

more important than a possible increase in affinity (Catanese et al., 2013).  Each of the four 

constructs, in addition to a WT construct consisting of a deletion of the OST and repeated aa, were 

engineered using the previously described SDM methodology and characterized alongside the 

OST virus (Figure 3.1, Table 3.1). 

   

Figure 3.1 Insert loci and composition within HCV genome.  A schematic representation of 

HCV and the location of engineered inserts.  Red arrows indicate tag insertion sites and 

composition of the inserts are described above the schematic for the core site while the N-terminal 

E2 site is described below the schematic.  The amino acids in bold represent the cleavage site for 

E1/E2 with gray font representing the wild type amino acids which were repeated in the construct 

in order to ensure proper cleavage. 

 

Table 3.1 HCV-HiBiT tag locations and construct variation.  Table describing tag locations 

with viral protein, protein region, preceding amino acid within viral protein, nucleotide in full 

length genome, and tag composition specified. 

Protein Protein 

Region 

Amino Acid 

in Protein 

Nucleotide 

in Genome 

Tag Composition 

Core N-terminus 3 439 HiBiT   
2 1495 6xHIS-AG-StrepII-2(GGGS)GGG-

StrepII-GA-RT 

E2 N-Terminus 2 1495 6xHIS-HiBiT-SA-StrepII-GA-RT   
2 1495 FLAG-HiBiT-RT   
2 1495 HiBiT-RT 

 

3.4.2 Initial characterization of recombinant HCV replication and translation 

After constructing cDNA clones of each construct, the plasmids were in vitro transcribed 

and transfected into Huh 7.5 cells.  The supernatants of transfected cells were collected at 24-hour 
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timepoints and a HiBiT assay was performed on each respective clone.  HiBiT activity from 24 to 

96 hpt revealed that the HiBiT-Core recombinant virus had little to no replication with only a slight 

growth in activity from 24 to 48 hpt, peaking at a signal of 3x103 RLU.  All other tagged virus 

demonstrated a significant increase in HiBiT activity as compared to WT (Figure 3.2).  Notably, 

the FLAG-HiBiT-E2 virus emitted the highest HiBiT signal with a peak value of 1x108 RLU at 96 

hpt.  Both HIS-HiBiT-Strep-E2 and HiBiT-E2 displayed similar replication kinetics and peaked 

slightly above 106 RLU.  In order to initially assess infectivity, transfected cell supernatants were 

used to infect naïve Huh 7.5 cells for immunofluorescence assay (IFA). 

 
Figure 3.2 Luminescence of transfected cells at 24 to 96 hours post transfection. Viral HCV 

RNA was transfected in Huh 7.5 cells via L3000 and seeded in a 6-well plate format.  At 24-hour 

timepoints post transfection, 100μl of the supernatant was lysed with the HiBiT lytic reagent and 

luminescence was measured with an integration time of two seconds at 470 nm.  The remaining 

supernatant was collected and stored at -80ºC.  Luminescence is measured in relative light units. 
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3.4.3 Characterization of recombinant HCV infectivity 

The HiBiT activity post transfection revealed that the peak titer would likely occur at 96 

hpt (Figure 3.2) and, therefore, 500μl of the 96 hpt supernatant for each clone was used to infect 

one well of a 24-well plate seeded 24 hours prior to infection.  The infection proceeded for 48 

hours after which the cells were fixed, probed with anti-NS5 antibodies, FITC secondary 

antibodies, and counterstained with PI (Performed by Devika Sirohi).  As anticipated, the HiBiT-

Core virus appeared to produce no infectious particles.  All other recombinant viruses were capable 

of first round infection as demonstrated by the overlay of FITC and PI signal.  The OST-E2, 

FLAG-HiBiT-E2, and HiBiT-E2, all appeared to demonstrate similar infectivity with nearly all of 

the cells in the visual field infected (Figure 3.3).  In order to more quantitatively assess infectious 

titer, all samples were processed using HiBiT and FFU assay of 96 hpt supernatant. 
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Figure 3.3 Infectivity of recombinant virus assessed by immunofluorescence. Huh7.5 cells 

were seeded in a 24-well plate and incubated until 90-100% confluency was reached.  500 μl of 

supernatant collected at 96 hpt was added to each respective well and the plate was rocked for 2 

hours at room temperature.  Infection proceeded for 48 hours at which point the plates were fixed 

with methanol, blocked with BSA, and probed with anti-NS5 antibodies, FITC secondary 

antibodies, and counterstained with PI.  (A) mock, (B) OST-E2, (C) HIS-HiBiT-StrepII-E2, (D) 

