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Abstract 
Dengue is the most common mosquito-borne viral disease and is responsible for a major 

public health burden in tropical and subtropical regions around the world. The dengue virus 

(DENV) non-structural protein 1 (NS1) has been shown to play roles in pathogenicity, immune 

system evasion, viral RNA replication and virus production. To date, no antiviral therapeutic 

for dengue-related illness has been approved for use. Current research on therapeutic 

candidates that target of NS1 is limited to antibodies, peptides and a heparan sulfate mimetic, 

with no small molecule inhibitors described. We performed two in vitro high-throughput 

screening approaches to identify antiviral compounds that target NS1: a protein 

complementation assay to identify inhibitors of NS1 dimerisation/hexamerisation and; a 

Nanoluciferase-based thermal shift assay to identify NS1-binding compounds. We also 

performed an in silico high-throughput drug-like compound screen to identify potential 

ligands of NS1, focussing on ligands which may bind at the dimerisation interface of NS1. 

While we are yet to unambiguously identified direct inhibitors of NS1 function(s), the thermal 

shift assay screen revealed a group of structurally related analogues with antiviral properties. 

A Nanoluciferase-based thermal shift assay in conjunction with a Nanoluciferase-tagged 

dengue reporter virus (DENV2-NS1-NLuc) was used in a high-throughput compound screen of 

3,378 drug-like compounds. Validation studies revealed a collection of structurally related 

compounds which inhibit DENV infection in a hepatoma cell culture model. Following testing 

of 37 structurally related analogues, we identified a lead compound (PubChem CID: 

50839998) which had minimal impact on viral RNA replication and cell viability but inhibited 

infectious particle production at low micromolar concentrations. Examination of the impact 

of this compound on viral protein localization by confocal microscopy revealed dose-

dependent reductions in the detection of mature Envelope (E) protein, consistent with the 

observed inhibition of infectious virus production. Further investigation into the mechanism 

of action of this compound is warranted to determine its exact molecular target(s), while 

testing of a wider range of structural analogues may enable identification of related 

compounds with greater efficacy and lower cytotoxicity.  

To identify inhibitors of NS1 dimerisation, the NanoBiT® Protein:Protein Interaction System 

was used. This NanoBiT or ‘split Nanoluciferase’ system involves the NanoLuc subunits SmBiT 

and LgBiT. Each subunit was fused individually to NS1 in mammalian expression vectors, and 



4 
 

in a high-throughput screen, 3,378 drug-like compounds were screened, with luminescence 

as a readout for NS1 dimerisation levels. While the screen identified three hits, subsequent 

experiments showed no clear antiviral effects, and the reduction of NS1 dimerisation upon 

treatment with these compounds could not be verified. 

An in silico high-throughput drug-like compound screen revealed two binding pockets at the 

dimerisation interface of NS1. Approximately 7.8 million compounds from the ZINC20 

chemical database were tested computationally for binding at these sites and 24 of the top 

60 hits were analysed for antiviral efficacy and cytotoxicity via live cell imaging using an 

mScarlet-tagged dengue reporter virus. The top hit, Compound V2.3, was further analysed. 

This compound showed high nanomolar inhibition of infectious particle production, with 

minimal impact on viral RNA replication and low cytotoxicity. Despite being predicted to bind 

at the dimerisation interface of NS1, Compound V2.3 treatment did not appear to affect NS1 

dimerisation, and the binding of Compound V2.3 to NS1 has not yet been confirmed. 

Previous studies have identified several key residues of NS1 that are required for its roles in 

RNA replication and virus production, through analysis of specific hydrophobic regions, 

conserved residues across multiple orthoflavivirus species and cysteine residues suspected to 

enable disulphide bonding. We created a DENV mutant library featuring mutants across the 

envelope (E), precursor Membrane (prM) and NS1 genes. We applied specific selective 

pressures to the library, including passaging through Huh7.5 cells (human cell line) and C6/36 

cells (mosquito cell lines), and preparations are being made for the passaging of the library 

through Aedes mosquitoes, both infected and uninfected with the intracellular bacterium 

Wolbachia. This will allow for identification of DENV mutants which confer resistance to 

Wolbachia-based suppression of DENV, while also identifying E, prM and NS1 residues that 

are critical to various DENV lifecycle stages and tropism factors. Additionally, we have 

prepared a library of DENV mutants featuring mutants across NS1 only, as well as a library of 

mutants covering NS1 in the DENV subgenomic replicon, which will allow for demarcation of 

residues required for viral RNA replication from those required for infectious particle 

production. 
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Chapter 1 – Introduction: Dengue Virus, Deep Mutational Scanning and 

Antiviral Research 

1.1 Flaviviridae and dengue virus 

DENV is a member of the Flaviviridae family of positive-sense single stranded RNA viruses(1). 

Spread by two species of Aedes mosquitoes, Aedes aegypti and Aedes albopictus, up to 390 

million dengue infections occur worldwide per year(2). A patient with dengue infection may 

present with a fever, accompanied by symptoms including vomiting, headaches and 

abdominal pain. Progression to severe dengue fever can result in severe plasma leakage, 

severe bleeding and severe organ involvement(3). While infections are mainly limited to 

tropical and subtropical areas (Figure 1.1), climate change models predict that the Aedes 

vectors could spread to parts of Europe and Korea in the future(4).  

‘Dengvaxia’ is a live attenuated DENV vaccine that contains DENV structural genes as well as 

non-structural genes from a yellow fever vaccine strain(5). While moderately effective, there 

remains serious concern that in certain seronegative recipients, the vaccine could exacerbate 

pathogenesis of subsequent infections, due to antibody dependent enhancement (ADE) of 

infection(6). These safety issues have resulted in poor uptake of the vaccine in the 20 countries 

in which it is licensed(7). QDENGA, a live attenuated tetravalent dengue vaccine candidate, 

has been reported as efficacious in the prevention of symptomatic dengue, with no evidence 

of safety risks(8). This vaccine has recently been approved for use in Indonesia, the EU and 

the UK(9). Currently, the recommended treatment for dengue infection is supportive therapy 

(fluid therapy and paracetamol)(2), demonstrating a need for further research and 

development of safer prophylactics and antivirals against DENV. 

Four serotypes of DENV exist; DENV1, DENV2, DENV3 and DENV4, with some evidence for the 

existence of DENV5(10). Virus particles are comprised of a lipid bilayer studded with the 

glycoproteins E and prM, and an inner icosahedral nucleocapsid comprised of a lattice of 

capsid (C) proteins. The nucleocapsid encases a single copy of the ~10,700 bp RNA genome 

that features a large single open reading frame (ORF) that encodes the structural proteins 

prM, E and C and the non-structural proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5(11, 

12). 
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Figure 1.1: Dengue virus national and subnational evidence consensus for complete 

absence of dengue (dark green) to complete presence of dengue (dark red). Source: (13). 

Reprinted with permission from Nature Reviews Disease Primers. 

NS1 has been identified as a key cause of the symptoms of dengue fever, as well as a 

contributing factor for evasion of the human immune system(14). As such, NS1 is the overall 

focus of the projects outlined in this thesis. The creation of a mutant library for in vitro and in 

vivo viral fitness analysis via deep sequencing was aimed to elucidate the importance of each 

nucleotide of DENV NS1 in viral RNA replication and infectious particle production and help to 

analyse the potential for the emergence of Wolbachia-resistant DENV mutants. Three unique 

drug screens were designed to probe for inhibitors of NS1, using a protein:protein interaction 

system and an in silico docking screen to identify inhibitors of NS1 dimerisation, and a 

Nanoluciferase-based thermal shift assay to identify NS1-interacting compounds.  

1.2 Transmission of dengue virus 

As stated, DENV is spread to humans by Aedes aegypti and Aedes albopictus mosquitoes. The 

virus exists in two overlapping transmission cycles; the human cycle and the sylvatic cycle 

(Figure 1.2)(15). In the sylvatic cycle, DENV cycles between non-human primates and 

mosquitoes. In the human cycle, DENV cycles between humans and mosquitoes(16). The 

sylvatic cycle maintains an animal reservoir for DENV and can lead to spillovers in rural areas 

that are inhabited by primates and humans, which can then lead to outbreaks in urban 
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areas(15). Additionally, DENV can be maintained in mosquito populations vertically via 

transovarial transmission, in which DENV is transmitted from a female mosquito to its 

offspring(17, 18). This has been hypothesised to allow persistence of arboviruses during 

unfavourable periods for mosquito vectors. However, many field studies have attempted to 

quantify vertical transmission (VTR) and found no evidence for its occurrence(19, 20). As 

sample sizes typically required to identify vertical transmission of dengue are often 

impractical, it is commonly thought that VTR is irrelevant in the context of dengue 

persistence(21). 

 

Figure 1.2: The sylvatic (affecting wild animals) and urban transmission cycles of dengue 

virus. TOT indicates trans-ovarian transmission by Aedes mosquitoes. Source: (22). 

Reprinted with permission from Acta Tropica. 

1.3 Clinical manifestations and pathogenesis of dengue virus infection 

While it is estimated that 390 million dengue infections occur each year, only a quarter of 

these cases are symptomatic(23). Typically, symptomatic patients will present with a short-

lived febrile illness with rash, severe aches and leukopenia(24). Severe forms of dengue illness 

are characterised by severe bleeding, plasma leakage severe organ involvement(3). Symptoms 

are related to the induction of a ‘cytokine storm’, in which proinflammatory cytokines which 

enhance vascular permeability are produced in excess(25). During early disease, higher levels 

of cytokines including IL-6, IL-10 and MIP3α indicate a greater chance of progression to more 
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severe dengue illness(26). Dengue severity is greatly increased in infants and children(27), 

with children aged 3 – 4 undergoing a secondary dengue infection having a 15-fold higher 

mortality rate than children aged 10 - 14(28). Figure 1.3 outlines the symptoms of DENV 

infection. 

Dengue is not typically reported as a disease with neurological manifestations, unlike 

orthoflaviviruses including Zika virus (ZIKV), which led to an epidemic of microcephaly during 

the recent ZIKV outbreak in Brazil(29). However, neurological complications including 

encephalitis and intracranial haemorrhage have been reported to arise from dengue infection, 

though this is uncommon(30).  

Figure 1.3: Clinical manifestations of dengue infection, including symptoms associated 

with mild to severe disease. Symptoms associated with severe dengue fever are listed in 

the three purple boxes. Source: (31). Reprinted with permission from Nature Reviews 

Microbiology 
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1.4 The viral genome 

The DENV genome exists as a single molecule ~10,700 bp positive sense single-stranded RNA 

genome (Figure 1.4)(12). Each dengue virion is thought to contain a single copy of this 

genome, which features a 5’ untranslated region (UTR), a single open reading frame (ORF) and 

a 3’ UTR(32). A typical orthoflavivirus 3’ UTR features 3 sub-domains; the highly variable 

region, which facilitates host adaptation(33), a moderately conserved region and a highly 

conserved region(32). A 5’ cap structure (m7GpppAm) is recognised by the host ribosome 

machinery to enable viral polyprotein translation(34). Despite not having a poly-A tail, which 

typically allows interaction between cellular mRNAs and the poly-A-binding protein, the 3’ 

UTR still binds poly-A-binding protein, allowing for translation of the viral protein(35). The 

orthoflavivirus genome features cyclisation sequences, which form a variety of stem loops 

structures, allowing for long range RNA-RNA interactions resulting in the cyclisation of the 

genome. Both the circular and linear conformations of the genome are required for viral 

replication(36). During infection, by-products of the viral genome, which do not encode viral 

proteins, are produced. This subgenomic orthoflavivirus RNA (sfRNA) is a result of incomplete 

degradation of the genome by the host exonuclease XRN1(37). This sfRNA sequesters XRN1, 

while also interfering with innate immune responses(38, 39). The ORF encodes for a large 

polyprotein that is cleaved co- and post-translationally by viral and host proteases, releasing 

the structural and non-structural proteins described below. 

 

Figure removed as permission to reprint was not available. 

 

Figure 1.4: DENV positive-sense single stranded RNA genome schematic diagram. This 

diagram illustrates DENV 5’ and 3’ untranslated regions, open reading frame, 5’ and 3’ 

cyclisation sequences, upstream AUG regions, cap, and secondary structures of the 5’UTR 

and 3’UTR. Source: (40). 

1.5 Orthoflavivirus structural protein functions 

Envelope protein, with prM, forms the surface structure of assembled dengue virions(41). 

Fusion of E protein with a host cell membrane allows entrance of the virus particle into a 
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cell(42). Due to E protein being a major focus of Chapter 3, the protein will be further 

described in section 1.12. 

The membrane protein is comprised of an N-terminal domain, present in the immature virion, 

a flexible M-domain, a stem region and two transmembrane helices. With E, precursor 

membrane (prM) forms the surface structure of assembled immature dengue virions(41). The 

N-terminal domain, ‘pr’, covers the fusion loop of E, preventing immature virions from pre-

emptively binding the host cell membrane. In the acidic conditions of the trans-Golgi network, 

conformational change results in exposure of a furin cleavage site, and the pr peptide is 

removed by a furin protease before release from the infected cell, resulting in complete 

maturation of the virion(43).  

Capsid is the first protein encoded in the genome. It is connected to prM by a peptide which 

spans the ER membrane, with C present on the cytoplasmic side(44). C is a highly basic protein 

which forms homodimers in solution, with high affinity for lipid membranes and nucleic 

acids(45, 46) and with RNA chaperone activity(47). The first step in assembly of a dengue 

virion is the formation of the nucleocapsid, which features a single copy of the viral RNA 

genome and multiple C copies(44). C also accumulates on the surface of lipid droplets and the 

nucleus, however the function of this variable localisation remains unclear(48). 

1.6 Orthoflavivirus non-structural protein functions 

NS1 is a multifunctional protein required for virus production and viral RNA replication. NS1 is 

involved in membrane alterations, immune evasion and contributes to pathogenicity of 

DENV(49). Due to the importance of NS1 to this thesis, NS1 functionality and structure will be 

expanded upon in later sections. 

NS2A is a small, hydrophobic, non-enzymatic transmembrane protein involved in the viral 

replication lifecycle(50) and an antagonist of the host immune response(51). NS2A protein 

features 5 integral transmembrane segments allowing association with the lipid bilayer of the 

endoplasmic reticulum(52). Immunofluorescence and immunoelectron microscopy analysis 

have shown the colocalisation of Kunjin virus NS2A with dsRNA and NS4A within vesicle 

packets(53), and colocalisation of NS2B with NS3 in convoluted membranes(54). Kunjin and 

DENV NS2A have been shown to bind 3’ UTR RNA(53, 55), and a single mutant, NS2A G11A, 
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has been shown to abolish virion assembly, reduce cleavage at the C-prM cleavage site and 

cause mislocalisation of C, prM and E proteins(55).  

DENV is translated as a single polypeptide, which requires proteolytic processing by the 

NS2B/NS3 serine protease and other proteases to produce individual viral proteins(56). The 

N-terminal protease chymotrypsin-like domain of NS3 requires NS2B as a cofactor to form a 

stable complex(57). The protease features a classical catalytic triad (Asp-His-Ser)(58). 

Additionally, NS3 has helicase activity, allowing for the unwinding of duplex RNA(59). In ZIKV, 

this has been shown to require interaction with the NS5 RNA polymerase(60). In addition to 

being a cofactor for protease activity, NS2B contributes to viral RNA replication and particle 

formation of JEV(61). NS2B also degrades the cytosolic DNA sensor cyclic GMP-AMP synthase, 

leading to a reduction of the host immune response to viral infection(62). 

The non-enzymatic proteins NS4A and NS4B are connected by the transmembrane peptide 

2K, forming NS4A-2K-NS4B, which is cleaved during polypeptide maturation(63). Upon 

cleavage of the 2K sequence from NS4A, NS4B is translocated to the ER lumen(64), while NS4A 

remains embedded in the ER membrane. NS4A plays vital roles in the assembly of the viral 

replication complex and membrane remodelling (65-67), in addition to modulation of 

autophagy, which prevents cell death during infection, enhancing virus replication(68). NS4B 

interacts with multiple viral proteins including NS1 and NS3 to aid viral replication and helicase 

activity(69, 70), and antagonises the host immune response by inhibiting IFN-α/β 

signalling(71). Mutagenesis studies have revealed an interaction between NS4A and NS4B that 

is required for viral replication(72). Expression of recombinant NS4A induces membrane 

alterations allowing for the formation of the viral replication complex, however this only 

occurs when NS4A is expressed with 2K, indicating that the removal of 2K is linked to this 

activity(73). An interaction between NS1 and the NS4A-2K-4B cleavage intermediate is also 

required for viral RNA replication(74). 

NS5 is a multifunctional enzyme. Methyltransferase activity via the N-terminal region enables 

5’-RNA capping, protecting the viral RNA genome from hydrolysing enzymes and facilitating 

translation(75). Separated from the N-terminal by a linker of five to six amino acids, the C-

terminal region features an RNA-dependent RNA polymerase allowing replication of the DENV 

RNA genome(76). NS5 is also translocated to the nucleus, where it interferes with splicing by 

binding to spliceosome complexes, resulting in enhancement of DENV replication(77). 
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1.7 Structure of dengue virus  

The structure of DENV has been determined to a resolution of 2.5 Å using cryo-electron 

microscopy (cryo-EM)(78). To achieve this, the DENV prM and E genes were inserted into the 

genome of the insect-specific orthoflavivirus Binjari virus, due to its restriction to growth in 

mosquitoes(79), then transfected into C6/36 mosquito cells. This Binjari-DENV2 (bDENV-2) 

virus was purified for cryo-EM imaging. The structure of the mature virion is shown in Figure 

1.5. 

Figure 1.5: 2.5A  Cryo-EM structure of bDENV-2. Source: (78). 
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1.8 Dengue virus lifecycle 

 

Figure 1.6: DENV life cycle(80). 1) Viral entry. 2) Maturation of virus-containing 

endosomes. 3) Release of the viral genome into the cytosol. 4) Translation of the RNA 

genome. 5) Protease-mediated cleavage of the polypeptide. 6) Viral RNA transcription. 7) 

Viral assembly. 8) Virus trafficking and budding. 

 

 

 

Figure 1.7: Orthoflavivirus polypeptide processing. Arrows illustrate cleavage sites by 

specific enzymes(49). 

Viral Entry: 

To enter a cell, DENV particles associate with and diffuse across a cell surface, until receptor 

engagement and the concentration of DENV particles in a clathrin-coated pit. Particles are 

internalised via clathrin-mediated endocytosis, with the formation of a clathrin-coated 

vesicle(81). Alternative pathways have also been reported, but are less well characterised(82). 
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Infectable cells include endothelial and dendritic cells, hepatocytes, monocytes and 

macrophages(83). The internalised virus particles are typically trafficked in Rab5-positive early 

endosomes, which mature into Rab7-positive intermediate endosomes, before the virus 

particles escape from the endosome via a membrane fusion process, to be released into the 

cytosol(81). This escape is mediated by the acidic environment in the endosome, which 

promotes the irreversible trimerization of E, exposing a fusion loop from the virion surface 

and allowing fusion with host-cell membranes(84). The formation of a fusion pore allows the 

release of the nucleocapsid into the cytosol(85).  

Translation of the RNA genome: 

The mechanism for the release of the genomic RNA from the nucleocapsid, and translocation 

to the ER, is yet to be elucidated. The DENV genome features a 5’ type 1 7-methyl guanosine 

cap structure (m7GpppAm), 5’ untranslated region and a 3’ untranslated region lacking a 

poly(A) tail. The genome contains only one open reading frame, and translation produces a 

single polypeptide(86). DENV translation relies on the host cell’s translational machinery(87).  

Initial translation of the positive sense RNA genome after nucleocapsid release is not well 

understood, due to technical difficulties with investigating the genome while packaged in 

virions or undergoing translation(88). Translation occurs at the endoplasmic reticulum, with a 

single polyprotein being produced, to be cleaved by host proteases and the viral protease 

NS2B/NS3pro to yield 10 viral proteins (Figure 1.7)(89). 

The RNA genome displays many features which aid its translation. These features are 

predominantly present in the 5’ and 3’ UTRs. NS3 removes a phosphate from the 5’ terminus 

of the vRNA, and NS5 catalyses the addition of a 5’ cap structure(88). This 5’ cap structure 

allows for recognition of the vRNA by the eukaryotic initiation factor eIF4G, allowing for 

scaffolding of several proteins required for interaction with the ribosome and translational 

initiation factors(90). It is well documented that a 5’ cap and a 3’ poly(A) tail work 

synergistically for expression of eukaryotic cellular mRNAs(91). However, DENV does not 

feature a poly(A) tail, similar to most orthoflaviviruses, and must utilise other 3’ features to 

allow for efficient translation(92). Luciferase experiments have illustrated that the DENV 3’ 

UTR contributes to both translational efficiency and RNA stability of the vRNA, independent 

of the presence of a 5’ cap, compensating for absence of the poly(A) tail(90).  
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Translation is also regulated by the circularisation of mRNA. For eukaryotic mRNA, this 

circularisation is a result of communication between the 5’ cap and 3’ poly(A) tail, caused by 

interactions of cap and poly(A) binding proteins including eIF4E, eIF4g and Pab1p(93). As 

DENV vRNA lacks the poly(A) tail, it relies on long range RNA-RNA interactions to circularise. 

Multiple regions of the DENV genome have been found to contribute to its circularisation, 

including the 5’ and 3’ cyclisation sequences (CS)(94), the 5’ and 3’ upstream AUG regions 

(UAR)(94), and the 5’ and 3’ downstream AUG regions (DAR)(95). 

Viral RNA transcription: 

DENV induces membrane rearrangements in the host cell endoplasmic reticulum. Vesicle 

packets (VPs), which contain replication complexes, allow for RNA replication via a negative-

strand RNA intermediate, protect newly synthesised viral genomes from host nucleases and 

innate immune effectors, and aid viral RNA release and virion budding(96). The VPs contain 

NS2B, NS3, NS4A, NS4B, NS5, single stranded vRNA and the replication intermediate, double-

stranded RNA, and a 10 nm pore in the membrane allows for the transfer of metabolites and 

newly created viral RNA in and out of the membrane(97). Convoluted membranes contain the 

NS2B-NS3 viral protease complex and are hypothesised to be the site of polyprotein 

processing(97). The induction of these membrane rearrangements requires NS4A. 

Overexpression of NS4A results in the formation of these virus-induced membrane 

alterations, although other viral and host factors, including NS1, are hypothesised to 

contribute(49). These membrane rearrangements do not occur when NS4A is expressed with 

2K, the C-terminal linker to NS4B, which permits NS4A translocation to the ER(98). 

RNA replication begins with the positive single stranded RNA genome. Upon transcription of 

a negative strand by the RNA-dependent RNA polymerase NS5, the double-stranded RNA 

intermediate is formed. The negative strand is then used repeatedly as a template to produce 

more positive single stranded vRNA, to be packed into the nucleocapsid, serve as a template 

for translation of the viral polyprotein, or to produce more double-stranded intermediate(99). 

Virus assembly: 

The first step of DENV assembly involves the formation of a nucleocapsid. This step is not fully 

understood and is thought to be the result of non-specific electrostatic interactions(100). 

Other viruses, such as human immunodeficiency virus have been shown to feature a 
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packaging signal, but a sequence allowing binding of C to DENV vRNA has not yet been 

identified(101). C proteins have been demonstrated to act as RNA chaperones for the DENV 

vRNA genome(102), which is common among Flaviviridae C proteins, and hypothesised to be 

important for RNA structural rearrangements in virions(103).  

The virus assembly sites are situated near the vesicle pore which is thought to allow for 

coordinated encapsulation of the newly synthesised positive sense DENV vRNA(97). A recent 

study has developed a model in which NS2A is heavily involved in virion assembly by binding 

to the 3’ UTR of DENV vRNA as it exits the replication complex. NS2A also recruits C-prM-E 

and NS2B-NS3, by binding prM and NS3, respectively. After cleavage of the C-prM-E portion 

of the polyprotein by the NS2B-NS3 protease, the vRNA is bound by the newly formed mature 

C, forming the nucleocapsid. This leads to the dimerisation of prM and E, which oligomerise 

and surround the nucleocapsid with a lipid bilayer (Figure 1.8)(55). 

Virus trafficking and budding: 

After the initial assembly, DENV exists as an immature virion. This virion has a diameter of 

approximately 60 nm, compared to the ~50 nm mature virion, elongated by prM spikes 

extending from the virion, with trimeric E surrounding the spike(104). The immature virion is 

transported to the trans-Golgi network through the secretory pathway before secretion(96). 

This environment has a pH of approximately 5.5, which results in a conformational change of 

the prM-E heterodimers, exposing a cleavage site and allowing furin protease to cleave prM 

to form M proteins(105). The cleaved peptide ‘pr’ is only released after secretion of the 

mature virion, to ensure the E protein fusion loop is covered, and to avoid accidental fusion 

with the cell membrane. The release of pr is mediated by the change in pH in the extracellular 

space, after the mature virion has been exocytosed from the cell(106). 
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Figure 1.8: Model of DENV RNA replication and virus assembly in virus-induced 

membrane rearrangements. Source: (50). Figure reprinted with permission from Cell 

Host & Microbe. 

1.9 Host factors 

Proviral host factors: 

DENV relies on many host cell proteins for all aspects of the viral replication cycle. For entry 

into mammalian cells, receptors including heparan sulfate, DC-sign and mannose receptor can 

be utilised, although the entire spectrum of DENV entry factors and their exact roles remains 

unclear(107). As stated, the main pathway of entry into a mammalian cell is through clathrin-

mediated endocytosis, and as such, the factors required for formation of the clathrin lattice 

are certainly pro-viral proteins and have been identified as targets for potential antivirals. For 

example, the compound prochlorperazine targets dopamine D2 receptor (D2R), blocking 

binding of DENV to D2R on the cell surface, and inhibiting clathrin-mediated endocytosis(108).  

As another major example of host factors that are co-opted by DENV, NS3 was discovered to 

directly interact with, activate and recruit fatty acid synthase (FASN) to vesicle packets. This 

FASN-mediated local fatty acid synthesis is thought to contribute towards the high demand 

for lipids associated with virus-induced membrane rearrangements and particle 

synthesis(109). Lipid droplets have been shown to sequester C to the vesicle particle, allowing 

for formation of a nucleocapsid as NS2A translocates the viral RNA from the vesicle packet(46). 



18 
 

The activation of autophagy by DENV has also been suggested to be proviral due to the 

increase in production of free fatty acids which enhance dengue replication, as a lipid bilayer 

is an integral component of a dengue virion(110).  

The reliance of dengue on the host endoplasmic reticulum (ER) is illustrated by the 

requirement of ER-membrane complex subunits 1-7(111). Additionally, proteins required for 

translation, such as ribosomal stalk proteins RPLP1 and RPLP2, are necessities for production 

of dengue virions(112). 

Antiviral host factors: 

Initial infection and replication of DENV in humans occurs in skin cells(113). This is where the 

immune response begins(114). Pattern recognition receptors recognise a pathogen’s protein, 

nucleocapsid, lipid or carbohydrate structures, or pathogen-associated molecular patterns, 

triggering intracellular signalling cascades to respond with expression of proinflammatory 

molecules such as cytokines and chemokines to combat the pathogen(115). Responding to 

dengue are receptors including cytoplasmic retinoic acid-inducible gene I (RIG-I), melanoma 

differentiation-associated protein 5 (MDA5) and endosomal Toll-like receptor 3 (TLR3) and 7 

(TLR7)(116). RIG-I and MDA5 detect RNA in the cytoplasm, leading to a downstream activation 

of type I interferons (IFNs)(117). TLR3 and TLR7 recognise dsRNA or ssRNA, respectively, in 

endosomal compartments. TLR7 leads to activation of nuclear factor-κB (NF-κB)(118), a 

transcription factor responsible for expression of multiple genes required for defence against 

a broad range of pathogens(119). The type I IFN response leads to activation of the JAK/STAT 

pathway, which promotes expression of interferon stimulated genes (ISGs) with antiviral 

activity(120).  

Additionally, DENV infection is known to activate the complement pathway(121). There exist 

three converging pathways for complement activation, including the classical, lectin and 

alternative pathways. Each of these pathways converge on the protein C3, which is cleaved to 

C3b, leading to the formation of a membrane attack complex which lyses pathogens(122). The 

complement pathway typically acts to limit viral replication, however in some patients results 

in increased disease severity, contributing towards more severe dengue fever. NS1 is known 

to be a trigger for complement activation. It enhances production of the terminal complement 

complex SC5b-9, which may lead to increased vascular leakage common in severe dengue 
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patients(123). It has also been reported that up-regulation of CD59, an inhibitor of the 

complement pathway, is stronger in patients with dengue fever in comparison to DHF, 

suggesting that the complement system may become dysfunctional during DHF and instead 

increase viral load and tissue damage(124). 