FLAG-HiBiT-E2, (E) HiBiT-E2, (F) HiBiT-Core. 
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 The transfected cell supernatant collected at the 96 hpt timepoint was further assessed with 

HiBiT assay and 6, 10-fold serial dilutions were used to infect naïve Huh 7.5 cells for FFU.  The 

FLAG-HiBiT-E2 virus yielded the highest titer of the recombinant viruses with approximately 

8.3x105 FFU/ml which corresponded to a HiBiT value of 8.03x107 RLU (Figure 3.4).  This 

compares to a WT titer of 1.3x106 FFU/ml and a HiBiT value of 3.1x102 RLU.  The construct 

provided by the Rice lab yielded virus with a peak titer slightly lower than the FLAG-HiBiT-E2 

at 3.3x105 FFU/ml and HiBiT value similar to that of WT infected cells.  As expected, the HiBiT-

Core construct produced no infectious particles but still produced a HiBiT value above that of WT 

at 103 RLU, which may simply be a remnant of initial transfected RNA and resulting translation.  

HIS-HiBiT-Strep-E2 and HiBiT-E2 demonstrated a titer approximately three and two logs lower 

than that of WT and produced HiBiT activity values corresponding to their titer at 1.2x106 and 

7.3x106 respectively.  Following initial titration of the recombinant viruses, the FLAG-HiBiT-E2 

and OST-E2 were chosen for further characterization and the growth kinetics of each virus were 

assessed.   
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Figure 3.4 Peak titer and HiBiT activity for recombinant HCV. Viral HCV RNA was 

transfected in Huh 7.5 cells via L3000 and seeded in a 6-well plate format.  At 96 hours post 

transfection, 100μl of the supernatant was lysed with the HiBiT lytic reagent and luminescence 

was measured with an integration time of two seconds at 470 nm (Right).  Infectious titer of the 

supernatant was then assessed via FFU assay (Left). 

3.4.4 FLAG Immunoprecipitation 

Following the characterization of the FLAG-HiBiT-E2 virus infectivity and growth pattern, 

the virus was subjected to immunoprecipitation with antibodies targeting the FLAG peptide.  

Transfected cell supernatant collected at the 96 hpt timepoint was spun down and purified using a 

100 kDa filter.  Purified supernatant was incubated with beads coated in anti-FLAG antibodies and 

eluted in a solution containing FLAG peptide.  The HiBiT activity was assessed for the input, flow 

through, each wash following flow through, and the final elution.  Total RLU per volume assessed 

was calculated and compared to the input as a percentage.  According to the HiBiT data analyzed, 

FLAG immunoprecipitation with FLAG-HiBiT-E2 results in 25.97% of the total input RLU being 

detected in the final elution (Figure 3.5).  Flow through accounted for another 25.5% of the total 

input RLU with each following wash resulting in smaller percentages of total RLU.  Each sample 

was diluted in wash buffer at a 1:10 ratio to ensure the media did not interfere with HiBiT signal. 
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Figure 3.5 FLAG immunoprecipitation with efficiency determined by HiBiT activity.  100 

kDa filter-purified infected cell supernatant was immunoprecipitated using the Anti-FLAG M2 

affinity kit.  Approximately 100μl of sample from each step was stored for HiBiT assay.  10μl of 

each sample was suspended in 90μl of wash buffer and HiBiT activity was assessed.  Using the 

HiBiT signal from the 10μL sample, total RLU per volume of total sample was calculated and the 

input RLU was used as 100%. 

3.5 Discussion 

HCV is a highly pleiomorphic and lipophilic virus which has made structural studies 

particularly difficult.  In order for a tagged virus to be used to aide researchers in preparation for 

cryo-EM, the recombinant virus must behave as closely to WT as possible.  Any decrease in titer 

or delay in growth kinetics entails a significant burden for those tasked with preparing the large 

quantities of virus necessary for visualization.  Previous studies have characterized a tag site within 

the N-terminus of E2 and shown that inserts in this location have little effect on fitness (Catanese, 

et al., 2013).  This virus was characterized further within this study and other tag variations were 

inserted at this location in the genome.  Additionally, one tag site was attempted within core protein.  