The complement protein C1q functions to restrict antibody dependent enhancement (ADE) of 

infection(125). ADE occurs when antibody concentration is not sufficient to neutralise an 

infection, but excess cytokine levels and other factors are produced, leading to enhanced 

disease symptoms, and potentially increasing viral load(126). It has been illustrated that ADE 

in human macrophages may increase the membrane fusion potential of dengue, enhancing 

infection and burst size of the virus, while also causing disproportionally strong anti-

inflammatory responses(127). By restricting ADE, C1q aids in alleviating symptoms. This effect 

occurs upon the binding of C1q to E protein of all dengue serotypes causing a reduced 

inflammatory response through modulation of mRNA expression of immunoregulatory 

molecules(128). Other components of the complement system have also been shown to 

reduce viral load and disease symptoms(129). 

Emerging tools have paved the way for discovery of proviral and antiviral factors for many 

viruses. Genome-wide CRISPR/Cas9 gene knockout screens have been used to identify host 

factors that are important for each stage of the viral lifecycle(130). Additionally, CRISPR 

activation screens, which utilise a dead Cas9 system to target a gene with transcriptional 

activators, allow for screening the effects of increased expression of each gene in a culture of 

cells, facilitating the discovery of antiviral genes which may be specifically downregulated by 

the virus, or any host gene which alters viral fitness(131, 132). Similarly, genome-wide RNA 

interference screens are used to investigate host factors, by reducing RNA levels instead of 

producing a knockout cell line(133). Global proteomic analyses have been performed to 

identify all interacting proteins with specific dengue proteins. Relevant to this project, the NS1 

interactome has been mapped using a functional RNAi screen, revealing both proviral and 

antiviral host factors(134).  

1.10 NS1 structure and functions 

NS1 plays multiple roles in the lifecycle of DENV. It exists in multiple oligomeric states. During 

translation, it is translocated to the ER lumen and cleaved from E protein and NS2A(14). The 

addition of high-mannose carbohydrate moieties (glycosylation) results in a conformational 
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change exposing a hydrophobic region, causing NS1 to self-dimerise. This dimerisation event 

enables the association of NS1 with the ER membrane, and alternately with virus-induced ER-

derived vesicle packets and large cytoplasmic vacuoles(135, 136). Upon further glycosylation, 

NS1 forms a lipid-rich hexamer, which is transported to the Golgi, and secreted from an 

infected mammalian cell(137, 138).  

The structures of the dengue NS1 dimer(139) and hexamer(140) have each been solved, as 

well as a monomeric C terminal truncation mutant(141). The monomer features 3 domains. 

This includes a β-roll, Wing and a β-sheet. The first β-roll domain extends from amino acids 

(AAs) 1-29. It features β hairpins which become intertwined when NS1 dimerises, forming a 

four-stranded β-sheet. The dimer is stabilised by two disulphide linkages between Cys-4 and 

Cys-15. The second domain is a Wing structure, formed by amino acids 30-180. This is formed 

by two subdomains. AAs 38-151 comprise of a four-stranded β-sheet, two α helices and a 

disordered tip. This is stabilised by an internal disulphide bond between Cys-55 and Cys-143. 

The wing also contains two glycosylation sites at Asn-130 and Asn-175. Discontinuous 

connector subdomains from AAs 30-37 and 152-180 links the β-roll and Wing, and the Wing 

to a central β sheet, respectively, with a disulphide bond between Cys-179 and Cys-223. The 

third domain, from AAs 181 to 352, is a continuous β-sheet with 9 β-strands, which intertwine 

with another NS1 monomer to create an antiparallel β-ladder. The hexameric form of NS1 

exists as a trimer of dimers, forming a barrel shape with a presumed lipid core(142) (Figure 

1.9).  

The NS1 dimer predominantly co-localises with dsRNA in replication complexes, which are 

thought to be contained within ~80 – 100 nm vesicles which are clustered in structures known 

as vesicle packets(135, 143). It has recently been shown that the NS1 wing domain interacts 

with NS4A-2K-4B, a cleavage intermediate. This interaction is required for RNA replication, 

and the authors hypothesised that NS1 may aid NS4A-2K-4B cleavage to NS4A and NS4B(144). 

NS1 is essential in establishment of vesicle packets, allowing for the successful replication of 

DENV vRNA(144). 

NS1 is also critical for virus production. Specific NS1 mutants have been shown to drastically 

reduce the production of infectious particles, including S114A, W115A, D180A and 

T301A(145). Coimmunoprecipitation studies have revealed an interaction of NS1 with C, prM 
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and E. This is hypothesised to be the result of an interaction between NS1 and assembled 

virions, suggesting a possible role of NS1 in the formation of virus particles(145). 

An immunoprecipitation-based proteomic analysis revealed 64 NS1-interacting proteins in 

Huh7.5 cells, of which 33 were ribosomal proteins(146). Ribosomal proteins RPL18 and RPL17 

were shown to be redistributed during DENV infection to the perinuclear region. Furthermore, 

silencing of these proteins was shown to significantly reduce viral translation, demonstrating 

a role of NS1 in translation of the DENV genome(146). 

As stated previously, NS1 forms a hexamer, which is secreted from the cell(138). This hexamer 

contains a lipid-packed core comprised of triglycerides, monoacylglycerol and diacylglycerol, 

cholesteryl esters and phospholipids, forming a lipoprotein(147). Hexameric NS1 is not 

required for infectious particle production or viral RNA replication(145), but does serve other 

purposes, including immune invasion. It has been demonstrated that inoculation of mice with 

purified secreted NS1 leads to vascular leak syndrome and increased cell permeability when 

applied to human endothelial cell monolayers(148). Secreted NS1 is a pathogen-associated 

molecular pattern (PAMP), which activates Toll-like receptor 4 (TLR4), inducing expression of 

proinflammatory chemokines and cytokines(149). Importantly, blocking TLR4 activity in a 

mouse model reduces vascular leakage(149).  

Hexameric NS1 also binds proteins in the complement pathway, including mannose-binding 

lectin (MBL). This aids immune evasion by competitively binding MBL, reducing recognition of 

DENV and suppressing MBL-mediated neutralisation(150). It is known that secondary DENV 

infections show greater severity in patients(151). In addition to antibody-dependent 

enhancement (ADE) of infection, this is a result of patients producing anti-NS1 antibodies that 

cross-react with components of the extracellular matrix, as well as platelets, causing damage 

and enhancing the disease(152). In line with this, the NS1 antibody generated by patients has 

been suggested as a method of predicting disease severity(153). Interestingly, levels of 

secreted NS1 are reportedly decreased, with measured sNS1 levels not correlating with 

severity, in secondary dengue infection(154). One explanation for this is the sequestering of 

NS1 in immune complexes in response to high levels of DENV-reactive IgG, blocking NS1 target 

epitopes from detection via ELISA(155). These immune complexes have been speculated to 

be involved in pathogenesis(156, 157). 
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Recently, evidence has challenged the theory that secreted NS1 exists only as a hexamer. 

Recent mass spectrometry analysis of a 250 kDa native-PAGE band from the supernatant of 

DENV-infected Vero cells revealed complexes of NS1 protein and apolipoprotein A1 (ApoA1), 

a component of high-density lipoproteins (HDLs)(158). Utilising plasma from healthy donors 

spiked with streptavidin-tagged DENV2 NS1, NS1 was also shown to bind Apolipoprotein B, 

indicating interaction with both high-density lipoproteins and low-density lipoproteins (LDLs). 

In S2 cells, a Drosophila melanogaster cell line, these NS1-HDL and NS1-LDL complexes were 

determined to be the predominant NS1 species(159). When a mixture of NS1 and HDL were 

combined with a molar ratio of 2.5:1, analysis by negative-stain electron microscopy identified 

three types of NS1-HDL complexes. Approximately 60% of the complexes featured 3 dimers 

bound to an HDL particle, approximately 25% featured two dimers bound to one HDL particle, 

while approximately 10% featured four dimers bound to one HDL particle. This demonstrates 

a dissociation of the NS1 hexamer into dimers upon binding to HDL(159). Cryo-EM analysis of 

His-tagged NS1 expressed in HEK293-cells displayed high levels of tetramer in supernatants, 

with a minority (3.1%) hexameric population. The tetrameric population was also shown to 

exist in stable and loose formations, with stable tetramers forming a β-roll at the N-terminus 

and loose tetramers forming a β-sheet. Importantly, while the anti-NS1 antibody 5E3 was able 

to bind NS1 in hexamer and loose tetramer formation, the tetrameric structure was resistant 

to 5E3 binding, introducing a previously unknown hurdle in producing therapeutics against 

NS1-induced pathogenesis(160). 

Lipid rafts are regions of the plasma membrane with increased cholesterol, glycosphingolipids 

and outward-looking protein molecules, enabling interactions between the cell and 

extracellular molecules(161). Treatment of murine macrophage RAW 264.7 cells with purified 

NS1 protein resulted in the accumulation of these lipid rafts on the cell membrane, facilitating 

DENV attachment(162). ApoA1 from human serum was shown to interact with both 

glycosylated hexameric NS1 and nonglycosylated  dimeric NS1, as well as reducing cell-bound 

NS1 in a concentration-dependent manner. Further investigation demonstrated an ApoA1-

mediated depletion of lipid rafts, showing a protective effect. However, this protective effect 

is inhibited by high concentrations of NS1 protein(162). Further studies have demonstrated 

that the formation of these NS1-ApoA1 complexes convey pro-inflammatory signals(163). The 
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properties of secreted NS1, as well as interactions between NS1 and ApoA1, require more 

investigation to reveal the complicated nature of the protein. 

1.11 Dengue NS1 mutants and effects 

Multiple studies have identified critical residues of NS1 in the viral replication lifecycle. Early 

studies demonstrated that NS1 does not dimerise after removal of the 79 amino acids at the 

C-terminus(164). Upon further investigation the three most C-terminal cysteine residues were 

found to be responsible, while mutating the three most N-terminal cysteine residues of NS1 

to alanine caused instability of the dimer(165). The highly hydrophobic region at Trp-330 and 

Tyr-331, when mutated to alanine, completely prevents dimer formation(165). 

Mutation of glycosylated sites Asn-130 and Asn-207 to alanine results in diminished, but not 

complete elimination of dimerisation and secretion(166). This experimental finding is 

supported by a study which illustrated that glycosylation is not required for NS1 dimerisation 

by use of a glycosylation inhibitor(136). 

A recent study analysed the importance of 46 conserved DENV residues via site-directed 

mutagenesis(145). This revealed 18 residues that are required for viral RNA replication or 

efficient infectious particle production(145). It is likely that additional critical determinants of 

NS1 functions remain to be characterised and that a larger-scale approach would facilitate 

identification of a greater number of additional residues that are critical to NS1 function, 

furthering our understanding of DENV. 

A 2021 study on DENV evolution utilised next-generation sequencing (NGS) to identify DENV 

mutants after long-term passage in both Huh-7 and C6/36 cells(167). Over the course of the 

experiment, repeated passage of virus in one cell line resulted in increased fitness, 

accompanied by a decrease in fitness when used to infect the alternate cell line, as expected. 

After 9 passages, multiple mutations reached ~80% frequency in a cell line. In the mosquito 

cell line, it was observed that high frequency mutants commonly occurred in E, NS3 and the 

3’UTR, while in the human-derived cell line, NS2A and NS4B mutants were more common. 

However, none of these mutants were reintroduced into the DENV genome and verified for 

changes to fitness. While no mutants of similar significance were identified from either cell 

line for NS1, it is important to note that this experiment did not involve a comprehensive 

mutagenesis approach such as deep mutational scanning(168) to create a library with high or 
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complete mutational coverage and study the effects of introduced mutations in a 

comprehensive manner. Over 9 passages, while reasonable coverage across the entire 

genome was ensured, certainly not all nucleotide changes within NS1 would have occurred 

and been given sufficient opportunity to outcompete wild-type NS1 and register as a mutant 

of importance according to the study’s criteria.  

To identify molecular determinants of orthoflavivirus NS1 which confer binding to endothelial 

cells, Lo et al. created multiple chimeric NS1 proteins containing exchanged β-roll, Wing and 

β-ladder domains from DENV, West Nile Virus (WNV) and ZIKV(169). The DENV NS1 Wing 

domain was determined to be responsible for tissue-specific binding to endothelial cells, while 

both the Wing and β-ladder domains were required for induction of endothelial permeability. 

Examining conservation of the Wing domain across the orthoflavivirus genus, combined with 

experiments with NS1 mutants, residues 91-93 of DENV and WNV NS1 were identified as 

determinants of endothelial permeability in vitro. 

 

Figure 1.9: 3D structure of the DENV NS1 dimer and hexamer, obtained via x-ray 

crystallography and cryo-EM, respectively(145). 

1.12 Envelope structure and function 

Mature dengue virions display 180 copies of the E glycoprotein, present as 90 dimers forming 

a smooth shell on the virus surface(170). Each E monomer consists of three domains, EDI, EDII 

and EDIII, joined by flexible hinges which permit irreversible conformational changes during 

the lifecycle of DENV(171). Additionally, the protein features a fusion loop which allows fusion 

with target membranes(172), two antiparallel transmembrane domains (TM1 and TM2) which 
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are also required for membrane fusion(173), and a stem region connecting TM1 to EDIII 

(Figure 1.10 F). 

E undergoes three conformational changes during infection. At neutral pH conditions, E 

protein is present as a dimer, anchored to the lipid bilayer by the transmembrane 

domains(173). In the low pH extracellular environment, E protein forms a hairpin-like 

structure, exposing the fusion loop and allowing for entry into the cell via contact with specific 

cell surface receptors and receptor-mediated endocytosis(174, 175). In the low pH 

environment of the endosome, a ring of five E trimers forms, which destabilise the host 

membrane, allowing fusion of the endosomal membrane and viral membrane, resulting in the 

opening of a fusion pore(171, 176) (Figure 1.10 A-E). 

While EDI is located at the N-terminus of the protein, structurally it is flanked by EDII and EDIII, 

allowing for stabilisation of the protein(41). For DENV, N-glycosylation occurs at N67 (EDII) and 

N153 (EDI)(177). N67, which is not a common glycosylation site among orthoflaviviruses, has 

been demonstrated to interact with the host-cell receptor DC-SIGN via cryo-EM(178). N153 

mutants have been shown to alter the pH threshold for fusion with the cell membrane, 

potentially due to decreased stability of E dimers(179). EDI and EDII are both discontinuous 

peptides, linked by the EDI/EDII hinge which features four peptide linkers. This hinge region is 

a major target of neutralising antibodies(180). EDII features the dimerisation domain as well 

as the fusion loop, therefore playing a major role in the formation of the fusion pore(181). 

EDIII folds independently from EDI and EDII(182). It is thought to be responsible for receptor 

binding via interactions with receptors including heparan sulfate(183, 184), and is considered 

a primary target for blocking virus entry by monoclonal antibodies(185). 
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Figure 1.10: Steps of the orthoflavivirus membrane fusion process. A) E protein exists on 

the surface of the membrane as a dimer, due to the neutral pH of the extracellular 

environment and early endosomal conditions. Fusion loops are buried within dimer 

contacts. B) Due to decreased pH within the endosome, E protein assumes a hairpin-like 

structure, exposing the fusion loop and resulting in binding of E protein to the endosomal 

membrane. C) Formation of rings of five E trimers. D) The viral lipid bilayer begins to fuse 

with the endosomal membrane, forming a hemifusion. E) The fusion pore is opened 

allowing for exit of genetic material into the cytoplasm. E protein exists in its final post-

fusion trimer (186). F) Schematic diagram of E, adapted from (41). Colour code: Fusion 

loop = orange, EDI = red, EDII = yellow, EDIII = blue, stem = purple, TM1/2 = green.  
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1.13 Current antivirals against dengue virus 

While no antiviral therapeutics against DENV are currently approved, several publications 

have reported small molecule compounds which target viral or host proteins that are vital to 

the lifecycle of the virus. Multiple stages of the lifecycle have been identified as promising 

targets of small molecule inhibitors. These stages have been categorised as follows: 

1. Virus entry; 

2. Endocytosis; 

3. Membrane fusion and the release of viral RNA; 

4. Transcription of negative and positive strand RNA; 

5. Translation, cleavage and post-translational processing of the viral polyprotein; 

6. Formation of the replication complex and events within the complex; 

7. Virus assembly; 

8. Secretion of infectious particles; 

We will briefly review small molecule inhibitors that have been determined to specifically 

inhibit these lifecycle stages, with a focus on E protein and NS1 due to their significance to this 

thesis. 

1.14 Structural proteins as targets 

Multiple stages of the viral replication cycle could potentially be disrupted by small molecule 

inhibitors that target the viral structural proteins C, prM or E. E protein in particular has been 

the focus of many antiviral development efforts. A common E protein target site is the 

conserved binding pocket in the hinge region between EDI and EDII, which binds the small 

detergent molecule N-octyl-β-D-glucoside (βOG)(187). Interaction with this binding pocket by 

small molecules has been demonstrated to inhibit membrane fusion by inhibiting a ‘zipping’ 

of the stem of E protein, which allows formation of the hemifusion membrane by bringing the 

fusion loop and transmembrane anchor together(188, 189). Multiple small compounds have 

been shown to inhibit virus entry through this mechanism, including 1662G07 (IC90: 16.9 

µM)(188), doxycycline and rolitetracycline (IC50: 55.6 and 67.1 µM, respectively)(190), 
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NITD448 (IC50: 6.8 µM)(191), Compounds 3e and 3h (IC50: 1.19 and 0.66 µM, respectively)(192) 

and P02 (IC50: 13 µM)(193). 

EDIII is important for virus entry, as the domain recognises host cell receptors. EDIII is 

therefore a common target for antiviral therapy(194). Multiple receptors involved in virus 

entry have been identified, including glycosaminoglycans such as heparan sulfate(183). The 

heparan binding motif, a positively charged region of EDIII, has since been successfully 

targeted with multiple negatively charged compounds, such as glycosaminoglycans(195). 

Heparin, a mimetic of heparan sulfate, was shown to inhibit DENV (IC50: 0.3 µg/mL for DENV2 

PL0146, 3 µg/mL for DENV2 New Guinea C strain)(196). Many further mimetics have been 

identified which inhibit DENV in vitro, but due to low bioavailability, are ineffective in 

vivo(197). An exception to this is the mimetic PI-88 (IC50: 200 µg/mL)(198). 

ST-148 (IC50: 16 nM) is a compound which directly interacts with C protein and was suggested 

to inhibit uncoating and potentially other later stages of the DENV lifecycle(199). Follow up 

studies demonstrated the compound stabilises C protein self-interaction, interfering with 

uncoating by inducing structural rigidity of the nucleocapsid(200).  

No antivirals specifically targeting prM have been reported. 

1.15 Non-structural proteins as targets 

Targeting of viral non-structural proteins has the potential to disrupt viral RNA replication, viral 

replication, organelle formation, viral protein translation, viral polyprotein cleavage events, 

virus particle assembly and/or aspects of viral immune evasion. While no small molecule drug-

like compounds have been shown to have NS1-specific antiviral activity, disease neutralising 

NS1 antibodies and the heparan sulfate mimetic PG545 have shown promise as active 

therapeutics. Both E protein and NS1 are glycosaminoglycan-binding proteins, and PG545 

binds each of these proteins(201). The interaction of PG545 with E protein is hypothesised to 

result in virion lysis, while the interaction of PG545 with NS1 appears to abolish NS1-mediated 

endothelial disruption, without a specific NS1-based antiviral effect(201). Monoclonal anti-

NS1 antibodies 1G5.3 and 2B7 have been identified as broadly protective orthoflavivirus 

inhibitors(202, 203). Each of these antibodies were determined by x-ray crystallography to 

bind the NS1 β-ladder domain, and both prevent NS1 from disrupting endothelial integrity. 

The α-glucosidase inhibitor, celgosivir, has been demonstrated to cause misfolding of NS1, 
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resulting in its accumulation in the endoplasmic reticulum(204). However, clinical trials have 

shown no effect in reducing viral load or fever in dengue patients(205). 

The NS3 protease is a serine protease which requires NS2B as a cofactor and is responsible for 

cleavage of the viral polypeptide at 8 of the 13 cleavage sites(206, 207). Multiple drug-like 

small molecules have been identified which inhibit NS2B/3-mediated proteolysis. One such 

example is BP2109, which was shown to inhibit viral RNA replication as determined using a 

reporter-encoding DENV2 replicon with an IC50 of 0.17 µM(208). In addition to its protease 

activity, which resides within its N-terminus, NS3 also functions as a helicase via its C-terminal 

ATPase/helicase domain. An interaction between NS3 and NS4B causes the dissociation of NS3 

with single stranded RNA, enhancing helicase activity(209, 210). In addition to its essential 

roles in membrane rearrangements that support viral replication and mitochondrial 

elongation(211), NS4B also plays roles in countering innate immune responses including type 

I interferon (IFN) signalling, RNA interference, the unfolded protein response and stress 

granule formation(212). Multiple inhibitors of NS4B function have been identified(197), with 

the most promising being analogues JNJ-A07 and JNJ-1802 which are both inhibitors of the 

NS3-NS4B interaction(213, 214). JNJ-A07 directly targets the NS4B protein, and disrupts NS3-

NS4B complex formation, but does not disrupt pre-formed complexes. DENV mutants 

identified via repeated passage in Vero cells showed minimal growth in C6/36 cells, indicating 

that spread of JNJ-A07 resistant DENV is unlikely. The reported IC50 in Vero cells was ~778 pM, 

and JNJ-A07 has shown strong potency in AG129 mice even when treatment commenced at 

the peak of viremia (5-6 days post-infection). The analogue JNJ-1802 has been shown to have 

similar activity and resistance to mutations to that of JNJ-A07 and has also successfully 

completed a phase 1 clinical study(215). 

NS5 is a multi-functional protein, with N-terminal methyltransferase and C-terminal RNA 

dependent RNA polymerase enzymatic activities. The NS5 crystal structure revealed two 

cavities suitable for inhibitor binding, one of which contained multiple amino acids critical for 

viral replication, inspiring development of nucleoside inhibitors and non-nucleoside inhibitors 

targeting the conserved cavity(216). Research into targeting the NS5 methyltransferase has 

also identified inhibitors, including methyltransferase competitive inhibitors(217, 218) and 

compounds which bind a conserved cavity near the S-adenosyl-methionine binding site(219).  
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Targeting of nucleocytoplasmic trafficking of NS5 has also been explored as a therapeutic 

strategy(220). While replication of the RNA genome occurs in the cytoplasm, NS5 is 

predominantly located in the nucleus during infection(221), although the ratio of nuclear to 

cytoplasmic NS5 is dependent on the strain of DENV(222). Cytoplasmic NS5 is thought to aid 

immune suppression and contribute to pathogenesis(223, 224). Ivermectin has been shown 

to prevent binding of NS5 to importin β1(225), which recognises nuclear localisation 

sequences within NS5(221). This resulted in inhibition of DENV with an IC50 of 1.2 - 1.6 µM. 

In addition to common preferences for an orally bioavailable drug that is safe and effective, 

there are additional safety considerations and requirements for DENV antivirals. Disease 

burden is skewed towards the paediatric population(226). Furthermore, the antiviral must 

quickly cease progression from mild illness to more severe dengue fever, and must be active 

against all four DENV serotypes(227).  

1.16 Dengue control measures and Wolbachia 

Due to the lack of approved antiviral therapeutics and effective vaccines, research has also 

focussed on management of the DENV vectors, Aedes albopictus and Aedes aegypti. For 

individuals, preventative strategies against dengue infection involve reducing risk of mosquito 

bites, using mosquito repellent, mosquito nets, clothing that covers arms and legs and 

reducing the number of mosquitoes by removing still water from household objects such as 

buckets(228). At a larger scale, efforts involving insecticide/larvicide usage have been met 

with operational challenges due to the emergence of resistant populations against all major 

classes of neurotoxic insecticides, including pyrethroids, organophosphates, carbamates, and 

organochlorines(229).  

In 2011, a successful strategy for the reduction of dengue transmission from Aedes 

mosquitoes was described(230). When Aedes aegypti mosquitoes infected with the 

intracellular bacterium Wolbachia pipientis are released into an area, the bacterium rapidly 

spreads into uninfected Aedes populations. Embryonic mortality occurs upon mating between 

a Wolbachia-infected male and a Wolbachia-free female, while larvae produced from mating 

of two Wolbachia-infected mosquitoes, two Wolbachia-free mosquitoes, or a Wolbachia-

infected female and a Wolbachia-free male are unaffected, allowing rapid, and potentially 

permanent introduction of the bacterium into a population of mosquitoes (Figure 1.11)(231). 

A Wolbachia-infected mosquito is less likely to transmit DENV, due to a number of reasons, 
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including shortened of the mosquito lifespan, decreased reproductive fitness, and decreased 

egg viability(231, 232). Mosquitoes infected with wMel, wMelCS and wAlbB Wolbachia strains 

are all, in comparison to uninfected mosquitoes, less susceptible to intrathoracic DENV 

challenge, more resistant to DENV replication, and show decreased DENV transmission 

potential based on infectious virus present in the saliva(233). The wMel or wAlbB strains have 

now been used in countries including Australia(234), Malaysia(235) and Indonesia(236) to 

successfully reduce levels of DENV infection in communities where these programs have been 

undertaken. 

 

Figure 1.11: Theoretical establishment of released Wolbachia-infected mosquitoes in a 

wild mosquito population(237). 

While successful so far, the possibility exists that evolution of Aedes mosquitoes, DENV or 

Wolbachia pipientis may reduce the effectiveness of this strategy. An Australian study into a 

released wMel-infected Aedes aegypti colony found few differences in the Wolbachia genome 

post-release, compared to 8 years later(238). Additionally, stability of Wolbachia infection in 

mosquitoes has been shown to remain stable for at least 2 years, despite causing deleterious 

fitness effects and a small subpopulation of uninfected mosquitoes persisting(239). While 

Aedes aegypti genetics have been shown to impact on the level of DENV ‘blocking’, 

mosquitoes that have reduced viral infection, or greater blocking, were also shown to have 

reduced fitness and will therefore be unlikely to be selected in the field(240).  

To characterise the frequency at which DENV may evolve to overcome suppression by 

Wolbachia, it is important to understand how DENV is suppressed. In a study on Wolbachia-
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mediated blocking of DENV in Aedes aegypti, 50% of wMel-infected mosquitoes which fed on 

viremic dengue patients displayed infectious virus in saliva after 15.8 and 19 days for DENV-1 

and DENV-4, respectively, while for Wolbachia-free mosquitoes, these values were 9.3 and 

14.9 days, respectively(241). This, and similar studies(233) demonstrate that inhibition of 

DENV replication is incomplete, and that the success of the Wolbachia strategy is a result of a 

reduction of transmission through decreasing the proportion of mosquitoes that are capable 

of transmitting DENV, and by minimising the time period in which a DENV-infected mosquito 

remains infectious. However, the cohabitation of DENV and Wolbachia in Aedes mosquitoes 

means that resistance to Wolbachia may arise over time(242). 

The complete mechanism behind Wolbachia’s blocking of DENV replication is not fully 

understood. Numerous studies have identified multiple mechanisms by which Wolbachia 

exerts an antiviral effect. Perturbation of intracellular cholesterol trafficking by Wolbachia has 

been shown to result in DENV inhibition through localised cholesterol accumulation(243). 

Furthermore, release of reactive oxygen species upon infection of a Wolbachia-infected 

mosquito leads to the activation of immune pathways, resulting in the production of 

antimicrobial peptides(244). Interestingly, Wolbachia has been shown to induce expression of 

the RNA methyltransferase Dnmt2, and this has been implicated in the control of RNA 

viruses(245). While more research is required, the impact of Wolbachia on DENV replication 

in mosquitoes appears to be multi-factorial and broad.  

Cell culture models have demonstrated that Wolbachia and DENV do not generally cohabitate 

within a single cell, although this is dependent on the density of the Wolbachia infection(246). 

This is supported by research that demonstrates that the antiviral protection of Wolbachia is 

cell-autonomous, and cells uninfected by Wolbachia have no increased resistance to 

arboviruses(247). Within a mosquito, pools of DENV mutants may spawn from Wolbachia-free 

cells, before selection in nearby Wolbachia-infected cells. 

It is known that DENV exists as a viral quasispecies, due to the error-prone RNA dependent 

RNA polymerase. The high error rate and number of virus genomes present during a human 

infection suggests that most single mutants and many double mutants are likely to occur(248). 

For a variant strain to become widespread, it must replicate efficiently in both humans and 

mosquitoes. Upon a mosquito taking a blood meal, the mutant DENV must first establish in 

the midgut. The transferral from human to mosquito is known to be a genetic bottleneck, with 
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~90% of single nucleotide variants (SNVs) being lost upon transmission(249). The mutant 

DENV must then disseminate through the mosquito to reach the salivary glands, with a further 

90% of SNVs being lost(250). For a Wolbachia-resistant strain to become dominant, it must 

display increased fitness in both Wolbachia-infected mosquitoes and humans, or else mutants 

may dwindle on one side of the transmission cycle and be lost to bottlenecks.   

A serial-passage experiment revealed that the DENV1 E mutant E203K displays increased 

fitness in wMel-infected Aedes aegypti mosquitoes, although fitness was decreased when 

passaged in wMel-free mosquitoes and human cells, with a rapid return to the progenitor 

sequence observed(251). This highlights the potential for DENV adaption to Wolbachia-based 

suppression. The possibility of rescue mutations which may restore viral fitness, or other 

Wolbachia resistant mutations which may appear, demonstrates the need for further research 

into how DENV may evolve to overcome specific Wolbachia species, which DENV serotypes 

and isolates are more prone to Wolbachia resistance, and how this can be surveyed and 

combatted.  
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1.17 Deep mutational scanning (published review) 

 

Note: The following sections are adapted from the review ‘Applications of Deep Mutational 

Scanning in Virology’, published in 2021 in Viruses by Thomas D Burton and Nicholas S Eyre. 

The review can be found in full in Appendix V. 

Deep sequencing is a method that allows the sequencing of nucleic acid sequences multiple 

times. Deep mutational scanning (DMS) is a technique that utilises deep sequencing 

technology in combination with a library of mutant genes or genomes produced by random 

or directed mutagenesis to probe the functional effects of mutations at many or all nucleotide 

positions within a gene or genome, linking genotype to phenotype in a single high-throughput 

experiment. This technique has been applied to various proteins to reveal residue-specific 

information regarding many aspects of protein biology. For example, under certain conditions 

replacement of a yeast gene with a mutant library of a human orthologue can allow for 

determination of mutants which impact growth and may be linked to human disease(252, 

253). Unbiased selection and identification of mutants with improved properties or activities 

for specific requirements, such as increased solubility, have furthered the field of protein 

engineering(254). Numerous other applications have also been pursued through DMS, 

including construction of complete functional activity landscapes of genes(255, 256), 

establishment of quantitative evolutionary models(257, 258), and contributions to structural 

biology(259, 260).  

Before DMS, studies typically utilised alanine substitution to reveal residues or regions of 

importance in a viral protein. Commonly in targeted mutagenesis studies, residues for 

mutation are selected by analysis of protein structure, conservation with other orthologous 

isolates or strains, or amino acid biophysical properties(261, 262). Alternatively, large regions 

of interest may be interrogated by alanine scanning mutagenesis as a less targeted 

approach(263, 264). Alanine mutagenesis is commonly employed, as alanine features an inert, 

non-bulky methyl functional group, and does not alter main-chain conformation(265). In 

these studies, mutants of interest are typically loss of function mutants, as this is indicative of 

the absence of a functionally important residue. In the context of virology, experiments 

attempting to generate adaptive, or gain of function mutations often rely on serial passages 

of a virus in cell culture or animal models(167, 266, 267), relying on an error-prone viral 
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polymerase to generate mutants. A limiting factor is that combinations of mutations that may 

be required to enhance viral fitness in a given host may not be realised within the system. This 

method can also be time consuming as multiple rounds of infection are required. In regards 

to analysis of the impact of amino acid substitutions on viral protein function or viral 

replicative fitness, DMS can allow the substitution of a given residue with all possible amino 

acids, increasing the probability of identifying gain of function mutations that otherwise 

require more than one nucleotide substitution.  

DMS studies in virology are generally performed using a three-step approach. First, a mutant 

library of a gene or genome of interest is prepared, ideally with genetic variants encoding 

every single possible residue change within the sequence of interest, or insertions introduced 

at every possible site. Second, a selective pressure is applied to the library, enabling the 

enrichment of mutations that encode a selective advantage and the removal of deleterious 

mutations. Finally, the frequency of mutations within the library is quantified via next 

generation sequencing (NGS) and compared before and after the application of the selective 

pressure. In studies of viral replicative fitness, a mutant with a cost to fitness will be selected 

against, while an enhancing mutant, such as an antiviral escape mutant, will become enriched. 

Selective pressures, such as drug/antibody presence, stimulation of antiviral innate immunity, 

growth in cell types of different species, and binding potential to a host receptor have been 

applied to studies of many viral genes.  

1.18 Reverse genetics systems to study RNA viruses 

Due to the absence of DNA in the lifecycle of RNA viruses, the construction of cDNA clones of 

infectious RNA viruses has become a vital tool in studying their lifecycle. Generally, a reverse 

genetics system is comprised of genomic viral RNA that is reverse transcribed into cDNA and 

then cloned into a plasmid, allowing for stable propagation of a virus genome within bacteria 

or yeast. The plasmid can then be manipulated by standard molecular methods, with the 

introduction of mutations and tags, or the removal of segments of the genome(268). 

There are multiple key requirements for an infectious positive sense RNA virus cDNA clone. A 

common approach involves incorporation of a DNA dependent RNA polymerase promoter at 

the 5’ end of a cloned viral genome to enable in vitro transcription of infectious viral RNA via 

a corresponding RNA polymerase, with or without a type I 5’ cap structure, if required(269). 

This is commonly achieved using bacteriophage promoters/polymerases such as those of SP6 
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and T7. Produced RNA can then be purified and transfected into cells to initiate the viral 

replication cycle. A constitutive promoter such as a human cytomegalovirus (HCMV) promoter 

can also be utilised, with viral RNA produced by host Polymerase II after direct transfection of 

a full-length cDNA clone into cells. As it is necessary to produce viral RNA with precise ends, a 

self-cleaving hepatitis delta or hammerhead ribozyme or a T7 terminator sequence may be 

added to the 3’ end of the viral genome to enable generation of authentic 3’ ends (270, 271). 

Alternatively, for in vitro transcription (IVT) systems, a unique restriction endonuclease site 

can be inserted at the 3’ end of the virus genome to allow for plasmid linearization, such as 

with the DENV infectious clone, pFK-DVs, commonly used for experiments within this 

thesis(272). Some of the limitations of these plasmid systems are instability in bacteria, due 

to the presence of cryptic bacterial promoters and other factors leading to recombination 

during growth, and poor plasmid yields(273). As the preparation of mutant libraries involving 

plasmid clones of viral cDNA often requires the pooling of a large number of bacterial colonies, 

it is important in DMS studies to have a plasmid with both minimal recombination, to ensure 

that recombination of the plasmid in bacteria does not affect cell culture 

experiments/analysis, as well as high transformation efficiency to ensure that a library of 

sufficient mutational diversity can be prepared. For these reasons, several bacterium-free 

approaches such as circular polymerase extension reaction (CPER)(274) and yeast artificial 

chromosome approaches, including transformation-associated recombination cloning in 

Saccharomyces cerevisiae(275), have also been employed to enable efficient propagation and 

manipulation of (+)RNA virus cDNA clones. Similarly, bacterial artificial chromosome (BAC) 

systems and modified plasmid DNA clones with features designed to minimise viral cDNA 

recombination and toxicity in bacteria have also been applied to various reverse genetics 

systems for (+)RNA viruses(271). The reliability and ease of manipulation of viral cDNA using 

these systems is an important determinant of the success of DMS experiments. 

Reverse genetics systems exist for many Flaviviridae species. Construction of these systems is 

often considered to be relatively straightforward, although as detailed above, challenges in 

genome construction due to repetitive elements, toxicity in E. coli and associated instability 

and recombination in E. coli are well-documented. Reverse genetics systems have traditionally 

been used in low-throughput mutational studies, to analyse the effect of single point 

mutations. Coupling reverse genetics with deep sequencing and random mutagenesis has 
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allowed for high-throughput mutational studies, with analysis of hundreds of thousands of 

mutants being made possible in a single experiment.  

1.19 Next generation sequencing 

Advances in Next Generation Sequencing (NGS) have been crucial to the development of DMS 

as a tool in the field of molecular virology. The first generation of sequencing consisted mainly 

of Sanger sequencing and the Maxam and Gilbert technique. The second generation of 

sequencing introduced mass parallelisation of reactions. The current generation of 

sequencers enable real-time, single molecule sequencing(276). We will discuss three 

commonly used platforms in DMS studies; Pacific Biosciences (PacBio) Single Molecule Real 

Time (SMRT) sequencing, Oxford Nanopore Technologies (ONT) real time sequencing, and the 

Illumina short read sequencing-by-synthesis technology, which is part of the second 

generation of sequencing.(277).  
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1.20 Single-molecule long-read sequencing 

Produced by Pacific Biosciences, PacBio SMRT technology (henceforth referred to as SMRT) 

utilises a sequencing by synthesis approach. Initially, the DNA is fragmented into pieces several 

kilobases in length and the addition of hairpin adaptors to the DNA results in the formation of 

a circular SMRTbell DNA conformation. Next, the circular DNA is introduced to a flow cell lined 

with picolitre wells with a transparent bottom (a zero-mode waveguide) and a DNA 

polymerase enzyme fixed to the bottom of the well. The polymerase then incorporates a 

fluorescently tagged nucleotide into the elongating DNA strand, and the fluorescent signal 

emitted by the individual nucleotide being incorporated is recorded by a camera. Finally, each 

fluorophore is cleaved by the polymerase and diffuses before the next read occurs. A major 

advantage of this technology is that the circular SMRTbell DNA conformation allows for many 

rounds of sequencing of a single DNA fragment, producing an accurate circular consensus 

sequence(278) (Figure 1.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12: Next Generation Sequencing: PacBio SMRT Technology 



39 
 

The Oxford Nanopore system (henceforth referred to as ONT) sequences DNA in a unique 

manner. DNA is fragmented into pieces of several kilobases in length, then a motor protein 

and a hairpin adaptor are added to either side of the DNA. A leader sequence directs the DNA 

to a pore embedded in an electrically resistant membrane, and the motor protein allows 

ssDNA to be pulled through the aperture of the pore. Simultaneously, an electric current 

passes through the pore protein. As the ssDNA passes through the pore, a characteristic 

disruption of the electrical current occurs, dependent on the multiple bases present in the 

pore. By analysis of this disruption, a DNA sequence can be identified by its unique ‘k-mer’, 

which can be translated into a sequence (for example, AAGT will have a distinct disruption 

compared to AGAT). The hairpin adaptor allows for bidirectional sequencing of the DNA 

fragment, and the read from the forward and reverse strands can be used to generate a 

consensus sequence(279) (Figure 1.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13: Next Generation Sequencing: Oxford Nanopore Technology 
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1.21 Sequencing by synthesis 

Used in Illumina sequencing instruments, DNA molecules are sheared to ≤ 300 base pair 

fragments then ligated to adapter sequences which allow for hybridisation to complementary 

oligonucleotides present in nanowells across a patterned flow cell. The DNA fragments are 

amplified via bridge amplification, resulting in clonal clusters of DNA. Subsequent addition 

and imaging of fluorophore-labelled terminator nucleotides allows for highly parallel 

sequencing(280) (Figure 1.14).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14: Next Generation Sequencing: Illumina short read technology 
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1.22 Next generation sequencing technologies: A comparison 

 

The main limitation of Illumina short read technology in DMS studies is the short read length. 

Viral segments for analysis are often much longer than the read length of the instrument. If 

two distant mutants are present in a single viral genome, and a specific phenotype is observed, 

it is difficult to determine without further experimentation if they are acting in a pairwise 

manner or if a single mutation is wholly responsible for the phenotype. Thus, pairwise 

epistatic mutations are not always resolvable using short read technology. A partial solution 

to this problem is to create multiple adjacent mutant libraries of short lengths, ‘tiling’ across 

a gene, to restrict epistatic mutations to within a readable window(281). Alternatively, 

subassembly can be utilised. In this approach, tagging each template molecule with a unique 

DNA barcode or ‘unique molecular identifier’ (UMI) allows for the grouping and analysis of 

multiple short reads on the basis of their original template molecule(282). Resolution of 

distant mutants is only possible using third generation long-read sequencing strategies, 

offered by both SMRT and ONT. 

Of the long read sequencing platforms, SMRT is far more common than ONT in DMS studies, 

likely attributed to its higher accuracy. The circular SMRTbell DNA conformation allows for 

increased sequencing depth, or how often a base is sequenced on average, to form a 

consensus sequence, as the SMRTbell can be repeatedly sequenced. Errors in PacBio 

sequencing are distributed randomly, and therefore the accuracy increases with increased 

reads of a single SMRTbell molecule(283). Oxford Nanopore sequencing utilises dsDNA 

fragments, but does not allow continuous sequencing. A consensus sequence can be formed 

by sequencing one strand of dsDNA, followed immediately by the complementary strand, 

referred to as 1D2 sequencing, though the accuracy is somewhat limited compared to PacBio 

and Illumina strategies(283). Interestingly, a recent study has reported a high-throughput 

amplicon sequencing approach that combines UMIs with PacBio or ONT to enable generation 

of high-accuracy single-molecule consensus sequences for large DNA regions(284). This and 

similar approaches will help to overcome compromises in accuracy that have previously been 

associated with the above long-read sequencing strategies. To date, however, Illumina 

sequencing remains the most commonly used platform in DMS studies due to its cost-

effectiveness and high levels of accuracy. 
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1.23 Deep mutational scanning: Library construction 

As mentioned previously, the first step in a DMS experiment is the construction of a mutant 

library. Multiple approaches have been developed and applied to mutant library generation, 

which are briefly described below. 

The simplest and most cost-effective method to generate a genetic library bearing random 

point mutations involves error-prone PCR. In this method, one or more polymerases are 

employed to exponentially amplify a region of DNA, with initial template amount and cycle 

number varied to optimise mutation rate(285). Taq DNA polymerase, a popular error-prone 

polymerase, has a reaction-buffer dependent mutation rate of approximately 8 x 10-6 

errors/nucleotide(286). However, the use of Taq polymerase alone in library construction is 

limited as AT → GC transitions and AT → TA transversions at a frequency that is approximately 

2-4-fold the mutation rate of G and C residues. In contrast, a polymerase named Mutazyme 

DNA polymerase has a 2-4-fold stronger preference for GC → AT transitions and GC → TA 

transversions(287). In combination, these enzymes can be used to produce a relatively 

unbiased mutant library with a somewhat controllable mutation rate. A major drawback of 

this method is that not all amino acid residues are accessible with single nucleotide 

polymorphisms(288). Additionally, this technique can often result in multiple mutations 

present in a single DNA fragment that can confound results, especially when using short read 

sequencing strategies to quantify mutation frequency, as mentioned earlier. 

First described in virology studies by the Bloom laboratory in an Influenza nucleoprotein (NP) 

study, synthetic oligonucleotides were designed to contain a randomised triplet for each 

codon present in the gene, with 16 leading and lagging nucleotides that anneal specifically to 

the NP gene, as well as the reverse complement of these oligonucleotides. Using a series of 

joining PCR steps and restriction enzyme cloning, a product pool containing all possible amino 

acid mutations of NP was cloned into an Influenza reverse genetics system(257). When 

designing oligonucleotides with randomised triplets, codon usage should be considered. NNK 

degeneracy (N: Ade/Cyt/Gua/Thy, K: Gua/Thy) encodes all amino acids, while NDT (N: 

Ade/Cyt/Gua/Thy, D: Ade/Gua/Thy, T: Thy) and DBK (D: Ade/Gua/Thy, B: Cyt/Gua/Thy, K: 

Gua/Thy) each encode 12 amino acids, feature no stop codons and exhibit all major 

biophysical types, while potentially decreasing workload. However, with decreased coverage, 

the amount of interesting variants will also be reduced(289). This method is more costly 
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compared to the error-prone PCR method, but can be used to generate libraries with complete 

mutational coverage. 

A synthetic approach to mutant library generation is also available. Gene synthesis begins with 

oligonucleotide construction. These are designed such that adjacent oligonucleotides in the 

final product contain overlapping sequences. The overlap results in a DNA duplex which, 

through an assembly reaction with DNA polymerase, results in the construction of the gene 

of interest(290). Multiple methods allow for controlled or randomized insertion of mutations 

into a target DNA sequence. For example, the “Spiked Genes” method uses oligonucleotides 

spiked, or interspersed, with mutants to create a pooled mutant fragment(291). Synthetic 

construction of multiple types of mutant libraries is possible through commercially available 

gene synthesis services. Available mutant library types include controlled randomised 

libraries, scanning alanine mutagenesis libraries and scanning codon mutagenesis libraries. 

An additional type of mutant library discussed briefly within this thesis is the transposon 

insertion library. This is facilitated by a transposase protein, such as Tn5, Tn7 or MuA that 

recognizes the ends of a transposon, or a mobile DNA element, and forms a protein-DNA 

complex termed the ‘transpososome’. This complex catalyses cleavage of target DNA at a 

random site, although evidence of insertion bias exists(292), and joining reactions allow for 

the introduction of the transposon into a DNA template. For many applications, the 

transposon is engineered to feature an antibiotic resistance gene, allowing for selection of 

genetic elements with successful transposon integration. In these systems the transposon also 

features two identical restriction enzyme sites on each end of the DNA elements. Upon 

purification, the resulting unique plasmids are digested with the corresponding restriction 

enzyme. Gel electrophoresis allows for the removal of the majority of the introduced DNA 

element by size separation, with a small insertion remaining after ligation of the plasmid 

backbone(293, 294). High-throughput random mutagenesis of a cloned viral genome paired 

with deep scanning allows for powerful studies which can probe regions of genomic flexibility 

and functionality.  

1.24 Standard deep mutational scanning experiment methodology 

DMS experiments often follow a similar methodology. Using a reverse genetics system, a 

mutant virus library is generated via a method such as randomised mutagenesis, controlled 

site-saturation mutagenesis, or transposon mutagenesis. This library is often initially amplified 
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using bacteria, with a higher number of uniquely transformed plasmids resulting in increased 

mutational diversity. This library, or derivative IVT RNA, is transfected into cells, allowing for 

the propagation of RNA replication-competent viral genomes, as well as production of viral 

particles. Infection of naïve cells with virus-containing cell culture supernatants allows for 

propagation of genomes which are capable of both RNA replication and infectious particle 

production. Variant analysis by NGS is then employed to identify specific variants which are 

present at higher or lower levels at certain stages of the viral lifecycle in comparison to the 

initial input (Figure 1.15).  

While not a major focus in this thesis, it is important to note that DMS studies of individually 

expressed proteins have been highly informative, particularly in the context of the interactions 

of viral glycoproteins with host receptors or neutralizing antibodies. For example, angiotensin-

converting enzyme 2 (ACE2), the host receptor for SARS-CoV-2(295), has been analysed for 

mutants which enhance binding to the spike glycoprotein, to explore the use of an engineered 

soluble ACE2 as a potential therapeutic(296, 297). The binding of computer-generated 

miniprotein inhibitors and ACE2 decoys to the spike glycoprotein has also been effectively 

optimised using DMS(298, 299). A similar strategy was used to enhance the affinity and 

specificity of a computationally designed protein that targets H1N1 Influenza 

haemagglutinin(300, 301). 
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Figure 1.15: Standard methodology of a DMS experiment. 

1.25 Bioinformatic Tools for Deep Mutational Scanning Data Analysis and Visualisation 

Multiple software packages are available which facilitate variant analysis. Software packages 

such as ‘dms_tools’ and ‘Enrich2’calculate amino acid preferences under a selective 

pressure(302, 303). Furthermore, ‘dms-view’ allows straightforward visualisation of DMS data 

in the context of a protein structure(304). ‘MaveDB’ (multiplex assays of variant effect 

database) provides a tool for sharing DMS data analyses. 

1.26 Deep mutational scanning experiments 

In this section we will briefly describe several past applications of DMS in virology, focussing 

on the Flaviviridae family of viruses. Transposon mutagenesis has been applied to several 

viruses to identify genomic regions that are tolerant to small insertions. An insertion with 
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minimal impact on fitness indicates genomic flexibility, or high mutability, at a specific area, 

which may allow for adaptation of the virus to a new environment. Disruption of function from 

an insertion may also reveal a region of functionality within a gene or protein. The 

identification of a region of insertional tolerance can be exploited by incorporation of epitope 

tags or reporter genes for further research. DMS projects focussing on single nucleotide 

polymorphisms and codon mutagenesis have focussed on several biological aspects, including 

identifying determinants of viral tropism, epistatic interactions, drug and antibody escape 

mutants, and residues that are critical to several biological functions. Here, we focus mainly 

on studies of viral replicative fitness and immune evasion. 

Hepatitis C virus (HCV) 

Transposon analysis  

In a comprehensive early study by Remenyi et al, the Mu-transposon system was used to 

insert 15 nucleotide (nt) sequences (of which 10 nt are transposon-derived and 5 nt are 

duplicated target sites) into an HCV plasmid based on the chimeric sequence of genotype 2a 

J6 and JFH1 viruses(305). This mutant library was propagated in human hepatoma Huh-7.5.1 

cells, then passaged onto naïve Huh-7.5.1 cells to separately analyse genomes capable of 

viral RNA replication and infectious particle production. Regions tolerant to an insertion 

illustrate flexibility at the genomic level, and potentially highlight a region that is non-

essential for in vitro growth. P7 and non-structural protein 2 (NS2), each coordinators of 

virus assembly(306), and envelope protein 2 (E2) were identified as potential areas for 

insertion of a tag or small peptide with minimal costs to replicative fitness due to the regions 

of high genomic flexibility uncovered. The impact of NS4B transposon insertions on 

infectious particle production helped to reveal a previously unknown functional region of 

NS4B which was suggested to play a role in viral assembly. 

In a subsequent study by the same group, a similar methodology was used to assess insertions 

that confer sensitivity to the antiviral cytokine Interferon alpha (IFN-α)(307). After two rounds 

of passage in Huh-7.5.1 cells in the presence or absence of IFN-α, it was observed that mutants 

conferring sensitivity to IFN-α were clustered in p7, the 3’ untranslated region (UTR) and non-

structural protein 5A (NS5A), which is important for viral replication, infectious virus particle 

production and modulation of host cell signalling(308). Eight IFN-α sensitive p7 insertion 

mutants were constructed for validation and revealed the role of p7 in immune evasion. An 
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interferon stimulated gene (ISG) cDNA expression library screen demonstrated that 13 of 

these ISGs were particularly antiviral against viruses with mutant p7 in comparison to wild-

type p7. Amongst these ISGs, IFI6-16 was identified as a major target of p7-mediated immune 

evasion. Coimmunoprecipitation was then used to show a direct interaction between p7 and 

IFI6-16, which was previously unknown. Each of these DMS studies furthered understanding 

of the roles of HCV proteins in infection. 

Variant analysis 

In an important application of DMS towards understanding emergence of viral resistance to 

antiviral drugs, Qi et al applied high-throughput variant analysis towards understanding 

resistance to Daclatasvir(309); a potent inhibitor of NS5A(310). An NS5A mutant library of the 

J6/JFH1 strain (genotype 2a) was prepared and passaged twice in Huh7.5.1 cells in the 

presence or absence of daclatasvir, before analysis of viral sequences by NGS. Drug selection 

resulted in selection of drug-resistant mutations at NS5A residues 28, 31, 38, 92 and 93, and 

increased drug resistance of other mutations. These escape mutants can be used to identify 

daclatasvir-resistant strains of HCV(311). In support of this methodology, many of these 

resistance mutations have also been identified in numerous in vitro and clinical studies of HCV 

resistance to Daclatasvir and related inhibitors(312).  

Zika virus (ZIKV) 

Transposon analysis 

In the first published study involving high-throughput mutational analysis of ZIKV a transposon 

insertion mutant library was generated for the ZIKV MR-766 strain(313). Human embryonic 

kidney 293T (HEK 293T) cells were used to propagate the virus, then naïve African green 

monkey kidney Vero cells were infected with viral supernatants over two rounds. The first pool 

of selected viral RNA, reflecting viral RNA replication requirements in HEK 293T cells, showed 

high levels of flexibility in the structural proteins Envelope (E), precursor membrane (prM) and 

capsid (C), and also non-structural protein 1 (NS1), which is essential for ER remodelling and 

viral RNA replication(314). The third pool, consisting of infectious particle production-

competent genomes, displayed most flexibility in the structural proteins. Some insertions 

present in NS1 rendered the virus incapable of infectious particle production while enhancing 

viral RNA replication capacity. In this context, an insertion after amino acid 174 resulted in 
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>650-fold enrichment in the initial HEK 293T cell viral RNA population compared to the input 

RNA library, yet was not present in the Vero cell populations. Together, this study revealed 

regions of genetic rigidity in the ZIKV genome across multiple lifecycle stages. 

Variant analysis 

Envelope: 

Several mutational analyses of the ZIKV Envelope (E) protein have been performed. An 

envelope mutant library for the MR766 ZIKV strain was constructed by Sourisseau et al. to 

examine how mutants affect viral neutralisation by monoclonal antibodies(315). The MR-766 

strain was first tested for the effects of mutations on viral fitness, with a focus on infectious 

particle production in Vero cells. After validation, mutational antigenic profiling was 

performed, whereby the selective pressure of a neutralising antibody results in the 

enrichment of escape mutants present in the mutant library. Two antibodies were used in this 

screen; ZKA64, which binds domain III of recombinant E protein, and ZKA185, for which the 

mechanism of neutralisation was not known(316). Domain III of E protein is responsible for 

binding an undetermined host cell receptor, and is a common target of potent ZIKV 

neutralising antibodies(317). The mutant ZIKV library was subjected to these antibodies 

individually. ZKA64 and ZKA185 treatment resulted in strong selection of several mutations 

that corresponded to sites within E, with mutants selected by ZKA64 present in envelope 

domain III, and mutants selected by ZKA185 present on envelope domain II. Antibody escape 

resistance mutations A333T and T335E for ZKA64, and D67A and K118R for ZKA185, were 

confirmed in follow-up neutralisation assays, illustrating the utility and accuracy of mutational 

antigenic profiling for escape mutant predictions, and demonstrating that antibody escape 

mutants can appear outside the receptor binding domain. 

The impact of Envelope on tropism using ZIKV strain PRVABC59 has also been examined(318). 

This study analysed mutant library growth in three cell types: C6/36 cells, derived from Aedes 

albopictus larvae, A549 adenocarcinomic human epithelial cells and hCMEC/D3 cells, a human 

blood-brain barrier endothelial cell line. NGS analysis revealed that a mutation at N154, an N-

linked glycosylation site on the ZIKV envelope protein, resulted in a significantly higher fitness 

of ZIKV in mosquito cells, but not in human cells. Additionally, ablation of glycosylation 

through mutations surrounding the N154 position enhanced viral entry into C6/36 cells, 
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resulting in increased levels of viral replication. DC-SIGN is a known viral entry factor for ZIKV 

that is not expressed in 293T cells such that overexpression of DC-SIGN in 293T cells enhances 

ZIKV infection(319). A comparison between wild-type ZIKV and ZIKV glycosylation mutants 

showed that, with overexpression of DC-SIGN, infection of 293T cells by the glycosylation 

mutant ZIKV was significantly diminished compared to wild-type ZIKV, demonstrating the 

requirement of N-linked glycosylation of E protein in viral entry into mammalian cells, despite 

the resultant loss of fitness in mosquito cells. 

In a similar study into cell tropism, a mutant library for the C-terminal region of the E protein 

of ZIKV (PRVABC59) was prepared and grown in Vero and C6/36 cells for 8 and 13 days, 

respectively, to identify host-adaptive substitutions(320). In C6/36 cells, mutants K316Q and 

S461G were preferentially selected. The K316Q/S461G virus replicated less efficiently in a 

selection of human cell lines, with lower levels of cytotoxicity compared to wild-type, while 

no change was seen in C6/36 and Aag2 mosquito cell lines. This combinatorial mutant was 

determined to decrease the thermal stability of E, and as mosquito cell lines are typically 

grown at a lower temperature (28° C) than human cell lines, the effect was not observed in 

the mosquito cell line. ZIKV infection can result in severe developmental defects in the 

brain(321). The K316Q/S461G virus was used to infect induced-pluripotent stem cell-derived 

human brain organoids. Development of these organoids infected with the K316Q/S461G 

virus greatly decreased growth retardation in comparison to wild-type ZIKV. Importantly, 

infection of interferon alpha receptor knockout mice showed attenuated infection by the 

K316Q/S461G virus, and protection against a later wild-type ZIKV infection, indicating its 

potential as an attenuated vaccine candidate. 