The characterization of these recombinant viruses revealed several possible reporter viruses which 
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could be used for both virus quantification and purification, saving researchers time and money 

throughout the course of HCV structural studies. 

Initial characterization revealed the FLAG-HiBiT-E2 virus as a top candidate for further 

analysis.  This virus displayed the highest peak titer and luminescent signal following transfection, 

with HiBiT-E2 and HIS-HiBiT-Strep-E2 displaying slightly lower peak titer and luminescence 

(Figure 3.2).  The HiBiT-Core virus appeared to have a replication defect because the amount of 

HiBiT signal remained stagnant for all timepoints post transfection.  However, all others 

demonstrated a steady increase in HiBiT signal post transfection, indicating replication and 

translation competence as well as suggesting possible first and second round infection.  All 

recombinant viruses were subjected to IFA screening and each were found to infect naïve Huh7.5 

cells at varying efficiency, apart from HiBiT-Core (Figure 3.3).  Once again, IFA results seemed 

to indicate FLAG-HiBiT-E2 as the recombinant virus with the highest titer and this notion was 

confirmed with the FFU assay showing the virus had an infectious titer nearly identical to WT 

(Figure 3.4).  The OST-E2 virus displayed similar characteristics described by previous studies, to 

include approximately a log decrease in WT infectious titer (Catanese et al., 2013).   

There are several possible reasons for inhibition of infectious titer for the HIS-HiBiT-

Strep-E2 and HiBiT-E2 viruses.  Although there were appropriate spacers for the StrepII tag, 

additional flexible linkers were not added for the other tags which may have resulted in a disruption 

of the envelope proteins of HCV and their ability to bind to apoE or other lipoproteins.  

Additionally, the composition of the insert could have adversely affected replication or any number 

of steps in the HCV life cycle as was demonstrated with DENV in chapter 2 of this study.  HiBiT-

E2 virus produced less virus as compared to the FLAG-HiBiT-E2 virus which could be due to 

variation in composition of the two tags.  Perhaps, due to the lack of structure and negative charge 

of FLAG, the FLAG epitope served as a spacer for the HiBiT tag and added additional flexibility.  

Regardless of the reasons for differences in titer of tagged virus, the E2 site proved to be a region 

susceptible to tagging. 

This site within E2 is likely able to tolerate insertions due to its hypervariability and well 

characterized conformational flexibility (Law et al., 2018).  The hypervariable region of E2 

consists of the first 27 aa and is known to play a role in the evasion of neutralizing antibodies by 

shielding certain epitopes in a dynamic manner.  Results in this study seem to confirm that this 

region can tolerate relatively large insertions with virtually no effect on replication or infectivity.  
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E2 functions as a sort of “flap” that has been visualized in several different conformations when 

bound to Fabs, suggesting there is a high degree of flexibility which allows for tagging without 

additional steric hindrance (Vasiliauskaite et al., 2017). Furthermore, due to the use of the HiBiT 

lytic detection system, the surface exposure of HiBiT in the native state did not impact HiBiT-

LgBiT binding and, therefore, the virus was able to be quantified using HiBiT signal.  However, 

in order for this virus to be purified for structural studies, the FLAG epitope must not only be 

tolerated but also surface exposed. 

FLAG immunoprecipitation with FLAG-HiBiT-E2 infected supernatant revealed that the 

FLAG tag is likely partially surface exposed as approximately 26% of virus particles were rescued 

(Figure 3.5).  Loss of virus during the washes indicates some nonspecific binding which has been 

shown to occur with the Anti-FLAG affinity kit utilized.  Previous reports have shown that FLAG 

purification using a FLAG peptide inserted in this region of E2 recovered approximately 30% of 

particles, which aligns well with the findings in this study (Prentoe et al., 2011).  Insertion of the 

FLAG peptide seems to have not altered the physiochemical properties of the virion and therefore 

the tagged virus can be used for imaging purposes, composition analysis, and other downstream 

assays.  There are very few commercially available antibodies for E2 and, thus, a FLAG peptide 

in this region could prove a valuable tool for western blots, ELISA assays, and more. 