Dengue virus (DENV) 

Transposon analysis 

To identify regions of genetic flexibility in DENV, our group applied the Mu transposase system 

to generate a library of mutants containing single random 15 nt insertions in a serotype 2 

Dengue virus (DENV-2) genome (strain 16681)(143). Analysing both viral RNA replication and 

infectious particle production in Huh-7.5 hepatoma cells, non-structural protein NS1, required 

for RNA replication(322) and virus assembly(261), as well as structural protein capsid (C), 

demonstrated highest tolerance to the insertions. Lowest tolerance of insertions was seen in 
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structural protein prM and non-structural protein 2A (NS2A), which is essential for virus 

assembly(55). Across the genome, flexibility peaked at the C termini for C, E, NS1, NS2B and 

NS4B, and at the N termini of NS3 and NS4B. These experiments allowed for the tagging of 

NS1 with epitope tags and reporter proteins including FLAG, APEX2 and NLuc, with minimal 

loss of viral fitness in Huh7.5 cells. Since publication, we have produced a Huh7.5-adapted 

DENV-NS1-mScarlet reporter virus, which features unpublished mutations which greatly 

increase viral fitness (Centofanti S, Johnson SM et al; unpublished). 

A similar transposon mutagenesis study of DENV-2 (16681) was performed by Perry et al(323). 

This study identified regions of genetic flexibility and enabled identification of well-tolerated 

insertion sites within non-structural protein 4B (NS4B), which is involved in membrane 

rearrangements(324), and C, which were utilized to create a DENV-2 clone expressing HA-

tagged capsid, incapable of infectious particle production, and a replication competent 

infectious DENV-2 clone expressing HA-tagged NS4B. Together, these studies identified 

regions of genetic flexibility within DENV-2 and exploited this information to generate 

infectious reporter virus tools. 
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1.27 Experimental rationale, hypotheses and aims 

Hypothesis 1: The DENV NS1 dimer is indispensable for viral RNA replication and infectious 

particle production. Inhibitors of NS1 and inhibitors of NS1 dimerisation may be suitable as 

therapeutics against dengue fever. 

Aim 1: Identify NS1 targeting DENV antivirals 

1.1 - Screen compounds which have been identified as ligands of NS1 in a high-throughput 

Nanoluciferase-based thermal shift assay for antiviral and cytotoxic properties and determine 

their mechanism of action 

1.2 - Establish an assay for detection of NS1 dimerisation with high-throughput capacity and 

screen a library of drug-like compounds to identify inhibitors of NS1 dimerisation 

1.3 - Perform an in silico screen for potential inhibitors of NS1 dimerisation and determine 

antiviral and cytotoxic properties of top hits, then explore their mechanism of action 

 

Hypothesis 2: The potential for resistance against Wolbachia-based suppression by DENV is 

not fully understood. Application of deep mutational scanning to unveil Wolbachia-resistant 

mutants in DENV will help to inform the presence and emergence of Wolbachia-resistant 

DENV mutants in the field. Additionally, deep mutational scanning will allow for identification 

of E, prM and NS1 residues that are critical to various aspects of the DENV lifecycle and 

tropism. 

Aim 2: Identify dengue virus E, prM and NS1 residues of functional importance using deep 

mutational scanning 

2.1 - Generate mutant libraries of E, prM and NS1 for the full-length DENV-2 clone (16681) 

2.2 - Transfect viral RNA libraries into Huh7.5 and C6/36 cells to identify host-specific NS1 

residues that are of importance in the DENV lifecycle 

2.3 - Infect mosquitoes carrying multiple strains of Wolbachia with these mutant libraries to 

identify residues which may allow DENV to escape Wolbachia mediated repression 
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Chapter 2: Materials and Methods 

2.1 Cell Culture 

Mammalian cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM; 

ThermoFisher Scientific) supplemented with 10% (v/v) heat-inactivated Foetal Bovine Serum 

(FBS; ThermoFisher Scientific) and penicillin (100 U/ml)/streptomycin (100 µg/ml) (Sigma-

Aldrich) and incubated in a humidified incubator at 37 °C and 5% CO2. Huh-7.5 hepatoma cells 

were generously provided by Charles Rice (Rockefeller University, New York, USA). HEK293FT 

cells, a clonal isolate of HEK293 embryonic kidney epithelial cells, were purchased from 

ThermoFisher Scientific. The sgDVs-GFP subgenomic replicon, developed by C. Ansarah-

Sobrinho et al. was introduced to the Vero cell line by Jillian M. Carr (Flinders University).  

C6/36 cells were maintained in Basal Medium Eagle (BME; ThermoFisher Scientific) 

supplemented with 10% FBS, penicillin/streptomycin, MEM non-essential amino acids 

(ThermoFisher Scientific), 2mM GlutaMAX Supplement (ThermoFisher Scientific) and 1 mM 

sodium pyruvate (ThermoFisher Scientific) and cultured in a humidified incubator at 28 °C and 

5% CO2. C6/36 cells were generously provided by Jillian M. Carr (Flinders University). 

Anti-E hybridoma cells (D1-4G2-4-15) were purchased from ATCC, and anti-capsid hybridoma 

cells (6F3.1) were generously provided by John Aaskov (Queensland University of Technology). 

These were maintained in Hybri-Care medium (ATCC) supplemented with 10% FBS and sodium 

bicarbonate and cultured in a humidified incubator at 37 °C and 5% CO2. 

Cells were maintained in vent-capped tissue culture flasks. At 90 - 100% confluency, cells were 

passaged by aspirating media, washing with 6 mL of Phosphate-Buffered Saline (PBS), and 

incubating with 1-2 mL of Trypsin-EDTA solution (Sigma-Aldrich) at 29 °C (C6/36 cells) or 37 °C 

(mammalian cell lines) in a humidified 5% CO2 incubator for approximately 5 minutes, before 

resuspension in complete cell culture medium and sub-culturing into new flasks at a 1:5 split 

ratio. 

Upon harvesting of cells for experimentation, the concentration of cells in a resulting 

suspension was calculated using an improved Neubauer haemocytometer and 0.4% (w/v) 

Trypan Blue solution (Sigma-Aldrich). Briefly, 50 μL of inactivated trypsinised cells was 

transferred to a microcentrifuge tube containing 50 μL of Trypan Blue solution and mixed by 

pipetting. 10 μL of this solution was loaded onto a chamber of a haemocytometer and, using 
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an inverted IX70 cell culture microscope with a 10× objective (Olympus), the number of live 

cells present in the central (0.1 mm3) gridded square were counted. These counts were 

performed at least twice and values were averaged to improve accuracy. The concentration of 

cells in the original cell suspension in cells/mL was determined by multiplying the average 

number of cells in the central grid by the dilution factor (2) and 104.  

2.2 Polymerase Chain Reaction (PCR)  

PCR was performed according to the manufacturer’s instructions with annealing temperatures 

calculated using the NEB Tm Calculator online tool.  

25 µL Q5® High-Fidelity DNA Polymerase (New England Biolabs) reactions were prepared with 

1X Q5 reaction buffer, 200 μM dNTPs, 0.5 μM Forward primer (IDT), 0.5 μM Reverse primer 

(IDT), 1 - 10 ng template DNA and 0.02 Units/µl Q5 High-Fidelity DNA Polymerase, in nuclease-

free H2O. Reactions were performed at 98 °C for 30 seconds, 25 - 35 cycles of 98 °C for 10 

seconds, 50 – 72 °C for 30 seconds (primer-dependent) and 72 °C for 30 seconds/kb, followed 

by a final extension step of 72 °C for 2 - 5 minutes. Samples were then stored at 4 °C (short-

term) or -20 °C (long-term), as appropriate. 

25 µL Mutazyme II DNA polymerase (Agilent) reactions were prepared with 1X Mutazyme II 

reaction buffer, 200 μM dNTPs, 0.5 μM Forward primer (IDT), 0.5 μM Reverse primer (IDT)and 

2.5 Units/µl Mutazyme II DNA Polymerase, in H2O. The concentration of DNA template was 

optimised per reaction. Reactions were performed at 95°C for 2 minutes, 19 cycles of 95 °C for 

30 seconds, 50 - 72°C for 30 seconds (primer-dependent), 72°C for 60 seconds/kb, followed 

by a final extension step of 72 °C for 10 minutes. Samples were then stored at 4 °C (short-term) 

or -20 °C (long-term), as appropriate. 

Primer design was generally performed using SnapGene® software. PCR was performed using 

an S1000™ Thermal Cycler (Bio-Rad). All primers were purchased from IDT and sequence 

details are provided in Appendix X.  

2.3 Agarose Gel Electrophoresis 

DNA samples were separated by agarose gel electrophoresis using 1 - 2% (w/v) agarose gels 

(Bioline) containing 3 µL RedSafe™ Nucleic Acid Staining Solution (iNtRON Biotechnology) per 

100 mL molten agarose, in 1X Tris-acetate-EDTA (TAE) buffer. DNA samples were first mixed 

with an appropriate volume of Gel Loading Dye, Purple (6X) (New England Biolabs) and loaded 
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into the wells of agarose gels that were submersed in TAE buffer in a Mini-Sub Cell GT Cell tank 

(Bio-Rad). To determine the size of DNA fragments, 0.5 µg of 100 bp DNA Ladder or 1 kb DNA 

Ladder (New England Biolabs; pre-diluted to 0.1 µg/µl in water containing Gel Loading Dye, 

Purple) was run on an adjacent lane to samples. Samples were separated by electrophoresis 

at 80 – 120V for 40 minutes to 1 hour. Gels were then visualised using the GelDoc Go Imaging 

System (Bio-Rad) and analysed using Image Lab 6.1 software (Bio-Rad). 

2.4 Restriction Enzyme Digest 

To perform a restriction enzyme digest, 20 µL reactions were prepared with 1X NEB CutSmart 

Buffer, ≤5 μg of purified PCR product or plasmid, and 0.5 - 2 units of restriction enzyme(s) 

(New England Biolabs) in nuclease-free H2O. These reactions were incubated for 4 hours or 

overnight at the recommended temperature in a S1000™ Thermal Cycler (Bio-Rad). 

2.5 Gel Extraction and DNA Clean-up 

Gel-electrophoresed DNA fragments were visualised using a UV transilluminator and excised 

from the agarose gel for transferral to a microcentrifuge tube. Samples were purified using a 

NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel), as per manufacturer’s instructions. 

Briefly, 200 μL of Buffer NT1 per 100 mg of gel was added, then the samples were dissolved 

by heating for 10 minutes at 60 °C with intermittent vortexing. If gel extraction was not 

required, PCR or restriction enzyme digest samples were diluted in nuclease-free H2O to 100 

μL, before addition of 200 μL of Buffer NT1 and mixing. 

The sample was then transferred to a NucleoSpin® Gel and PCR Clean-up Column and 

centrifuged at 11,000 x g for 30 seconds to bind the DNA. Flow-through was discarded. 700 

μL of buffer NT3 was added, and the column was centrifuged at 11,000 x g for 30 seconds. 

Flow-through was discarded. The column was dried by centrifugation at 11,000 x g for 60 

seconds. The column was placed into a clean microcentrifuge tube, and 10-30 µl of H2O or TE 

buffer was added to the tube, and incubated for 1 minute, before centrifugation at 11,000 x g 

for 30 seconds. Purified DNA samples were then analysed for DNA concentration and purity 

using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific). 

2.6 DNA Assembly 

DNA assembly was performed using the NEBuilder® HiFi DNA Assembly kit (New England 

Biolabs). Reactions were prepared with 1X NEBuilder HiFi DNA Assembly Master Mix, 50 ng of 

vector DNA, insert DNA (with a 1:3 vector:insert molar ratio), and H2O. Samples were then 
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incubated at 50 °C for 15 minutes in an S1000™ Thermal Cycler (Bio-Rad) and stored at 4 °C 

(short-term) or -20 °C (long-term), as appropriate, prior to transformation. 

2.7 DNA Ligation 

DNA ligation reactions were performed with T4 DNA Ligase (NEB). 21 µ Reactions were 

prepared with 1X T4 DNA Ligase buffer, 50 ng vector DNA, insert DNA (typically with a 1:3 

vector:insert ratio), 1 μL T4 DNA ligase and H2O. Samples were then incubated at 16 °C 

overnight, and heat inactivated at 65 °C for 10 minutes in an S1000™ Thermal Cycler (Bio-Rad) 

and stored at 4 °C (short-term) or -20 °C (long-term), as appropriate, prior to transformation. 

2.8 Bacterial Transformation (chemically competent cells) 

For DNA transformations, 10 ng of intact plasmid, or 1 μL of NEBuilder HiFi DNA Assembly 

product or T4 DNA ligase reaction product were transferred to a microcentrifuge tube 

containing 50 µL of NEB 5-alpha Competent E.coli (High Efficiency) competent cells (NEB) or 

NEB Stable Competent E.coli (High Efficiency) competent cells (NEB) on ice and mixed gently. 

After 20 minutes, samples were heat-shocked at 42 °C for 30 seconds, then returned to ice for 

2 minutes. 150 µL of super optimal broth with catabolite repression (SOC; NEB) was 

transferred to each sample and mixed in by gentle flicking. Samples were incubated at 37 °C 

for 1 hour, then added to an LB agar plate containing 100 µg/mL ampicillin (Sigma-Aldrich) 

and incubated at 37 °C for approximately 16 hours, or until colonies were of sufficient size for 

selection. To further grow cultures, individual colonies were picked using a sterile pipette tip 

and placed into a flask or tube containing Luria Broth (LB) Medium and 100 µg/mL ampicillin 

and grown for approximately 16 hours at 37 °C with shaking. For small scale plasmid DNA 

extractions, LB volumes of 5 - 10 mL in 15 mL centrifuge tubes were used, while for large scale 

plasmid DNA extractions LB volumes of 200 mL or 500 mL were used in 1 L or 2 L conical flasks, 

respectively.2.9 Bacterial Transformation (electrocompetent cells) 

Electroporation cuvettes (1 mm gap; Bio-Rad) were pre-chilled on ice. In a sterile environment, 

10 ng of intact plasmid, or 1 μL of NEBuilder HiFi DNA Assembly reaction product was 

transferred to 50 µL of electrocompetent NEB Stable cells in the cuvette and mixed by 

pipetting. Electroporation was performed with the following settings: 1.2 kV, 25 µF, 200 Ω 

using a Gene Pulser Xcell Total electroporation system (Bio-Rad). 950 µL of room-temperature 

SOC media was then immediately added and samples were transferred to microcentrifuge 

tubes and incubated at 37 °C, with shaking, for 1 hour before plating onto LB agar plates 



56 
 

containing 100 µg/mL of ampicillin. Plates were incubated at 37 °C for approximately 16 hours, 

or until colonies were of sufficient size for selection. 

2.10 Plasmid Purification: Mini 

Small scale preparation of plasmid DNA was performed using a NucleoSpin® Plasmid kit 

(Macherey-Nagel), as per manufacturer’s instructions. Briefly, 5 mL of bacterial culture was 

pelleted by centrifugation for 1 minute at 4000 x g, and the supernatant was discarded. The 

cell pellet was resuspended in 250 µL Buffer A1 by vortexing and transferred to a 

microcentrifuge tube, then lysed for 5 minutes with the addition of 250 µL Buffer A2, with 

gentle inversion 6 times. The reaction was neutralised with the addition of 300 µL Buffer A3 

and repeated gentle inversions until no blue colour remained. The sample was then 

centrifuged for 5 minutes at 11,000 x g, and the supernatant was transferred to a NucleoSpin® 

Plasmid Column and centrifuged for 1 minute at 11,000 x g. The flow-through was discarded, 

and 700 µL Buffer A4 was added to wash the spin columns, which were centrifuged again for 

1 minute at 11,000 x g. The supernatant was discarded, and the spin column was dried by 

centrifugation for 2 minutes at 11,000 x g. DNA was then eluted by transfer of the spin column 

to a new microcentrifuge tube, addition of 50 µL of nuclease-free H2O or Elution Buffer AE, 

incubation for 1 minute and centrifugation for 1 minute at 11,000 x g. DNA concentrations 

and 260/280 and 260/230 absorbance values were measured using a NanoDrop 2000 

spectrophotometer (ThermoFisher Scientific). A 260/280 ratio of ~1.8 was expected for ‘pure’ 

DNA. 

2.11 Plasmid Purification: Midi 

Where appropriate, plasmids were purified using a NucleoBond® Xtra Midi kit (Macherey-

Nagel), according to manufacturer’s instructions. Briefly, 100 mL bacterial cultures were 

pelleted by centrifugation at 4,000 x g for 15 minutes at 4 °C and the supernatant was 

discarded. Cells were resuspended in 8 mL of Resuspension Buffer RES (containing RNAse A) 

by vortexing. Cells were lysed by the addition of 8 mL of Lysis Buffer LYS, mixing by inversion 

4-6 times and incubation for 5 minutes at room temperature. Then the reaction was quenched 

by the addition of 8 mL of Neutralisation Buffer NEU and mixing by gentle inversion until the 

blue colour indicator turned clear. The mixture was inverted 3 times to ensure a homogeneous 

precipitate suspension, then added to a Nucleobond® Xtra Column Filter, pre-equilibrated 

with 12 mL Equilibration Buffer EQU, and allowed to empty by gravity flow. The column filter 
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was washed with 5 mL of Equilibration Buffer EQU, then the filter was removed, and the silica 

membrane washed with 8 mL of Wash Buffer WASH. The plasmid DNA was then eluted into a 

new 50 mL centrifuge tube using 5 mL of elution buffer ELU. The DNA was precipitated with 

the addition of 3.5 mL of isopropanol followed by centrifugation at 10,000 x g for 30 minutes 

at 4 °C. The supernatant was discarded, then 1 mL of 70% (v/v) ethanol was added to the 

pellet, which was centrifuged at 5,200 x g for 5 minutes at room temperature. The ethanol 

was discarded, and the plasmid DNA was dried at room temperature for 2 - 5 minutes. The 

plasmid DNA pellet was dissolved in 100 µL nuclease-free H2O and DNA concentration and 

260/280 and 260/230 absorbance values were determined using a NanoDrop 2000 

spectrophotometer (ThermoFisher Scientific). A 260/280 ratio of ~1.8 was expected for ‘pure’ 

DNA. 

For plasmid purification: Maxi, a similar protocol was followed using the NucleoBond® Xtra 

Maxi kit (Macherey-Nagel), with larger volumes, as appropriate and recommended by the 

manufacturers. 

2.12 Sanger Sequencing 

DNA samples were sequenced by the Australian Genome Research Facility (AGRF). Each 

sample was prepared with 600 - 1500 ng of plasmid DNA, 1 µL of 10 µM primer and nuclease-

free H2O in a 12 µL volume in a microcentrifuge tube and submitted to AGRF for sequencing. 

Alignment of the FASTA format file to a reference gene/genome was performed using 

SnapGene software. 

2.13 Immunofluorescent Staining 

Cell monolayers were washed with PBS, then fixed by incubation with ice-cold 

acetone:methanol (1:1) for 5 minutes at 4 °C. Cells were then washed with PBS and incubated 

with 5% (w/v) Bovine Serum Albumin (BSA; Sigma-Aldrich) in PBS for 30 minutes at room 

temperature. The BSA solution was removed and replaced with primary antibody diluted 

appropriately in 1% (w/v) BSA in PBS. Samples were then incubated for 1 hour at room 

temperature. Cells were then washed with PBS, and incubated for 1 hour in the dark at 4 °C 

with Alexa Fluor-488, -555 or -647 conjugated secondary antibody (ThermoFisher Scientific) 

diluted to between 1 in 200 and 1 in 500 in 1% (w/v) BSA in PBS. Cells were then washed with 

PBS. Where appropriate, cells were incubated for 10 minutes in 1 µg/mL DAPI (Sigma-Aldrich) 

in PBS at 4 °C or for 15 minutes in 50 µM DRAQ5 (ThermoFisher Scientific) in PBS at room 
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temperature to stain the nuclei. To stain the endoplasmic reticulum, cells were incubated for 

30 minutes in 25 nM IraZolve-ER BlueTM in PBS at room temperature. Cells were then washed 

with PBS and imaged immediately or stored at 4 °C in the dark prior to imaging. Antibody and 

fluorescent stain details are provided in Appendix III. 

2.14 Automated Cell Counting and Calculation of Infection Percentage by 

Immunofluorescence Microscopy 

Cells were cultured in 96-well black wall imaging plates (Pheno-Plate-96, PerkinElmer), 

infected and/or treated as appropriate, cultured, fixed and stained by indirect 

immunofluorescence. Samples were imaged using a Cytation 5 Cell Imaging Multimode 

Reader (BioTek) using a 10× or 4× objective and appropriate fluorescent filters and settings. 

Infection levels were calculated from stitched images using the Gen5 Software, as follows. 

Total cell numbers were enumerated based on nuclei that were DAPI-stained to define the 

‘primary mask’, while infected cells were identified by using anti-Capsid immunofluorescent 

staining within a ‘secondary mask’ that included and expanded upon the primary mask and 

thresholding of associated fluorescence levels such that <1% of uninfected cells were 

positively identified by anti-Capsid immunofluorescence. The percentage of infected cells was 

determined for each well and expressed as a percentage of average values for those of DMSO-

treated controls. 

2.15 Live Cell Imaging 

Live cell imaging was performed using the Incucyte® SX5 Live-Cell Analysis Instrument 

(Sartorius). Cells were seeded into black-walled 96-well imaging plates (Pheno-Plate-96, 

PerkinElmer) at 2 x 104 cells/well, and after 24 hours, infected with DENV2-NS1-mScarlet with 

or without treatment, as indicated. Plates were transferred to the Incucyte®, which is 

contained within a humidified 37 °C and 5% CO2 incubator for the length of the experiment. 

Images were acquired (4 fields per well) using Phase Contrast and Red Fluorescence channels 

and a 10x objective at specified intervals over 72 hours. Analysis was performed using the 

Incucyte® 2021C Basic Analyzer tool. 

2.16 Confocal Microscopy 

8-well #1.5H glass-bottom chamber slides (µ-Slide; Ibidi) were coated with 0.2% (w/v) gelatin 

in PBS for 1 hour, before washing with PBS and seeding with cells at 2 × 104 cells/well. After 

culture and treatments, cells were fixed and stained as described in section 2.13. Imaging was 
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performed using a ZEISS LSM880 Fast Airyscan confocal microscope system using a 63× (N.A. 

1.4) Plan-Apochromat oil immersion objective. Appropriate laser lines (405, 488, 561 and 633 

nm) were used at 2% of maximal power, with master gain settings adjusted to enable signal 

visualisation with minimal saturation. Pinhole size was set to 1.0 Airy units for the longest-

wavelength fluorophore and matched for all tracks. Images were primarily captured using Z-

stack or tile scan options in ZEN (black edition) system 2.3 software (ZEISS). Images were 

analysed and processed using the ZEISS Zen Blue version 3.2 software. For colocalisation 

analysis, Bezier regions of interest were drawn around fluorescently labelled cells and 

Pearson’s correlation coefficients were determined for each cell. 

2.17 Western Blotting and Sample Preparation 

Cell monolayers were washed with ice-cold PBS before lysis with RIPA buffer (see Appendix II) 

containing mammalian protease inhibitor cocktail (Sigma-Aldrich). Cells were lysed for 30 

minutes at 4 °C, then transferred to microcentrifuge tubes and frozen at -20 °C. Samples were 

thawed and centrifuged at 15,000 x g for 15 minutes, and supernatants were then transferred 

to new tubes, with the cell debris discarded. When probing for NS1, non-reducing sample 

buffer (see Appendix II) was added, while other primary antibodies required reducing sample 

buffer (see Appendix II). Samples were heated at 95 °C for 5 minutes, before separation by 

SDS-PAGE using 4 - 20% Tris-HCl pre-cast gels (Bio-Rad). Proteins were transferred to 

nitrocellulose membranes using a Trans-Blot® Turbo™ Transfer System (Bio-Rad). 

Membranes were washed in PBS containing 0.1% [v/v] Tween-20 (PBS-T), then blocked for 

approximately 60 minutes in 5% (w/v) skim milk in PBS-T at room temperature (RT). 

Membranes were then incubated overnight with primary antibody diluted in 5% skim milk in 

PBS-T at 4 °C. Membranes were washed in PBS-T for 3 × 5 minutes at room temperature, 

incubated with IRDye®-800CW-conjugated secondary antibody (LI-COR Biosciences) 

(1:20,000) in PBS-T for one hour at room temperature, then washed 3 × 5 minutes in PBS-T. 

The LI-COR Odyssey® Imaging System (LI-COR Biosciences) was used to image the membranes. 

Fluorescence was recorded at 700 and 800 nm. Image Studio Lite was used for quantification 

purposes. 

 2.18 In vitro RNA Transcription 

RNA transcription was performed using an mMESSAGE mMACHINE® SP6 Transcription Kit 

(ThermoFisher Scientific), according to manufacturer’s instructions. Briefly, for each reaction, 
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10 µL of 2X NTP/CAP solution (comprised of 10 mM ATP, 10 mM CTP, 10 mM UTP, 2 mM GTP 

and 8 mM cap analog [m7G(5’)ppp(5’)G]), 4.5 µL of 10X Reaction Buffer, 1.5 µL of 20 mM GTP, 

2 µL SP6 RNA polymerase enzyme mix and 4.5 µL (0.5 – 1.0 µL) of digested, purified DNA were 

added to a nuclease-free 0.2 mL PCR tube. After mixing by pipetting, the reaction was 

incubated at 37 °C for 3 hours, before adding 1 µL of TURBO DNase, mixing and incubation for 

15 minutes. RNA was then extracted using the method outlined in section 2.18. 

2.19 RNA Extraction 

Total RNA was extracted from cells or in vitro transcription (IVT) reaction products using 

TriSURE™ (Bioline), according to manufacturer’s instructions. Briefly, near-confluent cells in a 

6-well plate were washed with PBS, then 1 mL of TriSURE™ was added, and shaken for 15 

minutes at room temperature, before transferral to nuclease-free microcentrifuge tubes. 

Alternatively, IVT reaction products were transferred to a nuclease-free tube and 1 mL of 

TriSURE was added and samples were mixed by pipetting. To each sample, 200 µL of 

chloroform was added, before mixing by shaking. Samples were centrifuged at 12,500 x g for 

15 minutes at 4 °C. The aqueous layer was then isolated and transferred to a new nuclease-

free microcentrifuge tube. To each sample, 500 µL of isopropanol was then added, and 

samples were mixed and incubated for 15 minutes at room temperature. Samples were then 

centrifuged at 12,500 x g for 15 minutes at 4 °C to pellet the RNA. After removal of liquid, the 

RNA pellet was washed with 1 mL of 75% ethanol, and centrifuged at 7,500 x g for 5 minutes 

at 4 °C. The ethanol was removed, and the pellet was dissolved in 50 – 100 µL of RNAse free 

H2O, and stored at -80 °C. RNA concentrations and 260/280 and 260/230 absorbance values 

were measured using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific). A 

260/280 ratio of ~2.0 was expected for ‘pure’ RNA. 

2.20 DNA Transfections  

DNA transfections were performed using LipofectamineTM 2000 Transfection Reagent (Thermo 

Fisher Scientific), according to manufacturer’s instructions. Briefly, cells were seeded one day 

prior to the transfection, at a seeding density allowing for 80 - 90% confluency by the time of 

transfection. In a standard 6-well plate transfection (with smaller sized wells scaled down 

according to the surface areas of wells), two tubes were prepared. Tube A contained 100 µL 

OptiMEM (Thermo Fisher Scientific) and 3 µL of Lipofectamine 2000 reagent, while tube B 

contained 100 µL of OptiMEM and 2 µg of plasmid DNA. Each tube was gently vortexed and 
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briefly centrifuged in a benchtop microcentrifuge, then the tubes’ contents were combined 

and mixed by pipetting. The solution was incubated at room temperature for 15 minutes, 

before being applied dropwise to a well containing cells with complete cell culture medium. 

After 4 hours, the cells were washed with PBS, replenished with cell culture medium and 

returned to culture conditions. 

2.21 RNA Transfections 

RNA transfections were performed using DMRIE-C Transfection Reagent (Thermo Fisher 

Scientific). Cells were seeded one day prior to the transfection, at a seeding density allowing 

80 - 90% confluency by the time of transfection. In a standard 6-well plate transfection (with 

smaller sized wells scaled down according to the surface areas of wells), 1 mL of OptiMEM 

(Thermo Fisher Scientific) and 6 µL of DMRIE-C were mixed gently by vortexing. Cell culture 

medium was removed, and cells were washed in PBS, which was then removed. To the 

OptiMEM/DMRIE-C solution 5 µg RNA was added and mixed gently by flicking. The solution 

was added to the cells, which were then returned to cell culture conditions. After 4 hours, the 

cells were washed with PBS, replenished with cell culture medium and returned to culture 

conditions. 

2.22 Thermal Shift Assay (Preparation of Lysate) 

Cells were seeded at 2 x 105 cells/well in a 6-well tray. After culture for 24 hours, DENV2-NS1-

NLuc RNA was transfected into cells using DMRIE-C (Thermo Fisher Scientific) as per protocol 

2.20. After 3 hours, the media was replaced with DMEM containing 10% FCS and 

Penicillin/Streptomycin. After culture for 72 hours, all cells were reseeded into 75 cm2 flasks 

(1 flask per 3 wells) and grown until confluent at 6 days post-transfection. Supernatants were 

removed and cells washed once with PBS. To prepare lysates, PBS was removed and ice-cold 

NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris [pH 8.0]) containing 1:100 protease 

inhibitor cocktail (Sigma-Aldrich) was added to the cell monolayer at 5 mL/flask, then flasks 

were incubated for 5 minutes at 4 °C. The lysate was collected and homogenised by repeatedly 

passing the mixture through a 25-gauge syringe, approximately 25 times. The debris was then 

removed by centrifugation at 10,000 x g for 5 minutes at 4 °C. Clarified lysates were then 

aliquoted and stored at -80 °C. Control samples were prepared in a similar manner, except 

that Huh-7.5 cells were transfected with an expression plasmid encoding unfused NLuc, and 

lysates were prepared at 24 hours post-transfection.  
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To perform the assay, DENV2-NS1-NLuc lysate was thawed on ice, then diluted 1 in 10 in 

OptiMEM (Thermo Fisher Scientific). For each compound for testing, 45 µL of lysate/OptiMEM 

and 5 µL of a compound in DMSO was added to each tube in PCR tube 8-cap strips. The entire 

strip was incubated at room temperature for 2 hours while rocking. The tube strips were 

transferred to a gradient PCR machine (gradient-enabled S1000 Thermal Cycler; Bio-Rad) and 

incubated at 40 - 54 °C or 56 - 70 °C for 3 minutes, before immediately being removed and 

returned to room temperature. 25 µL was then transferred to a white walled 96-well plate. A 

25 µL solution of OptiMEM with 1:100 NanoLuc substrate (Promega) was added and samples 

were mixed, then incubated at room temperature for 10 minutes. Luminescence was then 

measured using a Cytation 5 Imaging Multimode Reader (Agilent) or SpectraMax iD5 Multi-

Mode Microplate Reader (Molecular Devices), with results expressed as a percentage of those 

of the samples treated at 40 °C. 

2.23 NaLTSA High-Throughput Screening  

For high throughput screening, 40 nL of each compound from the Open Scaffold collection 

from Compounds Australia (Griffith University, Australia) at 5 mM (in DMSO) was dispensed 

into each well of 384-well PCR plates (Bio-Rad) in triplicate. For negative controls, 40 nL of 

DMSO was plated for 40 wells/plate (columns 1, 24 and half of 23), while methyl-beta-

cyclodextrin (MβCD, Sigma-Aldrich) served as a technical positive control and for this 530 nL 

of MβCD at 50 mM (in DMSO) was plated into 8 wells/plate (second half of column 23). Lysates 

were diluted 1 in 10 in OptiMEM (Thermo Fisher Scientific), as above, and to each well 20 µl 

of diluted lysate was added before mixing by agitation and incubation at room temperature 

for 2 hours. Plates were subjected to heat denaturation in a Bio-Rad S1000 thermal cycler by 

incubating at 54 °C for 5 mins, then 24 °C for 2 mins. During this time, 9 µl of NanoLuc substrate 

(Nanoluciferase Assay, Promega), pre-diluted 1 in 100 in OptiMEM, was added to each well of 

a 384-well opaque assay plate (OptiPlate, PerkinElmer) and then 9 µl of heat-denatured lysate 

was added to each well. Plates were then shaken, incubated for 18 mins and luminescence 

was measured using an EnSight Multimode Plate Reader (PerkinElmer). Data was analysed 

using TIBCO Spotfire software (PerkinElmer) on a per plate basis. In most instances the Z-prime 

value was approximately 0.85, the MβCD:DMSO signal was approximately 2.1 and the %CV 

values were 5 - 10%. 
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2.24 NanoBiT Protein:Protein Interaction Assay 

Cells were cultured in 96-well white walled plates (Sigma-Aldrich). At 70 - 80% confluency, 

these cells were transfected with SmBiT and/or LgBiT expression plasmids, for both NS1-LgBiT 

and NS1-SmBiT constructs and the control dimerisation pair, SmBiT-PRKACA and LgBiT-

PRKAR2A (Promega). After culture for 48 hours, cells were washed once with PBS, then lysed 

with 40 µL 1X Passive Lysis Buffer (Promega) in H2O for 10 minutes. A 40 µL solution of 

NanoLuc substrate (Nanoluciferase Assay, Promega), pre-diluted 1 in 100 in OptiMEM 

(Thermo Fisher Scientific), was then added to each well, and incubated for 5 minutes while 

shaking the plate. Luminescence signal was then measured using the BioTek Cytation 5 Cell 

Imaging Multimode Reader (Agilent). Signal from the NS1-SmBiT/NS1-LgBiT constructs were 

normalised to the control dimerisation pair, SmBiT-PRKACA/LgBiT-PRKAR2A, where required.  

2.25 NanoBiT® Protein:Protein Interaction System High-Throughput Screening 

For high-throughput screening, HeLa cells were seeded into a 6-well plate at 2x105 cells/well. 

After culture for 24 hours, each well was transfected with 4 µg of pLenti-NS1-SmBiT and 

pLenti-NS1-LgBiT plasmids (2 µg each), or the pPRKACA-SmBiT and pPRKAR2A-LgBiT control 

dimerisation pair, using 6 µL Lipofectamine™ 3000 (ThermoFisher Scientific) and 500 µL 

OptiMem (Thermo Fisher Scientific) per well. After a 3 hour incubation, cells were washed 

with PBS and 2 mL of complete DMEM culture media was added. After culture for 24 hours, 

cells were trypsinised and re-seeded into black-walled 384-well plates (Bio-Rad) at 1700 

cells/well in 50 µL of media. These plates were pre-coated with 1 µL of DMSO, or with 

compound solubilised in DMSO to allow for a final concentration of 10 µM, with compounds 

from the Open Scaffold collection from Compounds Australia (Griffith University, Australia). 

After culture for 24 hours, media was aspirated and 20 µL of CellTitre-Blue® (Promega), pre-

diluted 1:4 in DMEM, was added to each well, and plates were shaken slowly for 10 seconds. 

One hour later, fluorescence readings were recorded using an EnSight® Multimode Plate 

Reader (PerkinElmer). Cells were then washed three times with 50 µL PBS, and 20 µL of 

NanoLuc substrate (Nano-Glo® Luciferase Assay System), pre-diluted 1:80 in OptiMEM, was 

added and plates were shaken slowly for 10 seconds. After ten minutes, luminescence 

readings were recorded with the EnSight® Multimode Plate Reader. 
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2.26 Virtual Screen for NS1-Interacting Compounds 

For targeting of the NS1 monomer and dimerisation interface, separation of a NS1 dimer 

structure (PDB accession code: 7K93) was performed in PyMOL software (version 2.5.4; 

Schrodinger). Prediction of binding sites on the surface of the NS1 monomer was performed 

using QuickVina-W(325), with an exhaustiveness value of 25. Molecular dynamics simulations 

were performed using GROMACS(326), with a 500 ns simulation. The Gromos algorithm was 

used for RMSD-based clustering for 50,001 frames with a 0.2 nanometre distance cut-off. An 

ensemble of 6 structures was selected representing 99% of the simulation. QuickVina-W(327) 

was used to screen the 7.8 million compound ZINC20 library, filtered for purchasable 

compounds, against the two identified binding pockets. The top 30 hits at each site were 

assigned with a weighted score based on interaction with the specific binding pocket. 

2.27 Construction of the E, prM and NS1 Mutant Libraries for the Full-Length Dengue 

Virus Infectious Clone 

To prepare libraries of DENV with a mutagenised region spanning E, prM and NS1, three ~2000 

base pair regions of the DENV 16681 infectious clone (pFK-DVs) were amplified using Q5® 

High-Fidelity DNA Polymerase (New England BioLabs), as per Section 2.2, to prepare a 

template for further amplification of subregions containing the SalI-SphI, SphI-MluI and MluI-

KasI restriction enzyme digest sites. These 1219, 1218 and 1056 base pair subregions 

extending from the SalI-SphI, SphI-MluI and MluI-KasI restriction enzyme sites, respectively, 

were then amplified with the error-prone DNA polymerase Mutazyme II (Agilent) as per 

Section 2.2, using primers with 40 nucleotide overhangs allowing for insertion into a pUC57 

(GenScript) shuttle vector via NEBuilder HiFi DNA Assembly (NEB). The pUC57 shuttle vector 

was digested using restriction enzyme pairs SalI and SphI, SphI and MluI, or MluI and KasI, as 

per Section 2.4. To generate 0 – 2 mutations per DNA fragment, a 19 cycle PCR with 175 ng of 

the ~2000 base pair DNA fragment was performed. Using NEBuilder HiFi DNA Assembly, per 

section 2.6, the Mutazyme II-amplified fragments were cloned into the digested pUC57 shuttle 

vector. Across multiple samples, 100 µL of the NEBuilder HiFi DNA Assembly mixture was 

transformed into NEB® Stable Competent E. coli (New England BioLabs) and plated onto LB 

agar plates containing ampicillin, as described in section 2.8, with NEBuilder HiFi DNA 

Assembly products containing the cloned SalI-SphI, SphI-MluI and MluI-KasI regions, 

respectively, transformed and plated separately. Plates were incubated at 30 °C for 40 hours. 

Luria Broth was added to each plate, and the plates were shaken for 10 minutes to dislodge 
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and resuspend bacterial colonies. The Luria Broth was then collected, with each library pooled 

separately (>1 x 106 colonies per subregion). The protocol for maxi-prep plasmid purification 

was then followed as per section 2.11. 

After purification of the pUC57- SalI-SphI, pUC57- SphI-MluI and pUC57-MluI-KasI mutant 

libraries, each of the libraries were digested with their respective restriction enzymes. The 

desired fragment was isolated using gel electrophoresis and column purification as per Section 

2.5. Similarly, pFK-DVs was digested with either SalI-SphI, SphI-MluI or MluI-KasI restriction 

enzymes, and the desired ~13 kb plasmid backbone fragment was isolated. The mutant 

fragments were then ligated with the pFK-DVs backbone using T4 DNA ligase (New England 

BioLabs) as per Section 2.7. For each sample, 100 µL of the ligation reaction product was then 

transformed into NEB® Stable Competent E. coli and plated onto LB agar plates containing 

ampicillin, as described in section 2.8, with the pFK-DVs- SalI-SphI, pFK-DVs- SphI-MluI and 

pFK-DVs- MluI-KasI plasmids transformed and plated separately. LB plates were incubated at 

30 °C for 24 hours, at which time all visible colonies were highlighted. The plates were 

returned to the incubator for a further 16 hours, then the highlighted colonies were removed 

using a 1 mL pipette tip. Using the same protocol as for the pUC57 libraries, the pFK-DVs 

libraries were collected and purified. Approximately 200,000 uniquely transformed colonies 

were collected for each of the pFK-DVs-SalI-SphI, pFK-DVs- SphI-MluI and pFK-DVs-MluI-KasI 

libraries. 

2.28 Construction of the NS1 Mutant Libraries for the Full-Length Dengue Virus 

Infectious Clone 

To prepare libraries of DENV with a mutagenised NS1 region, pFK-DVs was digested with 

restriction enzymes BamHI and KasI, isolating the entire NS1 gene. The 1455 bp DNA fragment 

was amplified using PCR with Mutazyme II DNA polymerase, which was performed using 250 

ng of template DNA and a 30 cycle PCR. Primers were designed with 6 overhanging 

nucleotides to allow for efficient restriction enzyme digestion of this PCR product. This 

mutagenised fragment pool was then ligated into a pUC57 shuttle vector, also digested with 

BamHI and KasI, as per Section 2.7, following agarose gel electrophoresis and gel extraction 

of the corresponding DNA fragments, as described in Section 2.5. The library was transformed 

into NEB® Stable Competent E. coli cells (New England BioLabs), as per section 2.8. After 

purification of this library, as per section 2.11, the library was digested with BamHI and KasI, 
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and the mutated NS1-containing fragment was isolated using gel electrophoresis and column 

purification as per Section 2.5. Additionally, the 12,378 bp backbone of pFK-DVs was amplified 

using Q5® High-Fidelity DNA Polymerase, and purified via the same method. NEBuilder HiFi 

DNA Assembly was used to join the PCR-amplified backbone and the digested NS1-fragment, 

and transformation and purification of plasmid was performed as per Section 2.27. The 

NEBuilder HiFi DNA Assembly mixture was transformed into NEB® Stable Competent E. coli 

across three separate batches, and colonies from each transformation were kept separate. 

Together, the three libraries totalled approximately 2,000,000 uniquely transformed colonies. 

2.29 Construction of the NS1 Mutant Libraries for the Subgenomic Dengue Virus 

Infectious Clone 

To prepare libraries of the subgenomic replicon of DENV with a mutagenised NS1 region, the 

NS1 gene-containing region was first liberated from pFK-sgDVs-R2A by restriction enzyme 

digestion with AgeI and KasI and purified by gel extraction (Section 2.5) following agarose gel 

electrophoresis (Section 2.3). This region was then PCR-amplified using Mutazyme II, as per 

Section 2.2, using primers designed with sufficient overhanging nucleotides to allow for 

efficient digestion, 50 ng of template DNA and a 25 cycle PCR. This mutagenised fragment pool 

was then purified (Section 2.5) and digested using AgeI and KasI restriction enzymes. Plasmid 

pFK-sgDVs-R2A was also digested using AgeI and KasI and, following agarose gel 

electrophoresis and gel extraction, AgeI/KasI-digested mutagenized NS1 was cloned into 

similarly digested pFK-sgDVs-R2A plasmid backbone (11,268 bp) via T4 DNA ligation, as per 

Section 2.7. Transformation of electrocompetent NEB® Stable E. coli cells was performed as 

per section 2.9, and purification of plasmid proceeded as per section 2.26. The ligation mixture 

was transformed into NEB® Stable Competent E. coli across three separate batches, and 

colonies from each transformation were kept separate. Together, the three libraries totalled 

~500,000 uniquely transformed colonies. 

2.30 Focus Forming Assay 

Virus infectivity was determined by focus-forming assays. Huh-7.5 cells were seeded into 96-

well plates at 2 × 104 cells/well and cultured overnight. Following preparation of 10-fold serial 

dilutions of virus-containing supernatants, cells were infected using 40 µL/well of each diluted 

inoculum. Cells were then cultured for 3 hours, washed once with PBS and returned to culture 

in normal media for 72 h, prior to fixation and indirect immunofluorescent labelling using anti-
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Capsid or anti-Envelope primary antibodies (as per Section 2.13). Infected cell foci were 

enumerated and virus infectivity was expressed as focus-forming units (FFU) per mL. 

2.31 Viral RNA Replication Assay 

To determine levels of viral RNA replication within cells, subgenomic replicon-harbouring 

Vero-sgDVS-GFP cells were used(328). Cells were seeded in 96-well black-walled imaging 

plates (PhenoPlate-96; PerkinElmer) at 1 × 104 cells/well and cultured overnight. After 

treatment, cells were stained using Hoechst 33342 dye (Sigma-Aldrich) diluted to 1 μg/ml in 

PBS for 5 minutes at room temperature, then washed three times with PBS. Total GFP and 

Hoechst 33342 fluorescence readings for each well were measured immediately using a 

Cytation 5 Imaging Multimode Reader (Agilent), and GFP-associated fluorescence values were 

normalised to those of Hoechst 33342. Normalised GFP fluorescence was expressed as a 

percentage of average (DMSO-treated) control values as a surrogate measure of viral RNA 

replication.  
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Chapter 3: Identification of NS1-interacting DENV inhibitors 

3.1.1 Introduction 

There currently exists no approved antiviral therapeutic against DENV(2). Potent small 

molecule inhibitors of DENV are in development and many such inhibitors are directed 

towards targets including the NS3/NS2B protease, the NS3 helicase, Envelope protein and the 

methyltransferase and RNA dependent RNA polymerase domains of NS5(329). Although 

promising disease ameliorating monoclonal antibodies against the non-enzymatic NS1 protein 

have been recently developed(202, 330), small molecule inhibitors that specifically target NS1 

remain to be discovered. Given the essential roles of NS1 in viral RNA replication, infectious 

particle production and disease pathogenesis(145), we propose that NS1 is a promising target 

for future small molecule therapeutics. 

To date the most promising small molecule inhibitor of DENV NS1 is arguably the heparan 

sulfate mimic PG545(201). This molecule is bifunctional, interacting with Envelope protein to 

reduce DENV infection, and with NS1 to block NS1-mediated endothelial glycocalyx 

disruption. A study that employed the lethal dengue mouse model AG129, deficient in the 

Interferon α/β receptor(331), demonstrated that PG545 increases mouse survival, lowers 

viraemia and decreases circulating NS1(201). However, the direct acting antiviral effect is 

hypothesised to be the result of the interaction of PG545 with E protein, while the interaction 

with NS1 reduces disruption of endothelial integrity, and blocks NS1-induced IL-6 

production(332). In another recent study, a phage display library was utilised to identify a 

series of 12-mer peptides which bind NS1(333). With the attachment of a C-terminal cell 

penetrating tag, these peptides were shown to have antiviral activity in Huh7 cells for DENV1, 

DENV2 and DENV4(334). The Ig5.3 mouse monoclonal antibody, isolated from NS1-

immunised mice(335), has been shown to inhibit NS1-induced endothelial permeability in 

multiple cell lines, and decrease viraemia, circulating NS1 levels and increase survival rates in 

ifnar-/- and AG129 mice models(202). This antibody was also shown to bind NS1 protein of a 

range of clinically relevant orthoflaviviruses, supporting its potential future application in the 

treatment of multiple different orthoflavivirus infections(202). While not specifically targeting 

NS1, celgosivir targets the unfolded protein response, resulting in misfolding and 

accumulation of NS1 in the endoplasmic reticulum(204). Despite this progress, there is a 
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distinct lack of NS1-targetting small molecules which inhibit the roles of NS1 in viral RNA 

replication and infectious particle production. 

The primary aim of the following research was to identify small molecules inhibitors of NS1 

functions that act through a direct interaction with NS1. To identify such inhibitors, we utilised 

three unique approaches. Firstly, a Nanoluciferase-based thermal shift assay, in conjunction 

with a Nanoluciferase-tagged DENV clone, was utilised in a high-throughput screen to identify 

NS1-interacting compounds. While we were unable to unambiguously identify an NS1 

interacting compound, we did identify a potent inhibitor of DENV infectious particle 

production, referred to henceforth as Compound 14. Further research identified a dose-

dependent impact on the maturation of Envelope protein, revealed by probing for Envelope 

protein using both a conformation-specific antibody and a polyclonal antibody.  

It is known that the dimerisation of NS1 is required for infectious particle production and viral 

RNA replication(336), and levels of secreted NS1 correlate with disease severity(337). 

Accordingly, our next approach to the identification of NS1-specific inhibitors was to identify 

compounds which decrease dimerisation of NS1. To this end, we developed a system to 

measure levels of NS1 dimerisation using the NanoBiT® Protein:Protein interaction 

system(338), aiming to identify inhibitors of NS1 dimerisation through analysis of decreased 

luminescent signal upon treatment with drug-like compounds. This was applied in a high-

throughput screen, however the three hit compounds identified could not be validated as 

inhibitors of NS1 dimerisation or general inhibitors of the DENV lifecycle. 

Finally, we performed a computational drug screen to identify compounds which theoretically 

bind an NS1 dimer crystal structure, with a focus on the dimerisation interface. We identified 

a potent inhibitor of infectious particle production with a minor impact on viral RNA 

replication. This compound is henceforth referred to as Compound V2.3. While the 

computational studies predicted binding at the dimerisation interface, we did not observe an 

effect of Compound V2.3 on NS1 dimerisation using the NanoBiT assay and have not yet been 

able to identify any NS1-specific effects. 
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3.1.2 Identification of sulfonamide compounds that impair dengue virus infectious 

particle production 

 

Note: The following section is adapted from a manuscript titled ‘Identification of sulfonamide 

compounds that impair dengue virus infectious particle production’, to be published by 

Thomas D Burton, Gustavo Bracho, Tom Avery, Marie Lowe, Siena Centofanti, Steve Johnson, 

Amanda L Aloia, Michael R Beard, Jillian M Carr and Nicholas S Eyre. The manuscript is 

included in Appendix VI. 

 

Thermal shift assays (TSA) exploit the principle that a protein bound to a ligand is likely to be 

more stable than the same unbound protein, and this will result in increased resistance to 

denaturation at high temperatures(339). In the NanoLuc luciferase thermal shift assay 

(NaLTSA), denaturation of a protein is monitored via measurement of coelenterazine-derived 

luminescence that is generated by a Nanoluciferase (NLuc) reporter protein that is fused to a 

protein of interest. As the protein of interest denatures upon heat treatment, NLuc, which is 

intrinsically thermostable, also denatures, resulting in decreased luminescence. If a ligand is 

bound to the protein of interest, the denaturation profile of the fusion protein is expected to 

change, observable by a modified luminescence output(340). We recently combined 

insertional mutagenesis with next-generation sequencing(341), a variation of deep mutational 

scanning(342), to identify regions of genetic flexibility within the DENV genome that may be 

exploited in the generation of infectious tagged reporter viruses. This enabled the generation 

of several DENV derivatives that encode reporter proteins or epitope tags inserted within the 

NS1 protein, including a variant that featured insertion of NLuc within NS1 with minimal 

impact on replicative fitness in a cell culture model. Here, we applied this DENV2-NS1-NLuc 

virus to the development of a NaLTSA that allows for a luminescence-based measurement of 

NS1 thermal stability and is amenable to high-throughput screening (HTS) for NS1-binding 

compounds. 

Using this assay, we screened 3,378 drug-like compounds from a scaffold-based library for 

compounds that limited heat-induced reductions in NLuc activity, using lysates prepared from 

Huh-7.5 cells that were transfected with in vitro transcribed RNA for the DENV2-NS1-NLuc 
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reporter construct. These screens identified 22 hits from 3 different scaffold families as 

candidate NS1-interacting compounds. While we were unable to verify these hits as NS1-

interactors, likely due to their stabilisation of NLuc rather than NS1, hit validation studies 

nonetheless identified a group of structural analogues with antiviral properties, with the lead 

candidate displaying low micromolar antiviral activity and minimal cytotoxicity. Here, we 

describe a sulfonamide family of compounds, specifically Compound 14 (PubChem CID: 

50839998), which inhibit DENV2 infectious particle production and perturb the detection and 

localisation of mature E protein. We propose that derivatives of Compound 14 with improved 

antiviral potency and safety warrant further investigation, as does the exact mechanisms 

involved in the effect of these compounds on infectious DENV particle production.  

3.1.3 Results 

To identify inhibitors of DENV NS1 function, we developed a luminescence-based target 

engagement assay that is compatible with high-throughput screening. The NanoLuc luciferase 

thermal shift assay was utilised in conjunction with a previously described DENV2-NS1-NLuc 

reporter virus(341), allowing for the coupling of a luminescent signal with the folded state of 

NS1 protein(340) (Figure 3.1.1). A library of 3,378 drug-like compounds was tested for 

stabilisation of NS1-NLuc, which ultimately led to the identification of a group of candidate 

DENV inhibitors.  
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Figure 3.1.1: A) Topology of a single DENV polypeptide chain. The elongated NS1 

represents insertion of the Nanoluciferase protein(343). B) Principle of the NaLTSA. A 

bound ligand modifies the heat-induced denaturation profile of the protein. The coupled 

Nanoluciferase protein allows a luminescence-based measurement of the folded state of 

the protein of interest. Decreased colour reflects a theoretical decrease in luminescence. 

 

Detergent lysates of Huh-7.5 hepatoma cells that had been transfected with DENV2-NS1-NLuc 

reporter virus RNA were applied to 384-well plates that contained compounds from a scaffold-

based library. For each of 1,226 distinct drug-like scaffolds, 1 compound was tested at a final 

concentration of 10 µM, with triplicate data points for each compound and two identical 
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repeat screens. DMSO (0.2% [v/v]) served as a carrier control for compound effects while 

methyl-beta cyclodextrin (MβCD, 5 mM final concentration) served as a technical positive 

control for stabilization of NanoLuc activity. Following incubation at room temperature with 

compounds, samples were heat-treated at 55 °C for 5 minutes using a thermal cycler. A 

fraction of each sample was then transferred to a 384-well white-walled plate containing 

NanoLuc substrate and incubated at room temperature before measurement of 

luminescence. Hits were defined as compounds which increased relative luminescence levels 

to >130% of that of the DMSO controls or decreased luminescence by >40%. Overall, these 

screens were designed to identify compounds which either stabilise or destabilise NS1 upon 

binding, known as N-ligands, or U-ligands, respectively(344). In total, 15 hits were recorded, 

with 8 N-ligands and 7 U-ligands (Figure 3.1.2). On average, Z’ values were approximately 0.85 

and %CV values for controls were generally less than 5%, indicating strong reproducibility of 

the primary screening data. 
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Figure 3.1.2: Identification of compounds which increase/decrease stabilisation of NS1-

NLuc in a NaLTSA. Lysate from Huh-7.5 cells infected with the DENV2-NS1-NLuc reporter 

virus was added to 3,378 pre-dispensed drug-like compounds, with compounds at a final 

concentration of 10 µM. The positive control, MβCD, was applied at a final concentration 

of 5 mM. After incubation of each compound with lysate at room temperature for 2 hours, 

followed by a 5 minute heat treatment at 50 °C, an aliquot was transferred from each well 

to a white-walled plate with 9 µL of prepared Nano-Glo® assay substrate. After an 18 

minute incubation, luminescence was measured for all wells. Blue spheres represent data 

points for drug-like compounds (n=2 per compound), Orange spheres represent DMSO 

control wells (n=40 per plate), Yellow spheres represent empty wells and Green spheres 

represent the MβCD positive control wells. 

For each of these hits, 28-30 structural analogues from the relevant scaffolds were tested in a 

subsequent screen of the same format, such that a total of 427 compounds were analysed. As 

shown in Table 3.1.1, 21 compounds satisfied N-ligand criteria (>130% of DMSO control), while 

one compound satisfied U-ligand criteria (<40% of DMSO control). These 22 compounds were 

then tested for antiviral activity and for a concentration-dependent effect on NS1 thermal 

stabilisation, with lysates from Huh-7.5 cells transfected with an NLuc expression plasmid used 

as a control for NS1-independent NLuc stabilisation.  
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Table 3.1.1: Potential NS1-interacting compounds identified using a high-throughput 

NaLTSA drug screen. Avg(%DMSO) indicates the increase or decrease in relative 

luminescence units compared to the DMSO control. 

 

To test the antiviral efficacy of the 22 hits, each compound was pre-plated into black walled 

96-well plates, and Huh-7.5 cells in a DENV2-containing medium (MOI: ~0.7) were directly 

seeded onto the compounds to achieve final compound concentrations ranging from 0.5 to 

40 µM. After 42 hours, the cells were fixed and labelled by indirect immunofluorescence using 

an anti-Capsid antibody and counterstained with the nuclear fluorescent dye DAPI. A DAPI-

based cell count was used for a measurement of cytotoxicity. The percentage of cells infected 

with DENV2 was calculated using automated imaging and analysis software, whereby a 

threshold of fluorescence intensity in an area surrounding each DAPI-identified cell was 

utilised to differentiate between infected and non-infected cells. This revealed a potential 

antiviral scaffold (Compounds Australia scaffold CL7988) represented by compounds 12 – 18; 

all of which displayed comparable levels of antiviral activity and cytotoxicity, relative to DMSO-

treated controls (Figure 3.1.3).  

The 22 hits were also analysed for thermal stabilisation of the aforementioned DENV2-NS1-

NLuc- and NLuc-expressing Huh-7.5 lysates for 7 concentrations ranging from 1 µM to 30 µM. 

While these results generally supported specific NS1-stabilisation (not shown), subsequent 

NaLTSA experiments with compounds 12, 14 and 18 that involved a fixed compound 
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concentration (20 µM) and a gradient of temperatures ranging from 40-70 °C revealed largely 

indistinguishable NaLTSA profiles of NS1-NLuc and NLuc lysates (Figure 3.1.4 and Table 3.1.2), 

indicating that these compounds interfere with NanoLuc activity. As such, we cannot conclude 

that our hits interact with NS1 or modify NS1 stability.  
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Figure 3.1.3: Dose-response analysis of the antiviral effects of the top 22 hits from the 

NaLTSA screen. Huh-7.5 cells were mixed with DENV2-containing media (MOI: ~0.7) and 

plated into black-walled 96-well plates containing pre-dispensed compounds or DMSO, 

such that final compound concentrations ranged from 0 to 40 µM and DMSO was present 

at a final concentration of 0.8% (v/v). Uninfected cells served as an additional control. 