With the advancement of imaging techniques such as cryo-EM and cryo-ET, structural 

studies of complex viruses are within reach for the first time in modern history.  However, 

reconstruction of the HCV particle has proven challenging, and attempts at solving the structure 

have had little success.  The virus characterized in this study enables large scale purifications with 

greater ease than before.  High concentrations of intact particles must be properly isolated in order 

to ascertain a high-resolution image.  Using the HiBiT tag to quantify HCV particles is a quick, 

cost-effective method of ensuring the efficacy of every step of virus propagation and the FLAG 

tag provides a method for highly specific immunoprecipitation.  The HiBiT and FLAG tagged 

HCV in this study is a powerful reagent that may prove very useful in HCV study and, eventually, 

the development of cheaper therapeutics and a viable vaccine. 
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 CONCLUSIONS AND FUTURE DIRECTIONS 

The Flaviviridae family of viruses includes many important pathogens like DENV and 

HCV that infect millions of people each year.  In order to produce new and effective therapeutics 

for these pathogens, Flaviviridae virus structures and life cycles must be better understood.  The 

development of novel, and relatively small, reporter proteins like HiBiT has enabled more targeted 

studies that were otherwise impossible with larger, conventional reporter proteins like GFP.  This 

study served to construct and characterize recombinant reporter viruses containing the HiBiT gene 

to be used as quantifiable reagents for downstream assays.  The initial objectives of this research 

were two-fold: to use HiBiT as a means of quantifying flaviviruses and to use the positioning of 

HiBiT within flavivirus structural proteins to assess HiBiT-LgBiT binding and, thus, the 

accessibility of the tagged region.  After initial characterization of DENV tagged clones, the 

research presented new questions to be explored such as the importance of tag composition, length, 

and position within the viral protein.  The lessons learned through analyzing recombinant DENV 

containing the HiBiT gene were then applied to HCV with the objective of constructing and 

characterizing a multi-tagged reporter virus containing both HiBiT and a purification tag to enable 

more efficient preparation of samples for structural studies.  The luminescent activity and 

infectious titer stability of assessed mutants confirm the viability of HiBiT reporter viruses as 

powerful tools to investigate virus production and structure. 

Initial construction and characterization of recombinant DENV containing the HiBiT gene 

centered around establishing a positive control tagged DENV to use as baseline luminescence for 

comparison against tag sites explored in this study.  Previous findings demonstrated the ability of 

flaviviruses to tolerate reporter genes within NS1 and, thus, several sites within DENV NS1 were 

attempted.  HiBiT inserted into both the N and C terminus of NS1 yielded virus with a decrease of 

three and two logs, respectively, which was deemed too low of titer to be used as a control for 

structurally tagged recombinant virus.  However, many studies have found NS1 to be a protein of 

high plasticity within the flavivirus genome (Eyre et al., 2017, Tamura et al., 2018, Tamura et al., 

2019).  In fact, the N-terminus of NS1 in DENV has been found to tolerate APEX, an EM tag with 

a size of 27 kDa, with only approximately a log decrease in viral titer.  With slight adjustments to 

the construct variation compared to what was attempted in this study, the NS1-HiBiT recombinant 

virus may very well achieve near WT titer.   
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If a viable NS1-HiBiT reporter virus was constructed, it could prove to be a useful tool for 

in vitro as well as in vivo studies.  NS1 is an enigmatic protein that serves many different functions 

in the flavivirus life cycle and is even secreted as a hexamer following maturation via glycosylation.  

NS1 is also typically used as a diagnostic marker for flaviviruses and has been found to play a role 

in immune evasion as well as modulate the host response to infection (Ratsogi, 2016).  The findings 

in this study, as well as previous research, suggest that a HiBiT tagged NS1 could function to track 

the viral protein throughout the viral life cycle and possibly be used as a platform to develop novel 

therapeutics.  Serial passaging and qRT PCR of the recombinant virus characterized in this study 

should be performed to characterize the replication competence and stability of the insert.  

Furthermore, additional construct variations to include various linker orientations and location 

within the genome should be attempted and characterized. 

Although the construction of a HiBiT flavivirus positive control did not yield WT level 

titer, the findings strongly suggested the possibility of tagging flaviviruses with HiBiT.  After the 

HiBiT screening methodology, described in chapter two, and titration via plaque assay was 

completed, two clones were found to tolerate HiBiT insertion and produce infectious virus.  The 

recombinant virus with HiBiT inserted after aa 103 in C protein is a particularly interesting mutant 

because of the HiBiT location being after the first three aa (SAG) of helix α5, the C propeptide.  