Cells were incubated with compound and virus for 42 hours, then fixed, labelled by 

indirect immunofluorescence using an anti-Capsid antibody and counterstained with 

DAPI. Percentage of cells that were infected (A) and cell counts (B) were calculated via 

automated fluorescence microscopy. Data are means ± SD (n=4 per condition). (C) 

Structures of compounds 12 – 18, with IC50 and CC50 as calculated from the data 

presented in Figures 3.1.3A-B. All structures belong to the Compounds Australia CL7998 

scaffold of structural analogues. Selectivity Index (SI) calculated as CC50/IC50. 
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Figure 3.1.4: Determination of NS1 interaction of 3 top hits from the high-throughput 

NaLTSA screen. Lysate collected from Huh-7.5 cells transfected with DENV2-NS1-NLuc 

RNA, or an expression plasmid encoding NLuc alone, were treated with carrier (DMSO at 

0.8% [v/v]) or the stated compound at a final concentration of 20 μM for 2 hours at room 

temperature, then heat treated for 3 minutes at the indicated temperatures. After cooling 

to room temperature, the samples were transferred to a 96-well white-walled plate 

containing Nano-Glo assay substrate, and luminescence was measured. Measurements 

are presented as a percentage of the luminescence recorded for the 40 °C treatment. Data 

are means ± S.D. (n=2) for each temperature point. Four parameter logistic (4PL) 

regression curves for each dataset are displayed. 
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Table 3.1.2: Validation of the stabilisation effects of hit compounds (20 µM) from the 

high-throughput NaLTSA screen. Numbers represent the average temperatures at which 

luminescence equates to 50% of the average value recorded at 40 °C, as determined using 

a sigmoidal 4PL regression model. 

 

While this scaffold appeared to possess antiviral properties, the antiviral efficacy of the 

compounds in this immunofluorescence-based assay was modest. Amongst these 

compounds, ‘Compound 14’ was identified to display the best compromise of antiviral activity 

and toxicity, with a CC50 greater than 40 µM and an IC50 of 22.3 µM (Figure 3.1.3). Given that 

the 42 hour immunofluorescence-based assay may favour identification of antiviral 

compounds that impair early events in the viral replication cycle and viral RNA replication, we 

reasoned that if Compound 14 and related analogues inhibit infectious particle production or 

secretion, such an effect may be under-represented in this assay. To address this possibility, 

Huh-7.5 cells were treated with a 10 µM concentration of Compounds 12 and 14 and infected 

with DENV2. Supernatants were collected for measurement of viral infectivity. A decrease in 

infectivity of approximately 80% was seen for Compound 14 compared to the control cells 

that were treated with carrier alone. Dose-response analysis of Compound 14 using this assay 

format demonstrated dose-dependent reduction of infectivity, with an IC50 value of 1.13 µM 

(Figure 3.1.5), demonstrating a strong effect of Compound 14 on DENV infectious particle 

production.  
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Figure 3.1.5: Analysis of the inhibition of infectious virus particle production by 

Compounds 12 and 14. Huh-7.5 cells were infected with DENV2 (MOI: ~0.1) and treated 

with the indicated compound at a final concentration of 10 µM (A) or the indicated 

concentration of Compound 14 (B). Seventy-two hours later, supernatants were collected 

and frozen for downstream measurement of infectivity by focus-forming assays. Data are 

means ± S.D (n= 2-3). In Figure B, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 

indicate statistically significant differences compared to DMSO treatment, by one-way 

ANOVA (multiple comparisons). 

Next, we screened 37 commercially available structural analogues of Compound 14, with the 

aim of exploring varied ring system electronics, general structural changes and structures with 

reduced logP (a measure of lipophilicity(345)) (Figures 3.1.6, 3.1.7, 3.1.8). While none of these 

analogues displayed greatly improved antiviral activity or reduced toxicity in comparison to 

Compound 14, it was noteworthy that changes to the 2-ethylsulfonyl group on the 

benzothiazole core resulted in increased toxicity or abrogated antiviral activity (Figure 3.1.6). 
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Figure 3.1.6: Dose-response analysis of the antiviral effects of structural analogues 2.1 – 

2.10 via immunofluorescence assays, and analysis of the inhibition of infectious particle 

production. A) Compound structures. B/C) Immunofluorescence assays. Huh-7.5 cells 

were simultaneously infected with DENV2 (MOI: ~0.7) and treated with the indicated 

compounds at concentrations ranging from 0.5 to 40 µM then incubated for 42 hours. 

Cells were fixed, labelled by indirect immunofluorescence using anti-Capsid antibody and 

counterstained with DAPI. Cell counts and the percentage of cells infected were calculated 

via automated fluorescence microscopy. Data are means + S.D. (n=4). D) The impact of 

compound treatment on infectious virus particle production: Huh-7.5 cells were 

simultaneously infected with DENV2 (MOI: ~0.1) and treated with the indicated 

compound at a 10 µM final concentration. Seventy-two hours later, supernatants were 

collected and frozen, prior to analysis of infectivity via focus forming assays. Data are 

means ± SD (n=2). 
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Figure 3.1.7 Dose-response analysis of the antiviral effects of structural analogues 3.1 – 

3.6 via immunofluorescence assays, and analysis of the inhibition of infectious particle 

production. A) Compound structures. B/C) Immunofluorescence assays. Huh-7.5 cells 

were simultaneously infected with DENV2 (MOI: ~0.7) and treated with the indicated 

compounds at concentrations ranging from 0.5 to 40 µM then incubated for 42 hours. 

Cells were fixed, labelled by indirect immunofluorescence using anti-Capsid antibody and 

counterstained with DAPI. Cell counts and the percentage of cells infected were calculated 

via automated fluorescence microscopy. Data are means + S.D. (n=4). D) The impact of 

compound treatment on infectious virus particle production: Huh-7.5 cells were 

simultaneously infected with DENV2 (MOI: ~0.1) and treated with the indicated 

compound at a 10 µM final concentration. Seventy-two hours later, supernatants were 

collected and frozen, prior to analysis of infectivity via focus forming assays. Data are 

means ± SD (n=2). 
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Figure 3.1.8: Dose-response analysis of the antiviral effects of structural analogues 4.1 – 

4.21 via immunofluorescence assays. A) Compound structures. B/C) 

Immunofluorescence assays. Huh-7.5 cells were simultaneously infected with DENV2 

(MOI: ~0.7) and treated with the indicated compounds at concentrations ranging from 

0.5 to 40 µM then incubated for 42 hours. Cells were fixed, labelled by indirect 

immunofluorescence using anti-Capsid antibody and counterstained with DAPI. Cell 

counts and the percentage of cells infected were calculated via automated fluorescence 

microscopy. Data are means + S.D. (n=4). 

 

Due to the significant effect of Compound 14 on infectious virus particle production, we next 

sought to analyse the impact of the drug on the spread of DENV2 via live cell imaging using a 

derivative of a DENV2-NS1-mScarlet reporter virus (341), which has been adapted to improve 

its replicative fitness (Centofanti S, Johnson SM and Eyre NS, unpublished data). Huh-7.5 cells 

in 96-well imaging plates were infected with the adapted DENV2-NS1-mScarlet reporter virus 

(MOI: ~0.05) and treated with Compound 14 at concentrations ranging from 0.313 µM to 20 

µM, as indicated. Automated imaging every 2 hours for 72 hours was performed, capturing 

mScarlet fluorescence to monitor DENV2 infection levels and phase contrast images to 

monitor cell viability and growth (Figure 3.1.9). Quantitative analysis of the mScarlet 

fluorescence revealed dose-dependent inhibition of viral spread, with an IC50 of 8.15 μM at 

72 hours post-treatment.  
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Figure 3.1.9: Dose-response analysis of the inhibition of viral spread by Compound 14. 

Huh-7.5 cells in a black-walled 96-well plate were treated with DMSO (0.8 % [v/v]) or 

Compound 14 at concentrations ranging from 0.313 µM to 20 µM and infected with 

DENV2-NS1-mScarlet (MOI: ~0.05). Cells were immediately imaged using an Incucyte® 

SX5 Live Cell Analysis System. A) Phase contrast and red fluorescence channel images 

were acquired every 2 hours for 72 hours. Each image is representative of 5 captured 

fields of view. Scale bar: 400 µm. B) Images from all wells and all timepoints were 

analysed for the total area containing red fluorescent signal as a proxy measurement for 

NS1-mScarlet translation. Data are means ± S.D., with values calculated from all 5 images 

per well.  

 

To confirm the inhibition of DENV2 by Compound 14 in an orthogonal assay, we pre-treated 

Huh-7.5 cells for 20 hours with Compound 14 at concentrations ranging from 0.625 µM to 20 

µM, then infected the cells with DENV2. Twenty-four hours later, the cells were lysed and 

analysed by Western Blot for levels of NS3. Quantification of NS3 showed a dose-dependent 

decrease in protein level, with NS3 protein levels reduced by approximately 80% in cells that 

were treated with Compound 14 at 20 µM (Figure 3.1.10 A/B). This 24 hour viral growth 

experiment is consistent with a direct impact of Compound 14 on the first replication lifecycle 
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of DENV2 in cells, potentially through decreased virus entry, translation or early replication 

events. Time of addition assays with 30 µM Compound 14 treatments revealed that in a 24 

hour infection experiment, a 16 hour pre-treatment reduced the overall percentage of cells 

infected with DENV as determined by automated fluorescent imaging of anti-capsid antibody 

and DAPI, while no antiviral effect was observed when Huh-7.5 cells were coinfected/treated 

for 2 hours, before removal of both virus and drug. Delaying treatment from directly after 

infection to 2 hours after infection appeared to reduce effectiveness of the drug. While 

unclear, Figure 3.1.10 C appears to indicate that addition of Compound 14 after viral 

replication is established limits its antiviral effects. However, due to the weak antiviral efficacy 

observed by Compound 14 in shorter term experiments, it is difficult to draw conclusions on 

the precise lifecycle stage being inhibited. 
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Figure 3.1.10: Dose-response analysis of the effects of Compound 14 on DENV2 NS3 

protein levels and time-of-additional analysis of the antiviral effects of Compound 14. A) 

Huh-7.5 cells were seeded and treated with Compound 14 at the indicated concentrations 

for 20 hours, then infected with DENV2 (MOI: ~3.6), while maintaining Compound 14 

treatment at the same indicated concentrations. After 24 hours, cells were lysed and 

samples were analysed via immunoblotting with the indicated antibodies B) Quantitative 
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analysis of NS3 protein levels, normalized to those of the loading control, β-actin. Data are 

means ± S.D. (n=3). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 indicate 

statistically significant differences compared to DMSO treatment, by one-way ANOVA 

(multiple comparisons). C) Effect of the time of addition of Compound 14 on DENV2 

infection levels. Huh-7.5 cells were infected with DENV (MOI: ~1.5) for 2 hours, before 

removal of the inoculum. Compound 14 was applied at the specified time points at a final 

concentration of 30 µM. At 24 hours post-infection, cells were fixed, labelled by indirect 

immunofluorescence using anti-Capsid antibody and counterstained with DAPI. 

Automated imaging and analysis was performed to determine cell counts and the 

percentage of cells that were infected. Data are means ± S.D. (n=7). *, P < 0.05; **, P < 0.01; 

***, P < 0.001; ****, P < 0.0001 indicate statistical significance by student’s t-test. 

To explore the effect of Compound 14 on viral RNA replication, we utilised a DENV subgenomic 

replicon, which allows for the study of autonomous replication of viral RNA and expression of 

viral non-structural proteins in the absence of the structural proteins and infectious virus 

production. For these experiments, we utilized Vero cells that harbour autonomous 

replication of a GFP-tagged DENV2 subgenomic replicon(328). Cells were seeded into 96-well 

plates and treated with Compound 14 for 24, 48 and 72 hours at concentrations ranging from 

0.313 µM to 20 µM. The NS3-NS4B inhibitor JNJ-A07 was used as a positive control for 

inhibition of viral RNA replication, at a concentration 45 times greater than the reported 

IC50(213). At 24, 48 and 72 hours, the positive control showed a reduction in fluorescent signal, 

normalised to cell number, of 30%, 67% and 80% respectively. By comparison, Compound at 

20 µM resulted in a decrease of 14%, 22% and 24% at the same respective time points (Figure 

3.1.11). While each of these decreases were statistically significant, these modest antiviral 

effects are not consistent with inhibition of viral RNA replication and translation being the 

primary mechanism of action of Compound 14.  
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Figure 3.1.11: Temporal and dose-response analysis of Compound 14 on viral RNA 

replication. Vero cells that stably harbour autonomous replication of a DENV2 

subgenomic replicon encoding a GFP reporter were treated with JNJ-A07 at 35 nM or 

Compound 14 at the specified concentrations for 24, 48 or 72 hours. At the end of each 

incubation, whole well green fluorescence levels was measured, then cells were fixed and 

counterstained with DAPI. Whole well blue fluorescence was used as an indirect 

measurement of cell count/confluency, allowing normalisation of viral RNA replication 

(GFP signal) to cell count (DAPI signal). Results are representative of two identical plates, 

prepared at the same time. Data are means ± S.D. (n = 6). *, P < 0.05; **, P < 0.01; ***, P < 

0.001; ****, P < 0.0001 indicate statistically significant differences compared to DMSO 

treatment, by one-way ANOVA (multiple comparisons). 

To investigate the effects of Compound 14 on the localisation of viral proteins, Huh-7.5 cells 

were seeded in glass chamber slides, infected with DENV2-NS1-mScarlet (MOI: ~0.3) and 

treated with Compound 14 at 20 μM, or DMSO carrier alone. At 48 hours post-infection, cells 

were fixed and labelled by indirect immunofluorescence using an anti-NS4B antibody in 

combination with either anti-E or anti-Capsid antibodies for analysis via confocal microscopy. 

No clear differences were seen in the expression and localisation patterns of NS4B, capsid or 

NS1-mScarlet when comparing the effects of Compound 14 treatment to those of the DMSO 

carrier control (Figure 3.1.12 A). Unexpectedly, however, analysis of cells stained for E and 

NS4B revealed a large proportion of cells expressing both NS1-mScarlet and NS4B, but lacking 

detectable expression of E protein (Figure 3.1.12 B). Colocalisation analysis of large numbers 

of infected cells revealed a significant decrease in colocalisation of NS1-mScarlet and E protein 
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in response to the Compound 14 treatment (Figure 3.1.12 C). Of note, these experiments 

involved the use of a conformation-specific anti-E monoclonal antibody, ‘4G2’, that recognizes 

the fusion loop of domain II (EDII)(346). Accordingly, it is possible that impaired folding and/or 

maturation of E protein, rather than loss of E protein expression, in Compound 14 treated cells 

may explain these observations. 
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Figure 3.1.12: The effect of Compound 14 on the colocalisation of viral proteins. Huh-7.5 

cells were infected with DENV2-NS1-mScarlet (MOI: ~0.3) and treated with Compound 

14 or DMSO carrier alone, then incubated for 48 hours. Cells were fixed, labelled by 

indirect immunofluorescence using anti-NS4B antibody in combination with anti-Capsid 

(A) or anti-Envelope (B) antibodies and counterstained with DAPI, then imaged via 

confocal microscopy. Scale bar, 10 µm. C) Quantitative analysis of NS1-mScarlet and E 

protein colocalization. Pearson’s correlation coefficients were determined for individual 

NS1-positive cells treated with DMSO (0.1% [v/v]) carrier alone (n = 65 cells) or 

Compound 14 (20 µM) (n= 119 cells). Box and whisker plots display the 25-75% 

distribution (boxes) and minimum and maximum values (whiskers), while central bars 

depict median values. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 indicate 

statistical significance by student’s t-test. 

To further quantify the reduced levels of mature, detectable E protein in DENV2-infected cells 

that have been treated with Compound 14, Huh-7.5 cells were simultaneously infected with 

DENV2-NS1-mScarlet and treated with a range of concentrations of Compound 14. Forty-eight 

hours later, cells were fixed and labelled by indirect immunofluorescence with anti-E (4G2) 

primary antibody and DAPI. Using automated imaging and fluorescence intensity thresholds 

set for uninfected cells, cells positive for NS1 alone, or NS1 and mature E, were counted. To 

calculate the portion of infected cells with both NS1 and detectable E, the following 

calculation was performed (Equation 3.1.1): 

 

𝐶𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑏𝑜𝑡ℎ 𝑁𝑆1 𝐴𝑁𝐷 𝑚𝑎𝑡𝑢𝑟𝑒 𝐸

𝐶𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑁𝑆1
 

 

This analysis revealed that Compound 14 treatment induces a dose-dependent decrease in 

the proportion of NS1-positive cells that also displayed detectable expression of mature E 

protein (Figure 3.1.13). Representative images from this experiment are shown in Figure 

3.1.14. We hypothesise that this effect may be a result of Compound 14-mediated inhibition 

of E protein maturation, thereby affecting epitope accessibility to mAb 4G2. Interestingly, 

similar inhibition of E protein recognition by 4G2 has also been observed in response to 

knockout of the ER resident dolichol-phosphate mannose synthase (DPMS) complex, which is 
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required for synthesis of dolichol-phosphate mannose (DPM) which serves N-glycosylation, 

glycosylphosphatidylinositol (GPI) anchor biosynthesis and C- or O-glycosylation of protein in 

the lumen of the ER (347). It is possible that Compound 14 also affects this pathway to cause 

E protein misfolding. 

 

 

Figure 3.1.13: Dose-response analysis of the impact of Compound 14 treatment on 

mature E protein detection in NS1-mScarlet-positive infected cells. Huh-7.5 cells were 

simultaneously infected with DENV2-NS1-mScarlet (MOI: ~0.3) and treated with DMSO 

carrier alone or Compound 14 at the indicated concentrations. After 48 hours, cells were 

fixed, labelled by indirect immunofluorescence using anti-E antibody (4G2) and 

counterstained with DAPI. Automated fluorescent imaging was used to capture whole 

well images, then identify DAPI-labelled cells which express the relevant viral proteins 

above a specified fluorescence threshold. A) Quantification of infected cells, as 

determined by NS1-mScarlet detection, presented as a percentage of those of cells treated 

with the DMSO carrier alone. B) The portion of NS1-mScarlet-positive cells in which E 

protein was detected. C) Cell counts as a percentage of the DMSO carrier control. Data are 

means ± S.D. (n = 6). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 indicate 

statistically significant differences compared to DMSO treatment, by one-way ANOVA 

(multiple comparisons). Statistically significant differences not displayed in Figure C for 

increased cell counts.  
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Figure 3.1.14: Representative images from the dose-response analysis of E- and NS1-

mScarlet-expressing cells from Figure 3.1.13. Scale bar, 200 µM. 
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To probe for conformations of E protein which may not be visualised by the conformation-

specific monoclonal antibody (4G2), further immunolabelling experiments were performed 

using a polyclonal anti-E antibody that is expected to recognise both immature and mature 

forms of E protein. Huh-7.5 cells were simultaneously infected with wild-type DENV2 (MOI: 

~0.1) and treated with Compound 14 (20 µM) or DMSO carrier alone. After 48 hours, cells 

were fixed and labelled by indirect immunofluorescence with both the monoclonal anti-E 

antibody and the polyclonal anti-E antibody, as well as an endoplasmic reticulum dye and a 

DNA stain. Confocal analysis revealed distinct subpopulations of infected cells, presumably 

with mature E protein visualised by both the monoclonal and polyclonal anti-E antibodies, and 

immature E protein visualised by only the polyclonal anti-E antibody (Figure 3.1.15 A). Infected 

cells with immature E protein were readily detected in both treatment groups, although the 

proportion of these cells compared to cells expressing mature E protein appeared higher in 

Compound 14-treated cells. Additionally, we frequently observed Compound 14-treated cells 

displaying reticular web-like localisation patterns of both immature E protein and the 

endoplasmic reticulum, which was not observed in DMSO vehicle-treated control cells (Figure 

3.1.15 B). 
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Figure 3.1.15: The effect of Compound 14 on the E protein localization and maturation 

and endoplasmic reticulum morphology during DENV infection. Huh-7.5 cells were 

seeded in a glass coverslip bottom chamber slide and simultaneously infected with 

DENV2 (MOI: ~0.1) and treated with DMSO carrier alone or Compound 14 (20 µM) and 

incubated for 48 hours. Cells were fixed and stained with the specified antibodies and 

dyes, then visualised via confocal microscopy. A) 3x3 tile scan (mosaic) images. Scale, 50 

µm. B) Zoom image. Scale bar, 5 µm. 

 

To further confirm that the maturation of E protein is altered by Compound 14 treatment, 

Huh-7.5 cells in a 96-well imaging plate were infected with DENV2 (MOI: ~0.1) and treated 

with DMSO carrier alone or Compound 14 at concentrations of 5 µM, 10 µM and 20 µM for 

48 hours prior to fixation and labelling with the polyclonal and monoclonal anti-E antibodies. 

Automated imaging and analysis was then used to enumerate immature E and mature E 

protein expression profiles in infected cells, as determined by co-labelling with the polyclonal 

and monoclonal anti-E antibodies described above. This revealed a dose-dependent decrease 
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in the proportion of cells with mature E protein with increasing concentrations of Compound 

14 (Figure 3.1.16 D). 

 

Figure 3.1.16: Dose-response analysis of the impact of Compound 14 on E protein 

maturation. Huh-7.5 cells were infected with DENV2 (MOI: ~0.1) and treated with DMSO 

carrier alone or Compound 14 at the indicated concentration. After 48 hours, cells were 

fixed, labelled with the specified antibodies and counterstained with DAPI. Automated 

fluorescence imaging and analysis was used to quantify cells above a specified fluorescent 

threshold for each marker. A) Infected cells as determined by detection with the 

polyclonal anti-E antibody, presented as a percentage of the DMSO carrier control. B) 

Infected cells with mature E protein detected by the monoclonal anti-Envelope antibody 

(4G2), presented as a percentage of the total infect cell population as determined by 

labelling with the polyclonal anti-E antibody. C) Cell count as a percentage of the DMSO 

control. Data are means ± SD (n = 4). D) Representative immunofluorescent images of 

samples of contributing towards graphs A-C are depicted. Scale bars, 1000 µm. *, P < 0.05; 

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001 indicate statistically significant differences 

compared to DMSO treatment, by one-way ANOVA (multiple comparisons). 
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3.2 High-throughput compound screening using the NanoBiT® Protein:Protein 

interaction assay 

As another approach to identify inhibitors of essential NS1 properties, we developed an assay 

to identify inhibitors of NS1 dimerisation using the NanoBiT® Protein:Protein interaction 

system. Dimerisation of NS1 is indispensable for infectious particle production and viral RNA 

replication and plays a key role in the pathogenesis of DENV infections (348). The NanoBiT® 

assay utilises two subunits, SmBiT and LgBiT, which structurally complement to form the bright 

NanoBiT® enzyme (Figure 3.2.1)(338). Due to the weak binding affinity between these 

subunits, structural complementation occurs only when these subunits are in close proximity. 

These subunits were cloned as C-terminal fusions to NS1 in mammalian expression vectors 

such that the co-expression and dimerisation of NS1 drives the complementation of SmBiT 

and LgBiT. This system therefore allows for the measurement of NS1 dimerisation with a 

luminescence readout.  

Using this NS1-based dimerisation assay, 3,378 drug-like compounds, from the same scaffold-

based library used in the high-throughput NaLTSA screen, were screened to identify 

compounds which decrease NS1 dimerisation-mediated luminescence in transfected HeLa 

cells. To control for compounds that alter NanoBiT activity, rather than NS1 dimerisation, 

these compounds were also screened in parallel for inhibition of an unrelated positive control 

NanoBiT pair; SmBiT-PRKACA and LgBiT-PRKAR2A. From these screens, three hits were 

identified (PubChem CIDs: 17494878, 72114204, 53504017) as potential inhibitors of NS1 

dimerisation, that displayed minimal cytotoxic effects and minimal effects on the NanoBiT® 

control dimerisation pair. However, in subsequent validation experiments using these 

compounds we were unable to confirm inhibition of NS1 dimerisation using the NanoBiT 

assay. Furthermore, analysis of DENV infection levels following treatment with these 

compounds at a range of concentrations for 48 hours revealed no significant antiviral effects 

in the absence of cytotoxic effects.  
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Figure 3.2.1: Structural complementation of SmBiT (yellow and red) and LgBiT (blue), 

resulting in the formation of the highly luminescent NanoBiT® enzyme. Available at 

(349). 
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3.2.1 Results 

To identify inhibitors of NS1 dimerisation, we developed NS1 constructs for use with the 

NanoBiT® Protein:Protein interaction system. To allow for high-throughput screening, 

lentiviral expression constructs were selected for insertion of the NS1 constructs, as they 

enable the efficient generation of stable cell lines. Using NEBuilder DNA Assembly, NS1 was 

fused to SmBiT or LgBiT with a Gly-Ser-Gly oligopeptide linker between them. To allow for 

proper processing of NS1, the sequence encoding an N-terminal signal peptide of 24 amino 

acids (72 nucleotides) originating from the 24 amino acids at the C-terminus of Envelope 

directly upstream of NS1 in the DENV2 polyprotein was included in the DNA fragment(350). 

The NS1-SmBiT fragment was inserted into a pLenti6/V5-D-TOPO vector harbouring a 

blasticidin resistance gene, and the NS1-LgBiT fragment was inserted into a pLenti MS2-P65-

HSF1 vector harbouring a hygromycin B resistance gene. These vectors contain genetic 

elements required for expression of the gene of interest, and when transfected into cells with 

lentiviral packaging plasmids psPAX2 and pMD2.G, an RNA copy of the expression construct is 

packaged into recombinant pseudoviral particles. These particles allow efficient transduction 

and integration of the construct into genomic DNA(351).  

To validate the dimerisation of these constructs, HEK293FT cells were seeded in white-walled 

96 well plates and co-transfected with the NS1-SmBiT and NS1-LgBiT expression vectors or 

appropriate empty (negative control) plasmid combinations. At 48 hours post-transfection, 

luminescence was measured in live cells (Figure 3.2.2). When expressed alone, the NS1-LgBiT 

construct gave rise to ~100x greater luminescence levels compared to cells transfected with 

empty vector and NS1-SmBiT controls, indicating that expression of the LgBiT subunit alone 

results in significant background noise. However, co-transfection of NS1-SmBiT and NS1-LgBiT 

constructs resulted in ~500x greater luminescence compared to NS1-LgBiT alone. This high 

signal:background ratio demonstrated the suitability of this dimerisation assay for use in high-

throughput compound screens.  
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Figure 3.2.2: Validation of the NanoBiT® Protein:Protein complementation assay with 

NS1-SmBiT and NS1-LgBiT expression constructs. HEK293FT cells were co-transfected 

with the indicated plasmids and cultured for 48 hours. Cells were washed once with PBS, 

then lysed and incubated with appropriately diluted NanoLuc substrate. After a 5 minute 

incubation, luminescence was recorded for each well. The statistical significance of 

differences between groups was calculated using an unpaired Student’s t-tests. Date are 

means ± S.D. (n = 3).  

To identify inhibitors of NS1 dimerisation, a high-throughput drug screen was performed in 

collaboration with Dr Amanda Aloia and Dr Gustavo Bracho from Cell Screen SA at Flinders 

University. Factors to be considered and optimised before the initial screen included 

transfection timing, transfection conditions, cell seeding density in 384-well plates, and 

multiplexing of the NanoBiT® Protein:Protein interaction assay with a fluorescence-based cell 

viability assay. The workflow of the screen included a large-scale transfection of HeLa cells, 

selected for their high transfectability, plating of transfected cells into 384-well plates 
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containing compounds present at a final concentration of 10 µM, and measurement of 

luminescence and fluorescence. 

To test compound toxicity, the CellTiter-Blue® cell viability assay was used. This assay allows 

an indirect measurement of the number of viable cells in a well. An indicator dye, resazurin, 

is reduced to the highly fluorescent resorufin by cells with metabolic capacity. Nonviable cells 

lack the capacity to reduce resazurin, and therefore do not produce a fluorescent signal(352). 

By multiplexing the NanoBiT® Protein:Protein interaction assay with the CellTiter-Blue® cell 

viability assay, luminescent signal, indicative of NS1 dimerisation, can be normalised to cell 

viability within the same well. Toxic compounds which indirectly reduce total NS1 dimerisation 

can be identified by a proportional decrease in viability-associated fluorescence. This assay 

was included in the final compound screen only. 

To summarise the optimised conditions, luciferase readings were found to be highest at 48 

hours post-transfection with a plating cell density (in 384-well plates) of 1700 cells/well. For 

optimal signal:background ratio, transfections were performed using semi-confluent HeLa 

cells in 6-well plates using a Lipofectamine 2000 (µL):DNA (µg) ratio of 3:1. The screen was 

performed by transfecting HeLa cells with the NS1 constructs or control constructs, allowing 

a 24 hour incubation, then plating the cells into plates containing pre-dispensed compounds 

for an additional 24 hour treatment. See Section 2.24 for the complete protocol. 

Similar to the NaLTSA high-throughput screen (Section 3.1), the screen was performed using 

a library of 3,378 drug-like compounds, with 3 representative individual compounds from each 

of the 1,126 drug-like scaffolds of the Compounds Australia Open Scaffolds library. 

Compounds found to reduce luminescence by >40% while not causing significant cellular 

toxicity were to be designated as ‘hits’ for follow up. This was performed two times 

independently, with n=1 per compound per experiment. Unfortunately, between these two 

experiments there were large variations, likely due to differences in the efficiency of 

transfection between the repeat screens, as well as liquid handling errors when using the 

automated Janus® liquid handler. The first independent screen identified a modest number of 

hits, while the second independent screen identified far greater effects from a higher number 

of compounds (Figure 3.2.3). The correlation between replicates for Nanoluciferase activity 

normalised to the untreated DMSO control was R2 = 0.344, indicating low correlation. 
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Together, 15 of the 1,126 scaffolds tested were identified as containing ≥2 hits in both screens. 

We hypothesised that hits from scaffolds that showed consistent activity across each screen 

would have a higher likelihood of being true hits compared to scaffolds with only a single hit. 

For these scaffolds, all ~30 compounds were featured in the follow up screen, totalling 450 

compounds. In addition to the NS1-SmBiT and NS1-LgBiT transfections, the control 

dimerisation pair, SmBiT-PRKACA and LgBiT-PRKAR2A, were transfected to test for inhibition 

of general luminescence, or inhibition of SmBiT/LgBiT structural complementation. For the 

final screen, each compound was tested in triplicate for both inhibition of NS1 dimerisation 

and dimerisation of the control pair. The protocol was unchanged, except to account for a 

changed number of wells.  

Unfortunately, none of the hits identified in the two primary screens showed statistically 

significant inhibition of NS1 dimerisation in the validation screen. As the validation screen had 

a higher number of technical replicates for each compound (n=3), compared to the two initial 

screens (n=1, repeated), it was decided to overlook the results of the initial screens in favour 

of potential hits from the validation screen. For identification of novel hits from this screen, 

two criteria were set: an average >75.45% reduction in NanoBiT® activity for NS1 transfected 

cells and a <81.97% reduction in NanoBiT® activity for control plasmid transfected cells, 

compared to DMSO (carrier)-treated controls. From this, three hits were identified, as 

displayed in Figure 3.2.3 as green data points, Figure 3.2.4 and Table 3.2.1. 
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Figure 3.2.3: Results from the high-throughput validation screen for inhibitors of NS1 

dimerisation. HeLa cells in a 6-well plate were transfected with NS1-SmBiT and NS1-

LgBiT, or with the control SmBiT-PRKACA and LgBiT-PRKAR2A constructs, or with empty 

vector and single construct controls. After three hours, transfection reagents were 

removed and replaced with fresh cell culture media. At 24 hours post-transfection, the 

cells were trypsinised and plated into 384-well plates containing DMSO or one of 450 

compounds dissolved in DMSO, to achieve a final concentration of 10 µM. After 24 hours, 

Nanoluciferase substrate was added and luminescence was recorded. Criteria for a ‘hit’ 

were  a >25.55% reduction in NS1 dimerisation-associated luminescence, and a <18.03% 

reduction in control NanoBiT partner (PRKACA/PRKAR2A) dimerisation-associated 

luminescence. Hits are highlighted green. N=3. Error bars represent ± S.D.  

Figure 3.2.4: Three compounds from the final NanoBiT® Protein:Protein interaction 

system high-throughput compound screen, identified as potential inhibitors of NS1 

dimerisation. 
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Table 3.2.1: Potential inhibitors of NS1 dimerisation identified via high-throughput 

compound screening. 

 

The three hits were tested for antiviral activity. Huh-7.5 cells were seeded into 96-well plates, 

cultured overnight then infected with DENV2 (MOI: ~1) and treated with each compound at 

concentrations ranging from 0.31 µM to 20 µM. After 48 hours, the cells were fixed and 

labelled by indirect immunofluorescence using an anti-Capsid antibody and counterstained 

with DAPI. The percentage of cells infected with DENV2 was calculated using automated 

imaging and analysis software, whereby a threshold of fluorescence intensity in an area 

surrounding each DAPI-identified nucleus was utilised to differentiate between infected and 

non-infected cells. Using a similar methodology, the DAPI-based cell count was used for a 

measurement of cytotoxicity. Hits #2 and #3 did not appear to have antiviral activity or 

cytotoxicity. Hit #1 showed strong antiviral activity, with an IC50 of 6.69 µM. However, a high 

CC50 of 15.7 µM indicated that this antiviral activity may be linked to cytotoxicity (Figure 3.2.5). 
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Figure 3.2.5: Dose-response analysis of the antiviral and cytotoxic effects of the top 3 hits 

from the high-throughput NS1 dimerisation inhibitor screen. Huh-7.5 cells in a 96-well 

plate were infected with DENV2 (MOI: ~1) and treated with each compound at of the 

indicated concentrations for 48 hours, then fixed, labelled by indirect 

immunofluorescence using an anti-Capsid antibody and counterstained with DAPI. The 

percentage of cells infected with DENV (A) and the cell count (B) were calculated via 

automated fluorescence microscopy. Data are means ± S.D. (n = 4). 

To confirm the inhibition of NS1-dimerisation by each of the three hits from the high-

throughput drug screen, we repeated the NanoBiT® dimerisation assay. Huh-7.5 cells were 

transfected in a 6-well tray with either NS1-SmBiT and NS1-LgBiT, or the SmBiT and LgBiT 

dimerisation controls, then returned to culture for 24 hours before plating into a 96-well tray 

with compounds at a final concentration of 20 µM and incubation for an additional 24 hours. 

These studies indicated hits #2 and #3 have no significant impact on NS1-dimerisation or 

dimerization of the SmBiT and LgBiT dimerization positive control pair (PRKACA/PRKAR2A). 

While Hit #1 decreased  NS1 dimerization-associated luminescence, it also reduced 

luminescence associated with PRKACA-PRKAR2A dimerization to similar levels (Figure 3.2.6). 

As cell viability assays performed using the same compound concentrations and treatment 

duration demonstrated comparable reductions in cell viability (Figure 3.2.5), the observed Hit 

#1-mediated decreases in dimerization-associated luminescence are likely a result of cell 

death, not specific inhibition of the NanoBiT® signal.  
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Figure 3.2.6: Effect of hit compounds on NS1 dimerisation. Huh-7.5 cells in 6-well plates 

were co-transfected with either NS1-SmBiT and NS1-LgBiT (A) or the control 

dimerisation pair, SmBiT-PRKACA and LgBiT-PRKAR2A (B). 24 hours later, the cells were 

trypsinised and transferred to 96-well plates, treated with 20 μM compound or 0.1% 

(v/v) DMSO carrier alone and incubated for a further 24 hours. Cells were lysed with 

passive lysis buffer and incubated with Nanoluciferase substrate. Luminescence was then 

recorded for all samples, and signals were normalised to that of the average of the DMSO 

control values. Data are means ± S.D. (n = 4). 

While the NanoBiT® assay and infectivity assays demonstrated a low likelihood of the three 

hits being NS1-specific interacting compounds, this had not been conclusively shown. To 

investigate whether any of the three hits interacted with NS1, NaLTSA assays were performed 

to analyse each hit for stabilisation of the luminescent signal associated with detergent lysates 

of Huh-7.5 hepatoma cells that had been transfected with DENV2-NS1-NLuc reporter virus 

RNA. The lysate was incubated with each drug, or a DMSO control, for 2 hours at a final 

concentration of 20 µM. These lysates were then treated at temperatures ranging from 40 – 

70 °C for 3 minutes, before addition of NanoLuc substrate and measurement of luminescence 

(Figure 3.2.7). The results illustrate that no significant increase in stability occurred for any of 

the three hits when compared to DMSO carrier controls. Taken together, these results 

indicated that none of these compounds are likely to interact with NS1, or inhibit NS1 

dimerisation. 
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Figure 3.2.7: NanoLuc luciferase thermal shift assay (NaLTSA) to interrogate the 

interaction of Hits #1-3 with the NS1-NLuc fusion protein. Detergent lysates prepared 

from Huh-7.5 cells transfected with DENV2-NS1-NLuc RNA (7 days post-transfection) 

were treated with 0.1% (v/v) DMSO carrier or the stated compound at a final 

concentration of 20 μM for 2 hours at room temperature, then heat treated for 3 minutes 

at the indicated temperatures, ranging from 40 °C – 70 °C. After cooling to room 

temperature, the samples were transferred to a 96-well white-walled plate containing 

appropriately diluted Nano-Glo assay substrate and luminescence was recorded. 

Measurements are presented as a percentage of the average luminescence values 

recorded for the corresponding 40 °C treatment. Data are means ± S.D. (n = 3). Sigmoidal 

4PL regression models are displayed. 
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3.3 Virtual Drug-Like Compound Screen of Potential NS1 inhibitors 

As neither the NaLTSA high-throughput screen nor the NanoBiT Protein:Protein interaction 

high-throughput screen had unambiguously identified an NS1-interacting compound, we next 

pursued an in silico approach, again focussed on the inhibition of NS1 dimerisation. All in silico 

work in this section was performed in collaboration with Daniel McDougal and Dr John 

Bruning (University of Adelaide), using the open-source pipeline ‘warpDOCK’(353). 

Computer-aided drug design is an attractive approach to drug screening, as time and cost can 

be significantly reduced, while the scale of a screen in terms of compound diversity and 

number can be drastically increased. While this study was performed using a library of millions 

of purchasable compounds, state-of-the-art technologies have allowed screens of billions of 

compounds, although greater processing power is required for such screens (354). When 

screening for ligands of a protein, it is helpful to know the structure of the protein, although 

other pathways exist(355). The structure of NS1 has been interrogated multiple times using x-

ray crystallography and cryo-EM(160, 356, 357). We utilised specific computational tools to 

identify binding pockets of NS1, then performed molecular dynamics simulations of the NS1 

protein to better represent the flexibility of the structure. An ultra large chemical library of 7.8 

million compounds was then screened against two binding pockets within the dimerisation 

interface of NS1.  

From the 60 top hits across the two putative compound binding pockets in the NS1 dimer 

interface, 24 compounds were purchased and tested for antiviral and cytotoxic properties in 

a medium throughput assay using live cell imaging and infection with the DENV2-NS1-

mScarlet reporter virus. Due to its high efficacy and low toxicity, Compound V2.3 (PubChem 

CID: 92887269) was selected for further investigation. This compound strongly inhibits DENV2 

infectious particle production and has a minor effect on viral RNA replication. However, a 

NanoBiT® Protein:Protein interaction assay revealed no evidence for an impact on NS1 

dimerisation, while the NaLTSA did not indicate thermal stabilisation of NS1. The exact 

antiviral mechanism of action of this compound will be determined in future studies. 
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3.3.1 Results 

To perform the in silico screen, we selected a crystal structure of the NS1 dimer in complex 

with a neutralising single-chain variable fragment (PDB: 7K93) (203), due to the high 

resolution of the crystal structure and its overlap with unbound NS1 structures (data not 

shown). For identification of NS1-binding ligands which interrupt dimerisation, we sought to 

target regions of NS1 near the dimerisation interface. Using PyMol, the NS1 dimer structure 

was split into monomers, allowing for targeting of this interface (Figure 3.3.1). The monomeric 

form of NS1 exists briefly, for 20 – 40 minutes post-translation, which we hypothesise would 

allow sufficient time for binding of ligands before the interface becomes inaccessible (358).   

 

Figure 3.3.1: Structure of dimeric DENV NS1 (left, PDB accession code: 7K93) with 

monomeric NS1 (right), separated using PyMol, allowing visualisation of the dimerisation 

interface. 

For binding site prediction, QuickVina-W was utilised(325). This is a faster, more accurate 

version of AutoDock Vina(359), more suitable for wide space search. Identification of potential 

binding sites through ‘blind docking’ involves the docking of many ligands across the entire 

surface of a protein, revealing areas in which ligands are most likely to bind, leading to the 

modulation of protein activity(360). This typically occurs within small pockets, or concave 

regions of a protein. Docking algorithms predict the most likely orientation of a ligand in a 

binding pocket, considering degrees of freedom, rotation and possible flexible bonds within 

the ligand, as well as identifying van der Waals and electrostatic interactions between ligand 

and protein, which are scored and weighted by a scoring function to predict binding affinity 

of a ligand to the protein(361). 4,300 ligands from a library of world-approved drugs were 

utilised in the blind-docking approach with the NS1 monomer (seen in Figure 3.3.1). Multiple 
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sites showed enrichment of ligand binding, with high levels of expected binding at the 

dimerisation interface. We selected two sites within the dimerisation interface for further 

interrogation, highlighted in Figure 3.3.2. All other identified binding pockets were excluded 

in further probing for screening efficiency.  

 

Figure 3.3.2: Identification of binding pockets using QuickVina-W. ~4,300 ligands were 

screened against monomeric NS1 (PDB accession code: 7K93, split from dimer to 

monomer to reveal dimerisation interface) with an exhaustiveness value of 25. Binding 

pockets selected for further interrogation are highlighted with arrows. 

A crystal structure is a snapshot of the shape of a protein. However, as protein-ligand 

recognition and binding is a dynamic process, this is a limiting factor for virtual drug 

screening(362). To generate a representative set of the possible conformations in which NS1 

may exist, we used a molecular dynamics approach, whereby interatomic interactions and 

motions are calculated using Newtonian equations, to give the expected position of atoms 

over time. A 500 nanosecond molecular dynamics simulation generated using GROMACS 

(GROningen Machine for Chemical Simulation)(326) allowed the generation of 6 

conformations which best represent the simulation of NS1 (Figure 3.3.3). 
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Figure 3.3.3: Generation of a conformational ensemble of monomeric NS1 utilising the 

molecular dynamics simulator GROMACS with a 500 nanosecond simulation. The Gromos 

algorithm was used for RMSD-based clustering for 50,001 frames with a 0.2 nanometre 

distance cut-off. The top 6 clusters, shown in the Figure, represent > 99% of the ensemble.  

To perform the final screen, we used QuickVina-2(327) for our docking simulation focussed on 

the two enriched binding pockets identified with QuickVina-W, with each compound screened 

against all 6 structures identified with GROMACS during the 500 ns simulation. Compounds 

were selected from the ZINC20 ultralarge-scale chemical database(363), filtered for ‘in-stock’ 

molecules, for a total of ~7.8 million compounds. After screening of all compounds against the 

6 generated NS1 structures as well as the original crystal structure, ligands were assigned a 

weighted score based on interaction with each structure. From the top 30 hits for each site, 

we attempted to purchase all available compounds. Table 3.3.1 lists the 24 ligands which were 

available for purchase and were found to be DMSO-soluble. 
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Table 3.3.1: Selected commercially available and readily dissolvable hit compounds from 

the NS1 virtual screen.   

 

To test the properties of the 24 selected hits, we used the previously described Huh-7.5-

adapated DENV2-NS1-mScarlet reporter virus to allow for medium-throughput analysis of 

antiviral and cytotoxic properties without the requirement for fixation and staining. Huh-7.5 

cells in 96-well imaging plates were infected with this reporter virus at a low MOI and treated 

with each compound at concentrations ranging from 0.63 to 40 µM. Automated imaging every 

hour for 72 hours was performed, capturing mScarlet fluorescence to monitor DENV2 

infection levels and phase contrast images to monitor cytotoxicity and any discernible 

compound precipitation. Quantitative, dose-dependent, temporal analysis of the mScarlet 

fluorescence upon treatment with each compound is shown in Figure 3.3.4 A. The data 

revealed that Compound V2.3 displays strong antiviral activity with limited cytotoxicity, with 

an IC50 of 4.72 µM and a CC50 of 49.1 µM. Representative images of cells infected with the 

reporter virus and treated with Compound V2.3 are presented in Figure 3.3.4 B. Figure 3.3.4 

C displays the total red area per image at each time point for all concentrations of Compound 

V2.3. IC50, CC50, selectivity indices and observations of compound precipitation are listed in 

Table 3.3.2 
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Figure 3.3.4: A) Dose-response analysis of the antiviral effects of 26 of the top 60 hits 

identified in the NS1 virtual ligand screen. Huh-7.5 cells in 96 well plates were treated 

with 0.1% (v/v) DMSO carrier alone or the stated compound at concentrations ranging 

from 0.625 µM to 40 µM and infected with DENV2-NS1-mScarlet (MOI: ~0.05) and placed 

in an Incucyte® SX5 Live-Cell Analysis System. Phase contrast and red fluorescent 

channel images were acquired every hour for 72 hours. Graphs depict data from each 12 

hour time-point. The antiviral effect is inferred by a reduction in the total red area in each 

image. Data are means ± S.D. (n = 2), calculated from 4 images per well. B) Dose-response 

analysis of the inhibition of DENV-2-NS1-mScarlet spread by Compound V2.3. Each image 

is representative of 4 captured fields of view. Scale bars, 400 µm. C) Images captured at 4 

hour intervals of Compound V2.3-treated cells were analysed for the total area containing 

NS1-mScarlet red fluorescent signal as a readout of viral infection and spread. Data are 

means ± S.D. (n = 4) for replicate wells per data point, calculated from all 4 images taken 

of each well. D) Structure of Compound V2.3 

Table 3.3.2: Antiviral and cytotoxic effects of the NS1 virtual screen hits. Antiviral activity 

(IC50) was calculated using the reduction in total area containing red fluorescent signal, 

as displayed in Figure 3.3.4, and CC50 was calculated from corresponding brightfield 

phase contrast images using the Incucyte® AI Confluence Analysis Workflow. Selectivity 

Index calculated as CC50/IC50. Precipitation indicates the growth of crystal-like structures 

in drug-treated wells. Selectivity Index calculated as CC50/IC50. 
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As Compound V2.3 showed the most promise among all inhibitors, based on antiviral efficacy, 

cytotoxicity and absence of precipitate, we decided to focus on this compound for further 

experiments. Figure 3.3.5 illustrates the binding site of Compound V2.3 within the NS1 

dimerisation interface, and displays the predicted molecular interactions between the ligand 

and protein. The dimethylphenol group hydrophobically packs against I188 and L231. While 

weak pi-stacking may occur with W232, further investigation is required to support this 

possibility. The pentyl ring oxygen is predicted to form a hydrogen bond with N234 and the 

ligand sulfonyl group is predicted to form a hydrogen bond with S233. The phenol ring is 

predicted to hydrophobically interact with L231. Another hydrogen bond may form with the 

backbone of S229, and the fluorophenol group potentially forms weak hydrogen bonding with 

the A186 and or H229 backbone. The conservation of these amino acids can be seen in Figure 

3.3.6 and Table 3.3.3, and across DENV serotypes there is high conservation of these residues 

and surrounding motifs, supporting the interpretation that such ligand-protein interactions 

would be conserved for other DENV serotypes and closely related orthoflaviviruses (364). 
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Figure 3.3.5: Predicted binding of Compound V2.3 to the NS1 dimerisation interface 

(secondary site). Colour scheme of Compound V2.3: F – grey, Green – Carbon, Red – 

Oxygen, Blue – Nitrogen, Yellow – Sulphur. Hydrogen atoms are not shown. 
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Figure 3.3.6: Conservation of orthoflavivirus NS1 residues as well as potential interacting 

residues with Compound V2.3.  

Table 3.3.3: Conservation of NS1 amino acids predicted to interact with Compound V2.3. 

DENV conservation indicates the number of DENV serotypes which share a residue at the 

specified site. 
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We next sought to test the antiviral efficacy of Compound V2.3 against wild type DENV2. Huh-

7.5 cells were seeded into 96-well plates, then infected with DENV2 at a low MOI (~0.05) for 

2 hours and treated with Compound V2.3 at concentrations ranging from 0.625 µM to 40 µM, 

as indicated. 42 hours later, the cells were fixed and stained using an anti-capsid antibody and 

counterstained with DAPI. Automated imaging and analysis software was used to determine 

both a cell count and the percentage of cells infected with DENV2. Compound V2.3 reduced 

DENV2 infection with an IC50 of 7.81 µM and a CC50 of 39.0 µM (Figure 3.3.7). 

 

Figure 3.3.7: Dose-response analysis of the antiviral and cytotoxic effects of Compound 

V2.3. Huh-7.5 cells were infected with DENV2 (MOI: ~0.1) and incubated with a range of 

concentrations of Compound V2.3, as indicated, for 42 hours. Cells were then fixed, 

labelled by indirect immunofluorescence using an anti-Capsid antibody and 

counterstained with DAPI. Cell counts and the percentage of cells infected were calculated 

via automated fluorescence microscopy using a Cytation 5 Cell Imaging Multi-Mode 

Reader and associated Gen5 software. Data are means ± S.D. (n = 4). *, P < 0.05; **, 

P < 0.01; ***, P < 0.001; ****, P < 0.0001 indicate statistically significant differences 

compared to DMSO treatment, by one-way ANOVA (multiple comparisons). Statistical 

significance not displayed for increases in cell count compared to DMSO treatment. 
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To investigate the antiviral mechanism of action of Compound V2.3, we sought to delineate 

the effect of the compound on infectious particle production and viral RNA replication. To 

analyse the effect of Compound V2.3 on infectious particle production, Huh-7.5 cells were 

infected with DENV2 (MOI: ~0.1) and treated with Compound V2.3 at concentrations ranging 

from 0.63 µM to 40 µM for 72 hours. Infectious virus particle production was then assayed via 

focus forming assays. Compound V2.3 resulted in decreased infectious virus particle 

production with an IC50 of 599 nM (Figure 3.3.8 A). To assess inhibition of viral RNA replication, 

Vero cells harbouring stable replication of a GFP-tagged DENV2 subgenomic replicon were 

seeded in 96-well plates and treated with the same range of concentrations of Compound 

V2.3, as well as with JNJ-A07, a positive control for inhibition of viral RNA replication. 72 hours 

later, live cells were stained with Hoechst dye, then green and blue fluorescence levels were 

recorded. Viral RNA replication was inhibited by Compound V2.3 with an IC50 of 23.8 µM 

(Figure 3.3.8 B). As the IC50 for reduction of infectious particle production was significantly 

lower than for reduction of viral RNA replication, we concluded that the high antiviral efficacy 

of the drug is most strongly related to its inhibition of infectious virus particle production. 
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Figure 3.3.8: A) Analysis of the inhibition of infectious virus particle production by 

Compound V2.3. Huh-7.5 cells were infected with DENV2 (MOI: ~0.1) and treated with 

the indicated compound. After culture for 72 hours, cell culture supernatants were 

collected and stored at -80 °C. Infectivity of cell culture supernatants were then 

determined via Focus Forming Assays. Data are means ± S.D. (n = 3) B) Dose-response 

analysis of Compound V2.3 on viral RNA replication. Vero cells harbouring stable 

replication of a DENV subgenomic replicon encoding GFP were treated with JNJ-A07 at 35 

nM or Compound V2.3 at the specified concentrations for 72 hours. Live cells were 

counterstained with Hoechst dye, then washed. Whole well green and blue fluorescence 

was measured. Whole well blue fluorescence was used as an indirect measurement of cell 

count/confluency, allowing normalisation of viral RNA replication (GFP signal) to cell 

count (Hoechst signal). Data are means ± S.D. (n = 12). *, P < 0.05; **, P < 0.01; ***, P < 

0.001; ****, P < 0.0001 indicate statistically significant differences compared to DMSO 

treatment, by one-way ANOVA (multiple comparisons). 

As Compound V2.3 had been identified computationally as an interactor with NS1, we sought 

to verify this interaction using the previously described NanoLuc luciferase thermal shift assay 

(NaLTSA). Detergent lysates from Huh-7.5 cells that had been transfected with the DENV2-

NS1-NLuc reporter virus RNA (7 days post-transfection) or transfected with a Nanoluciferase 

expression plasmid as a control, were incubated with DMSO carrier control or Compound V2.3 
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(40 µM) for 2 hours, then heat-treated at a range of temperatures. The samples were then 

cooled to room temperature, and Nanoluciferase substrate was added. After a brief 

incubation, the luminescence of each sample was recorded (Figure 3.3.9). While there 

appeared to be stabilisation of NS1-NLuc by the compound, this stabilisation was also seen 

for the Nanoluciferase control, indicating that Compound V2.3 is either not directly interacting 

with NS1, or that the effect is masked by an additional interaction with Nanoluciferase.  

 

Figure 3.3.9: Determination of an NS1 interaction with Compound V2.3. Lysate collected 

from Huh-7.5 cells transfected with DENV2-NS1-NLuc RNA (7 days post-transfection), or 

with an expression plasmid encoding NLuc alone, were treated with DMSO carrier control 

or Compound V2.3 at a final concentration of 40 μM for 2 hours at room temperature, 

then heat treated for 3 minutes at varying temperatures, as indicated. After cooling to 

room temperature, the samples were transferred to a 384-well white-walled plate 

containing Nano-Glo assay substrate, incubated for 10 minutes, then luminescence was 

recorded. Measurements are presented as a percentage of the average luminescence 

recorded for the 40 °C treatment. Data are means ± S.D. (n = 2). Sigmoidal 4PL regression 

models are displayed.  

To investigate the effect of Compound V2.3 on the dimerisation of NS1, we used the previously 

described NanoBiT® Protein:Protein interaction assay. HeLa cells in a 96-well plate were co-

transfected with NS1-SmBiT and NS1-LgBiT or SmBiT-PRKACA and LgBiT-PRKAR2A expression 

plasmids, as indicated. Following incubation for 16 hours, the cells were treated with 

Compound V2.3 at concentrations ranging from 1.25 µM to 40 µM. After a further 48 hour 

incubation, the cells were lysed and Nanoluciferase substrate was added, then luminescence 

was recorded. At 40 µM concentration of Compound V2.3, there was no appreciable reduction 
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of NS1 dimerisation-associated luminescence, when normalised to the control dimerisation 

pair (Figure 3.3.10).   

Figure 3.3.10: The effect of Compound V2.3 on the dimerisation of NS1. HeLa cells in 

white-walled 96-well plates were co-transfected with either NS1-SmBiT and NS1-LgBiT 

or the control dimerisation pair, SmBiT-PRKACA and LgBiT-PRKAR2A. Sixteen hours later, 

the cells were treated with DMSO carrier alone or Compound V2.3 at a range of 

concentrations, as indicated, and incubated for 48 hours. Cells were lysed with passive 

lysis buffer and incubated with appropriately diluted Nanoluciferase substrate. 

Luminescence was then recorded for all samples, and NS1 SmBiT/LgBiT signal was 

normalised to the control dimerisation pair to account for toxicity or non-specific 

inhibition of the NanoBiT® assay. Data are means ± S.D. (n = 8). *, P < 0.05; **, P < 0.01; 

***, P < 0.001; ****, P < 0.0001 indicate statistically significant differences compared to 

DMSO treatment, by one-way ANOVA (multiple comparisons). 
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3.4 Discussion 

3.4.1 Identification of sulfonamide compounds that impair dengue virus infectious 

particle production 

Despite significant advances in the development of promising antiviral drug candidates, there 

remains no available treatment for patients suffering from dengue fever, besides supportive 

care. The goal of this study was to identify NS1-specific inhibitors using a Nanoluciferase-

based thermal shift assay (NaLTSA). While we were unable to verify an interaction with NS1, 

we did identify a group of structurally related compounds which inhibit DENV and, to our 

knowledge, have not been previously studied for their antiviral properties. Compound 14 was 

identified as the most promising candidate amongst the compounds tested when considering 

efficacy and cytotoxicity and was shown to reduce infectious particle production with an IC50 

of 1.1 µM. While multiple structural analogues were also subsequently tested, Compound 14 

remained the most effective candidate. While subgenomic replicon experiments indicated a 

slight impact of Compound 14 on viral RNA replication, the small effect is unlikely to reflect its 

marked inhibition of infectious particle production. Surprisingly, Western blotting experiments 

indicated that short-term Compound 14 treatment significantly reduces levels of NS3 protein 

in DENV-infected cells. It is possible that infectious virus production is more sensitive than viral 

RNA replication to reduced levels of NS3 protein and/or similarly reduced levels of associated 

viral factors in an infected cell, such that this compound has a stronger effect on infectious 

virus production than it does on viral RNA replication. However, more detailed mechanistic 

studies are required to support this conclusion. As Compound 14 is more effective in long term 

experiments, it is difficult to identify which DENV lifecycle stage(s) is being inhibited based on 

our time of addition assay results. If a more potent analogue of Compound 14 were to be 

identified, this may allow for more definitive interrogation of the specific stage(s) of the viral 

lifecycle that are being affected.  