This anchor peptide recruits a signal peptidase for cleavage from prM and NS2B/NS3 for cleavage 

at the α4/α5 helix junction.  Previously it has been thought that, following cleavage, the helix 

remains embedded in the ER membrane and only the mature, cleaved C protein is involved in 

flavivirus assembly.  All previous structures of flavivirus C protein reflect this notion (Ma et al., 

2004, Li et al., 2018).  However, the findings in this study confirm new structural analyses 

indicating that mature, cleaved capsid is likely incorporated into flavivirus particles along with 

uncleaved capsid containing helix α5 (Tan et al, 2020).   

The C-103 recombinant virus was found to be stable over three passages in BHK cells and 

maintained a similar luminescent signal throughout.  Furthermore, isolated virus particles were 

found to correspond with peak HiBiT signal.  However, this HiBiT signal may not correlate with 

the 180 copies of capsid expected in the mature flavivirus particle.  Tan et al. found that capsid 

exists within the particle as a heterogeneous population of both cleaved and uncleaved, with the 

exact ratio between the two unknown.  The findings in this study seem to indicate that HiBiT does 

not completely inhibit the hypothesized role of helix α5 in assembly.  Furthermore, the tag does 
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not seem to disturb NS2B/NS3 signal peptidase cleavage at the helix junction.  In order to further 

confirm this notion, a western blot with a C protein antibody could be performed to assess the 

proportion of cleaved vs uncleaved capsid in the supernatant.  HiBiT antibodies could be used to 

probe whether the tag colocalizes with C protein which would further support the findings stated 

above.  As is, the C-103 recombinant virus could be used for several purposes including a 

nucleocapsid incorporation assay which has been performed using pulse-chase methodology in the 

past (Setoh et al., 2015).  Although the HiBiT signal would not directly correlate with each C 

protein monomer, the signal would indicate the presence of helix α5 within the virus particle.  

Another purpose of the C-103 HiBiT mutant could be assessment of signal peptidase cleavage at 

the C-prM junction.  Due to the necessity of sequential cleavage, first at the α4/α5 junction 

followed by C-prM, mutations at the C-terminus of the propeptide could be more efficiently 

analyzed (Amberg et al., 1999).  The findings in this study indicate that NS2B/NS3 cleavage is 

minimally affected by HiBiT insertion.  Therefore, HiBiT signal could be used as a medium of 

comparison between C-terminus mutants and the C-103 virus.  Following additional 

characterization of C-103 recombinant virus behavior, it could prove a useful reagent to gain 

further insight into the mysterious signal peptide and its role in the flavivirus life cycle. 

Other findings from the flavivirus portion of this study include the limited tolerance of 

HiBiT within the M protein transmembrane domain and the importance of tag composition within 

EDI.  Reasons for the loss of HiBiT signal over the course of serial passaging the M-55 virus were 

discussed in chapter two but it is likely that the tag was excised due to the importance of prM/M 

interactions with C protein at this site.  According to structural fittings of C protein densities, the 

region where HiBiT tag is incorporated in the M-55 mutant may be critical for assembly (Tan et 

al., 2020, Therkelsen et al., 2018).  The HiBiT tag likely disrupted important interactions between 

the transmembrane domain of M and C protein resulting in reversion, explaining the rescue of WT 

titer.  Similarly, incorporating HiBiT at site E-149 inhibited the production of infectious particles. 

The sites attempted within EDI in this study were near one of the glycosylation sites of 

DENV as well as the fusion loop of the adjacent E protein monomer.  Without solving the structure 

of the tagged virus, it is unknown how exactly HiBiT is displayed on the glycoprotein but due to 

the recombinant virus’ inability to produce infectious particles, it likely disrupts either 

glycosylation or fusion.  The EDI tag sites yielded some of the highest luminescent signals post 

electroporation (Figure 2.3), which possibly suggests that particles are being produced but are 
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inhibited during first round infection.  An entry assay should be completed with the supernatant 

from transfected cells to assess whether the virus is entry deficient or whether the virus can enter 

new cells but remains in the endosome.  However, incorporation of the FLAG epitope and SmBiT 

in site E-149 was able to rescue varying degrees of infectivity.  Due to no available structure of 

SmBiT, it is tough to determine exactly why HiBiT completely inhibits infectivity but SmBiT does 

not.  FLAG-tagged virus at site E-149 experienced only a log decrease in infectious titer which 

was expected according to previous studies (Chambers et al., 2018).  Proper protein folding and 

structure of EDI was likely not affected due to the lack of structure of FLAG.  If the product of the 

HiBiT-tagged DENV at site E-149 is stable, and enough supernatant is collected and purified, 

structural studies to include negative stain EM should be completed to assess how HiBiT insertion 

affects the structure of E protein. 

After optimizing the cloning methodology and execution of HiBiT related assays with 

DENV, tagging was attempted with HCV.  E2 of HCV contains a hypervariable region within its 

N-terminus known for conformational flexibility.  Several tags have been incorporated in this site 

including a One-STrep tag, a construct that was provided to the lab by the Rice Lab at the 

Rockefeller University.  This tagged virus had been shown to only experience a one log decrease 

in WT titer and displayed similar physiochemical characteristics to the WT virus.  Variants of the 

construct were created and the virus containing both FLAG and HiBiT tags in the E2 site 

demonstrated nearly identical titer as compared to WT.  Immediate next steps for this recombinant 

virus would be to characterize the growth kinetics by infecting naïve Huh 7.5 cells and titrating 

various timepoints to assess the rate of release.  Assuming the growth curve is similar for FLAG-

HiBiT-E2 and WT, this virus could prove particularly useful for the preparation of large quantities 

of virus particles.  Aside from the preparation for structural studies discussed in chapter three, 

dynamics studies may be possible as well.  The hypervariable region of E2 seems to experience 

significant dynamic motion over the course of the life cycle and E2 binds to lipoproteins at varying 

rates (Bartenschlager et al., 2011, Prentoe et al., 2011).  Utilizing the extracellular detection kit 

(Promega), intact particles could be incubated with LgBiT in various conditions.  Differential 

luminescent signal would indicate differential accessibility of HiBiT due to binding of the two 

components being necessary for luminescence.  Different temperatures, pHs, incubation times, and 

many other conditions could be tested to see how HiBiT binding is affected.  Density analysis with 
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the HiBiT tagged virus could also be completed to see how lipoprotein binding affects HiBiT 

signal and whether this particular site is occluded, and to what extent. 

The FLAG-HiBiT-E2 virus was then used for FLAG immunoprecipitation and 

approximately 26% of virus particles were rescued using anti-FLAG coated beads, which aligns 

with previous findings of FLAG-tagged HCV purified utilizing the FLAG peptide (Prentoe et al., 

2013).  Other methods such as purification using heparan sulfate have been attempted with HCV 

but utilizing the FLAG-tagged virus characterized in this study ensures only virus particles 

incorporating E2 are purified.  This may prove particularly important considering the necessity of 

highly purified samples for structural studies.  Aside from virus purification, a FLAG-tagged HCV 

may prove very valuable for confocal imaging and colocalization studies.  Previous studies have 

demonstrated nearly 90% neutralization with antibodies against the flag peptide in this site 

(Prentoe et al., 2013).  This finding further suggests that steric hindrance in this region can have a 

dramatic effect on virus infectivity and explains why other, bulkier, tag constructs did not produce 

infectious virus in this study.   

The original goal of this portion of the study was to make the process of virus purification 

more efficient in order to aid in solving the structure of HCV.  Therefore, the future directions for 

the FLAG-HiBiT-E2 mutant are to use this virus for visualization via cryo-EM or cryo-ET.  Large 

volumes of the sample can be prepared via electroporation or first round infection.  Following 

transfection or infection, the virus can be concentrated using FLAG immunoprecipitation in 

conjunction with filtration.  Using HiBiT signal as an indication of the sample concentration, 

researchers can repeat purification until the virus sample meets the requirements for cryo-EM.  

Ideally, the method described above will yield sufficient particles for a high-resolution 

reconstruction of HCV and possibly even the HiBiT tag. 

Family Flaviviridae contains important human pathogens, many of which have few 

treatment options and no available vaccine.  In order to work towards developing these therapeutics, 

a better understanding is needed of the life cycle of these viruses, the complex conformational 

changes that occur throughout the life cycle, and the structural features that make those changes 

possible.  New and innovative biomolecular tools are being developed that enable the investigation 

of these processes.  The incorporation of HiBiT and other tags into DENV and HCV in this study 

serves not only to develop reagents to further research, but also to use the incorporated tags in a 

manner that illuminates previously unaddressed research questions.   
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