Confocal microscopy was employed to investigate the impact of Compound 14 treatment on 

the localisation of viral proteins in cells that were infected with the DENV2-NS1-mScarlet 

reporter virus. Interestingly, we found that Compound 14 treatment frequently resulted in an 

inability to detect E protein when visualised with the monoclonal anti-E antibody 4G2 in cells 

expressing both NS1 and NS4B. This antibody targets domain II of Envelope protein 

(EDII)(346), which is required for binding to the host cell receptor DC-SIGN(365), and is known 

to detect a conformational epitope, suggesting that E protein misfolding and/or failure to 
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mature may be caused by Compound 14 treatment. Using automated fluorescence 

microscopy, these effects were observed to be dose-dependent, with Compound 14 

treatment at 20 µM resulting in an approximately 40% reduction in detection of mature E 

protein in cells that express NS1-mScarlet, relative to that of vehicle-treated controls. To 

further investigate this phenomenon, we probed wild-type DENV2-infected cells with both the 

4G2 monoclonal anti-E antibody and a polyclonal anti-E antibody that is predicted to recognize 

multiple forms of E protein. As the concentration of Compound 14 was increased, the 

proportion of infected cells that were labelled with both the conformation-specific 

monoclonal anti-E antibody and the conformation-insensitive polyclonal anti-E antibody 

decreased, indicating a Compound 14-induced impairment of the recognition of mature E 

protein. 

Targeting of specific host proteins has been previously reported to alter envelope epitope 

accessibility(347). The ER-resident dolichol-phosphate mannose synthase (DMPS) complex is 

required for protein glycosylation and glycosylphosphatidylinositol anchor biosynthesis in the 

ER lumen(366). Specifically, knockout of a subunit of this complex, DPM1, was shown to result 

in abnormal glycosylation of E protein. This was suggested to be the result of decreased 

epitope accessibility due to protein misfolding. In a similar manner, we hypothesise that 

Compound 14 may impact upon the folding and/or post-translational modification of E 

protein, and propose that the impact of Compound 14 on the glycosylation of E protein should 

be investigated in future studies. 

Among the infected Compound 14-treated cells that lack mature E protein, confocal 

microscopy revealed web-like localisation patterns for E protein and the ER itself. Several 

proteins that are involved in regulation of ER morphology are known. Amongst these proteins, 

the Atlastin protein family, including ATL1, which is predominantly localised to the Golgi, and 

ATL2 and ATL3, which are localised to the ER, are GTPases that are important determinants of 

ER tubule structure due to their role in the formation of three-way junctions, which connect 

the ER network of sheets and tubules(367, 368). Triple Atl1/2/3 knockout NIH-3T3 cells have 

been shown to display this disrupted ER network, or web-like pattern, caused by a reduction 

in the ER tubule fusion events which are required to generate these three-way junctions(369). 

Relating to DENV, knockdown of ATL2 in DENV-infected A549 cells results in reduced viral titres 

and reduced intracellular viral RNA(370). Similar to our observed effects of Compound 14, 
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knockdown of ATL3 results in reduced viral titres, but not viral RNA replication (370). It is 

tempting to speculate that ATL2 knockdown and Compound 14 treatment have similar effects 

on ER morphology. Further mechanistic studies of the impact of Compound 14 on ER 

architecture are warranted. 

E protein has been shown to be the target of many experimental DENV antiviral small 

molecule drug candidates. The mechanism of action of these compounds includes inhibition 

of virus binding to cell receptors, cellular entry and fusion of viral envelopes with endosomal 

membranes to allow for nucleocapsid release(371). A common target site within E protein is 

the conserved binding pocket in the hinge region between EDI and EDII, which binds to the 

small detergent molecule N-octyl-β-D-glucoside (βOG)(187). Interaction of this binding pocket 

with small molecule drug candidates has been demonstrated to inhibit a crucial step in 

membrane fusion(188, 189), and multiple ligands that bind to this pocket have displayed 

antiviral activity(188, 190-193). Domain III of E protein is important for virus entry, as this 

domain recognizes host cell receptors(194). Multiple receptors involved in virus entry have 

been identified, including glycosaminoglycans such as heparan sulfate(183). The heparan 

binding motif, a positively charged region of EDIII, has since been successfully targeted with 

multiple negatively charged compounds, often glycosaminoglycan mimetics(195-198). 

However, to our knowledge the impact of Compound 14 on the maturation of E protein and 

ER morphology in infected cells has not been reported for candidate inhibitors of E protein or 

other anti-DENV drug candidates, suggesting a novel mode of anti-DENV activity for 

Compound 14. 

In summary, Compound 14 shows high efficacy in reducing infectious virus particle production 

and appears to disrupt post-translational processing/maturation and localisation of E. This 

study suggests that further investigation into its mechanism of action and exact molecular 

target(s) of Compound 14 is warranted and, specifically, it will be important to better 

understand the impact of Compound 14 on the morphology of the endoplasmic reticulum in 

DENV-infected cells and how this relates to the maturation of E protein. Additionally, we 

hypothesise that the antiviral efficacy and safety profile of Compound 14 may be improved 

upon via further rational medicinal chemistry efforts. 
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3.4.2 High-throughput drug screening using the NanoBiT® Protein:Protein interaction 

assay 

This study attempted to identify inhibitors of NS1 dimerisation, by individually fusing NS1 to 

SmBiT and LgBiT from the NanoBiT® Protein:Protein interaction system, and performing a high 

throughput compound screen to identify compounds which decrease complementation of 

these constructs, measurable by a decrease in luminescence. 

Two identical screens were performed initially, with 3,378 compounds assayed once per 

screen. The screens displayed poor reproducibility (r2=0.34). During the running of this screen, 

technical issues resulted in the Janus® liquid handler inaccurately dispensing liquid volumes, 

resulting in a drift effect across all 384-well plates used. It is likely that this had a large impact 

on the validity of the results. For the following validation screen, it was decided that 

compounds which satisfied hit criteria in both screens, which were also structural analogues 

of other hits, would be tested. In this validation, three compounds fulfilled the pre-

determined criteria for a hit. Hits #2 and #3 showed >40% inhibition of NS1 dimerisation, while 

Hit #1 displayed an approximate ~27% decrease. Each of the hits decreased cell-viability 

associated fluorescence by <15%, despite Hit #1 showing considerable levels of toxicity in 

follow-up experiments. None of the hits from the two initial screens satisfied the criteria for a 

hit in the validation screen, again bringing into question the validity of the primary screens. 

As the validation screen featured a greater number of technical replicates, this data was 

considered to be more reliable in the selection of hit compounds for further experimental 

analysis.  

Validation experiments then revealed that none of the three hits from the validation screen 

were true inhibitors of NS1 dimerisation. Hits #2 and #3 had no effect on NS1 dimerisation 

and displayed no antiviral activity. While Hit #1 appeared to be potentially antiviral, due to the 

lack of evidence for an interaction with NS1 and its high cytotoxicity at a low micromolar 

range, we did not perform further research into its antiviral mechanism of action. In the 

validation screen, each of the hits decreased cell-viability associated fluorescence by <15%. 

The high levels of cytotoxicity seen during treatment with Hit #1 indicates that the 

measurement of toxicity in the screen may have been inaccurate. However, it is important to 

recognise that HeLa cells were used in the high-throughput screen due to their transfectability, 
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while Huh-7.5 cells were used in follow-up experiments, which may be more susceptible to 

the cytotoxic effects of this particular compound. 

The requirement for transient co-transfection of NS1-SmBiT and NS1-LgBiT expression 

constructs for the screens likely introduced high variability of NS1-SmBiT and NS1-LgBiT 

expression between replicate screens, in addition to the liquid handling technical issues that 

were observed to result in a ‘drift effect’ across each of the 384-well plates in the first primary 

screen replicate. It is unlikely that our failure to identify inhibitors of NS1 dimerisation is due 

to inappropriateness of the NanoBiT® system used. A previous study identified several 

inhibitors of HIV replication using a NanoBiT® assay detecting the interaction between HIV-1 

reverse transcriptase and cellular eukaryotic translation elongation factor 1A(372). The same 

Compounds Australia scaffold library was used in that study, with a single compound from 

each of the 1,126 scaffolds tested initially. Overall, 0.33% of the compounds were determined 

to inhibit the specified interaction, with an improved 10.66% success rate for structural 

analogues of the hits. A similar strategy has also been successfully applied to the critical NS2B-

NS3 interaction in Zika virus(373). While it is plausible that the hit rate for inhibitors of NS1 

dimerisation could be significantly lower due to the biological nature of NS1 dimerisation itself 

and its potentially inherent resistance to chemical inhibition, it is more likely that screening 

issues were responsible for the lack of identified NS1 dimerisation inhibitors. Arguably, with 

the limited number of hits identified in the primary screens (1.3%), the subsequent screen of 

structural analogues of hits may have been somewhat confounded by the relatively limited 

chemical diversity of the library that was used in the secondary screen.  

To repeat this experiment, it would be preferable to use monoclonal Huh-7.5 cells with stable 

expression of both NS1-SmBiT and NS1-LgBiT constructs. This cell line was generated (data 

not shown), however it was not available for use at the time of the screen. A monoclonal cell 

line would likely have reduced variability between wells and screens, due to the uniform 

expression of both NS1 constructs in each cell. When optimising the high-throughput screen, 

a major concern with this stable cell line approach was the relatively low NS1 dimerisation-

associated luminescence levels of the stable cell lines that were tested, compared to that of 

transiently transfected cells, with the monoclonal Huh-7.5 NS1-SmBiT NS1-LgBiT cell line 

displaying only ~20x greater luminescence compared to non-transduced Huh-7.5 cells. The 

high cytotoxicity induced by Hit #1 in validation experiments, which was not detected in the 
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validation screen, also suggests that the CellTiter-Blue® Cell Viability Assay that was used in 

the screens may not have successfully detected cytotoxic effects throughout the screen. An 

additional valuable control to include in these assays would be mutant NS1-SmBiT and/or NS1-

LgBiT constructs, to allow for a measurable signal of decreased NS1 dimerisation. Alanine 

mutagenesis of N-glycosylation sites Asn-130 and Asn-207 has been previously shown to 

reduce NS1 dimer stability (374), and similar mutations of these residues may have been 

helpful to further validate the NS1 NanoBiT dimerization assay  and provide a biological 

comparator for small molecule drug-like compound-mediated inhibition of NS1 dimerization. 

Unfortunately, no inhibitors of NS1 dimerisation were available for use as a positive control 

for chemical inhibition of NS1 dimerization, which would have otherwise further validated the 

NS1 NanoBiT dimerisation assay and served as a benchmark control for the screens.  
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3.4.3 Virtual Drug Screen of putative NS1 inhibitors 

We identified a nanomolar inhibitor of DENV infectious virus particle production using 

computational drug screening. With an NS1 crystal structure (PDB accession code: 7K93(330)), 

the NS1 dimerisation interface was interrogated for binding pockets using a blind docking 

screen with QuickVina-W, and a molecular dynamics simulation using GROMACS allowed for 

visualisation of these static pockets as dynamic structures. Using QuickVina-2, 7.8 million 

compounds from the ZINC20 ultralarge chemical database were tested for an interaction with 

two binding pockets within the dimerisation interface, against 7 NS1 structures representing 

the molecular dynamics simulation as well as the original static structure. 

Of the top 30 hits identified at each of the binding pockets, we were able to purchase a total 

of 25 compounds, one of which did not dissolve in DMSO. These compounds were tested in a 

medium-throughput assay using our Huh-7.5-adapted DENV2-NS1-mScarlet reporter virus. 

This assay revealed Compound V2.3 as a potent inhibitor of DENV spread with minimal 

cytotoxicity. The antiviral efficacy of Compound V2.3 was shown to most strongly impair 

infectious virus particle production, with an IC50 of 599 nm, and only a minor inhibitory impact 

on viral RNA replication.  

As Compound V2.3 was expected to bind at a dimerisation interface, we utilised the NanoBiT® 

Protein:Protein interaction assay to test for a reduction of NS1 dimerisation. However, even 

when tested at a concentration of 40 µM, dimerization-associated luminescence was not 

significantly to be reduced. As these assays were only performed in a single format, with 

inhibitors applied at 16 hours post-transfection, further testing using this and other NS1 

dimerization assays may be required to definitely rule out an effect of Compound V2.3 on NS1 

dimerization. The NanoLuc luciferase thermal shift assay (NaLTSA) also failed to demonstrate 

an interaction of Compound V2.3 with NS1. We therefore do not have sufficient evidence to 

state that Compound V2.3 is an interactor or inhibitor of NS1, as opposed to an inhibitor of 

other aspect(s) of the DENV lifecycle. Future experiments, including surface plasmon 

resonance and x-ray crystallography will be performed to characterise the potential binding 

of Compound V2.3 to NS1. The pocket of NS1 which with which this compound is predicted 

to bind shows high amino acid conservation. If this site is genuinely the target of Compound 

V2.3, its strong conservation across DENV serotypes and related orthoflaviviruses may support 
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the potential effectiveness of the compound against other DENV serotypes and related 

orthoflaviviruses and a relatively high genetic barrier to drug resistance.  

Compound V2.3 is a potent inhibitor of infectious particle production and is predicted to bind 

NS1 at the dimerisation interface. Further research into the antiviral mechanism of action of 

this compound is warranted to unambiguously confirm the predicted interaction of the 

protein and ligand, and medicinal chemistry and computational modelling will be used to 

improve the antiviral efficacy and safety profile of the compound. 
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3.5 Summary 

The aim of this chapter was to identify NS1-specific inhibitors of DENV. Three novel 

approaches were taken to achieve this. A luciferase-based thermal shift assay was developed, 

using our DENV2-NS1-NLuc reporter virus, to identify compounds which interact with NS1. A 

dimerisation assay was developed to identify inhibitors of NS1 dimerisation, and a virtual 

screen was performed with the same goal. The thermal shift assay and dimerisation assay 

were each selected due to their scalability, which would allow for high-throughput compound 

screening. Each in vitro screen was performed initially with 3,378 drug-like compounds, then 

structural analogues were tested in follow up screens.  

Likely due to technical errors while screening, the hit compounds from the NanoBiT® 

Protein:Protein interaction screen were shown to be false positives. These hits were not 

investigated further. Interestingly, the NaLTSA high-throughput screen also appears to have 

produced false positives that stabilise NanoLuc luciferase rather than NS1 protein. Before 

validating an interaction with NS1, these compounds were tested for antiviral activity, 

revealing a group of structural analogues which inhibited DENV growth. Follow up 

experiments identified the lead hit, Compound 14, as a potent inhibitor of infectious particle 

production. Confocal microscopy studies revealed an effect of Compound 14 on E protein 

conformational epitope recognition, as well as on ER architecture. These effects will be further 

examined in future studies. 

The virtual screen for inhibitors of NS1 dimerisation identified a compound, named 

Compound V2.3, which inhibits infectious particle production with nanomolar activity. Despite 

Compound V2.3 being predicted to bind the dimerisation interface of NS1, it did not appear 

to decrease NS1 dimerisation as determined using the NS1 NanoBiT dimerization assay. 

Additionally, the NaLTSA showed no evidence for an interaction of Compound V2.3 with NS1. 

Biophysical techniques including x-ray crystallography and surface plasmon resonance will be 

used to further explore the potential protein:ligand interaction of NS1 with Compound V2.3. 

If this interaction is confirmed, future studies will focus on characterising this interaction, and 

computational chemistry will be utilised to improve the binding and antiviral efficacy of the 

drug. If this interaction cannot be confirmed, structural analogues will be tested to optimise 

the compound for antiviral efficacy, and further experiments will be designed to explore the 

mechanism of action of this class of compound. 
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Chapter 4: Understanding viral determinants of dengue virus tropism 

and investigating the possibility of Wolbachia-resistant dengue virus 

4.1.1 Introduction 

The release of Aedes mosquitoes infected with specific Wolbachia strains has resulted in 

significant decreases in DENV infection rates in infection-prone areas spanning multiple 

countries(375). However, breakthrough infections still occur in communities that are 

otherwise protected via the Wolbachia strategy. While there is a significant reduction in DENV 

transmission potential for Wolbachia-infected mosquitoes, complete blocking does not 

occur(233). The interplay between the Aedes mosquitoes and Wolbachia genomes in the 

context of DENV blocking has been studied, and no evidence suggests evolution of either will 

hinder the success of Wolbachia programs(376, 377). However, the potential for DENV to 

evolve resistance against Wolbachia-mediated blocking has not been fully explored(242). 

Under experimental conditions, the DENV1 Envelope E203K and E384K mutants have 

displayed increased fitness in wMel-infected Aedes aegypti mosquitoes(378). However, a 

reduction of viral fitness in Wolbachia-free mosquitoes is observed. Whether Wolbachia-

resistant DENV will emerge in regions in which Wolbachia-infected mosquitoes have been 

released is unknown.  

We sought to identify Wolbachia-resistant DENV2 mutants using deep mutational scanning. 

As discussed previously, deep mutational scanning is a technique that utilises deep sequencing 

technology in combination with a library of mutant genes or genomes produced by random 

or directed mutagenesis to probe the functional effects of mutations of many or all 

nucleotides within a gene or genome. Using a DENV2 infectious clone (16681), a pool of 

DENV2 mutants spanning prM, Envelope and NS1 was generated. The library of mutants was 

selected for fitness in cell culture using a mosquito cell line, C6/36, to ensure replication 

competency, and will soon be passaged in wMel- and wAlbB-infected mosquitoes, as well as 

Wolbachia-free mosquitoes, to identify mutations which confer Wolbachia resistance. These 

libraries were also utilised in experiments to identify viral determinants of species-specific 

tropism of DENV2 replication in mosquito and human cell lines, however the results were 

inconclusive and further experiments will be required to identify mutations of interest. 

Additionally, we prepared NS1-specific mutant libraries for a full-length DENV2 infectious 

clone as well as the corresponding DENV2 subgenomic replicon. Additional experiments with 
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these mutant viral genome libraries will allow for demarcation of residues required for viral 

RNA replication and for infectious particle production, in both human and mosquito cell lines.  

4.2.1 Generation of a library of DENV2 mutants spanning prM, Envelope and NS1 

4.2.2 Results 

Multiple strategies were attempted for the construction of a library of DENV2 mutants 

spanning prM, Envelope and NS1. Initially, we sought to purchase a pool of mutated DNA 

fragments spanning the unique SalI to KasI restriction enzyme sites of the DENV2 (strain 

16681) infectious clone pFK-DVs, as the prM, E and NS1 genes are present within this region 

(Figure 4.1.1). The ThermoFisher Scientific Gene Art Controlled Randomisation Service allows 

synthesis of a DNA region with a defined mutation rate. However, ThermoFisher Scientific 

were unsuccessful in the construction of this library due to a high frequency of recombination 

events in the synthesised regions. Our next strategy for the generation of mutants was to 

utilise an error-prone DNA polymerase, as discussed in Section 1.23, or the adapted review on 

deep mutational scanning. The region to be mutated is large (~3500 nucleotides). Accordingly, 

to allow for easier identification and quantification of mutations within a single genome and 

reduce the likelihood of introduction of multiple mutations in a single PCR-amplified DNA 

fragment, we aimed to achieve the mutagenesis in subsections of the ~3500 region. Initially, 

a strategy using multiple overlap extension PCRs was attempted(379) (Figure 4.1.2). The 

region between restriction enzyme recognition sites for SalI and KasI was split into 4 sections 

of ~900 nucleotides in length. Each section was amplified using primers with an overlap 

between subregions, using either Q5® High-Fidelity DNA Polymerase to minimise introduction 

of mutations, or with the error-prone DNA polymerase Mutazyme II. Subregions were labelled 

A, B, C and D if amplified with Q5, or a, b, c and d if amplified with Mutazyme II. Multiple 

overlap extension PCR would then allow production of aBCD, AbCD, ABcD and ABCd DNA 

fragments, which could then be reintroduced into the digested pFK-DVs backbone either by 

standard restriction enzyme cloning or DNA Assembly. While the multiple overlap extension 

PCR appeared to produce combined fragments of the expected size, due to inefficient cloning 

and unexplained restriction enzyme digest patterning, this method was deemed unsuitable 

for production of the library. 
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Figure 4.1.1: Schematic of the DENV2 infectious clone pFK-DVs, displaying the 5’ UTR, 

capsid, prM, E, NS1 and NS2A. Distances between the restriction enzyme digest 

recognition sites for SalI, SphI, MluI and KasI are displayed. 

 

Figure 4.1.2: Schematic diagram illustrating the process of hybridising fragments using 

Multiple Overlap Extension PCR (MOE-PCR). In the Standard PCR cycle, Each DNA 

fragment is amplified using primers which allow for hybridisation with the adjacent DNA 

fragments. In MOE-PCR, amplification occurs using each amplified fragment as the 

template, allowing for construction of linear or circular recombinant DNA containing all 

DNA fragments in the correct order and orientation. Source: (380). 
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Between the SalI and KasI restriction enzyme recognition sites, additional sites for SphI and 

MluI are present. Genomic regions from SalI to SphI and SphI to MluI restriction sites each 

span ~1200 nucleotides, while the region between MluI and KasI restriction sites spans ~1050 

nucleotides (Figure 4.1.1). We attempted amplification of these 3 regions with the error-prone 

DNA polymerase Mutazyme II. To generate mutations in a region at a specific frequency, the 

number of amplification cycles, as well as the amount of DNA input can be modified(381). For 

this project, to reduce the occurrence of confounding epistatic mutations, and allow for the 

determination of single mutants promoting resistance to Wolbachia, we aimed for an average 

of 0-2 mutants per DNA fragment. As pFK-DVs is a large plasmid and multiple repetitive 

sequences are present, it was not practical to amplify each of the three regions (SalI to SphI, 

SphI to MluI and MluI to KasI) using Mutazyme II and the entire plasmid as the template, due 

in part to the large mass of DNA required to introduce a small number of mutations per 

kilobase. Instead, three unique DNA fragments of approximately 2000 base pairs were 

amplified using Q5® High-Fidelity DNA Polymerase, to generate a template for each of the 

three regions. These ~2000 base pair DNA fragments were then amplified using Mutazyme II. 

Primers utilised initially were designed to allow for reinsertion into pFK-DVs via NEBuilder HiFi 

DNA Assembly, however this approach did not yield successfully transformed NEB® Stable 

Competent E. coli. Standard restriction cloning by ligation was similarly unsuccessful. In 

contrast, an indirect approach involving amplification of these mutant fragments with primers 

designed to facilitate insertion of each fragment into a digested pUC57 shuttle vector via 

NEBuilder HiFi DNA Assembly was highly efficient, and it was therefore decided to use this 

shuttle vector approach towards generation of corresponding mutant libraries. Following 

testing of several conditions, a 19 cycle Mutazyme II PCR with 175 nanograms of target DNA 

was selected for production of DNA fragments with 0-2 mutations present.  After their 

insertion, DNA fragments were sequenced in these pUC57-SalI-SphI, pUC57-SphI-MluI and 

pUC57-MluI-KasI vectors for analysis of mutational frequency.  

Ligation products for the three mutant DNA regions inserted into correspondingly digested 

pUC57 shuttle vectors were then transformed into NEB® Stable Competent E. coli. Bacteria 

were grown on 15 cm ampicillin-containing LB agar plates, and all colonies were pooled in 

Luria broth before purification of the plasmid, with each of the three final vectors purified 

separately. Plasmids from individual colonies were also purified, and the presence of each 
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subregion (SalI to SphI, SphI to MluI and MluI to KasI) was confirmed via restriction enzyme 

digest and gel electrophoresis (Figure 4.1.3), before sequencing to ensure presence of 

mutations. Approximately 5,000,000 clones were purified for each subregion, as inferred by 

colony counting for serially diluted transformed bacteria for each transformation. 

 

Figure 4.1.3: Purified pUC57 clones with each mutated subregion inserted. Each clone 

was digested with the corresponding restriction enzymes. Bands represent expected 

sizes of the inserted subregions (1219, 1218 and 1056 base pairs for SalI to SphI, SphI to 

MluI and MluI to KasI, respectively). 1 Kb Plus DNA ladder used. 4 individual clones for 

each insertion are displayed. Visualised by gel electrophoresis. 

To reintroduce these mutated DNA fragments into pFK-DVs, we initially attempted to employ 

NEBuilder HiFi DNA Assembly. Despite the absence of colonies in the backbone-only control 

transformation, only ~50% of colonies contained the insert upon inspection via diagnostic 

restriction enzyme digest (Figure 4.1.4). We then attempted insertion by restriction cloning, 

in which each of the three pUC57 libraries (containing mutated SalI to SphI, SphI to MluI and 

MluI to KasI fragments) were digested with their corresponding restriction enzymes, and 

inserted into pFK-DVs plasmid that was also digested with those respective enzymes. This 

ligation was optimised for each reaction, with backbone:insert molar ratios of 1:1, 1:3 and 1:3 

for SalI/SphI, SphI/MluI and MluI/KasI fragments, respectively, and a large-scale 

transformation successfully generated 100,000 to 200,000 uniquely transformed plasmids per 

subregion, which were separately purified. Due to the instability of the DENV2 cDNA genome 

in E. coli, recombination of the plasmid can occur(382). This event can typically be observed 

by a size difference between bacterial colonies harbouring recombined (large) or intact (small) 
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plasmid. To minimise the frequency of unwanted recombination events, transformations were 

optimised to a 30 °C, 40 hour incubation, which was observed to result in fewer large colonies. 

However, as many recombined colonies remained, each larger colony was removed physically 

with a pipette tip prior to collection. Recombined colonies were selected for removal by 

identifying and marking any colonies visible at 24 hours post-transformation. An EcoRI 

restriction enzyme digest of purified plasmid from each subregion transformation resulted in 

DNA banding patterns that closely reflected those of similarly digested wild-type pFK-DVs, 

with the exception of a faint band present at ~3.5 kb for the SphI to MluI and MluI to KasI 

subregions, which likely represents a minimal amount of remaining recombined plasmid 

(Figure 4.1.5). The overall process is outlined in Figure 4.1.6. The final mutation rates for each 

region were 0.6, 1.1 and 0.7 mutants for the SalI to SphI, SphI to MluI and MluI to KasI 

subregions, respectively (Table 4.1.1). 

 

Figure 4.1.4: Mutant libraries and uniquely transformed bacterial colonies produced by 

PCR-amplified pUC57 SalI-SphI, SphI-MluI and MluI-KasI regions inserted into a digested 

pFK-DVs backbone, via NEBuilder HiFi DNA Assembly. For each subregion, the pooled 

library is shown, followed by three purified clones. 1 Kb DNA ladder (NEB) was used to 

approximate the sizes of DNA fragments. A separate simulated restriction digest ladder 

shows the theoretical banding pattern of pFK-DVs when digested with EcoRI. DNA bands 

were separated and visualised by agarose gel electrophoresis. 
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Figure 4.1.5: A) Purified, combined final pFK-DVs mutant libraries and comparative wild-

type pFK-DVs digested with restriction enzyme EcoRI. B) Individual purified pFK-DVs 

clones with mutated regions inserted at the specified restriction enzyme digest sites. 

Samples were digested with restriction enzyme EcoRI. 1 Kb DNA ladder (NEB) was used 

to approximate the sizes of DNA fragments. A separate simulated restriction digest ladder 

shows the theoretical banding pattern of pFK-DVs when digested with EcoRI. DNA bands 

were separated and visualised by agarose gel electrophoresis. 
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Figure 4.1.6: Outline of the pFK-DVs mutant library generation cloning process 

Table 4.1.1: Mutants present in pFK-DVs mutated regions from a selection of clones. 

 

Each pooled plasmid library was linearised and used as a template for in vitro RNA 

transcription using the SP6 RNA Polymerase, alongside wild-type pFK-DVs. Wild-type DENV2 

RNA and RNA from the three mutated DENV2 libraries was then individually transfected into 

C6/36 cells. The wild-type DENV2 and DENV2 library with mutations spanning SalI to SphI 

showed an approximate 10-fold higher infectious virus titre across 48-144 hours post-

transfection, as compared to the SphI/MluI and MluI/KasI DENV2 mutant libraries, as 

determined via focus forming assays (Figure 4.1.7).  
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Figure 4.1.7: Kinetics of infectious virus production by wild-type DENV2 and mutant 

DENV2 libraries. In vitro transcribed RNA for wild-type DENV2 and DENV2 mutant 

libraries was transfected into C6/36 cells. At the indicated time points cell culture 

supernatant samples were collected and stored at -80 °C, prior to determination of 

infectivity by focus-forming assays. Data are means ± S.D. (n = 3).  

Following the demonstration that each mutant library displayed similar degrees of mutation 

and enabled comparable infectious virus production levels, the mutant libraries were 

combined in equimolar amounts, linearised and used as a template for in vitro RNA 

transcription. This RNA was transfected into both Huh7.5 and C6/36 cells, alongside wild-type 

DENV2 RNA. At 6 days post-transfection, virus-containing supernatants were collected (p0), 

and titrated using naïve Huh7.5 cells (Table 4.1.2). Viruses were successively passaged onto 

naïve Huh7.5 or C6/36 cells at an M.O.I. of 0.1, with titration of infectivity performed using 

Huh-7.5 cells. After collection of virus-containing supernatants, total RNA was extracted from 

remaining cell monolayers. Together, RNA was collected from the initial in vitro RNA 

transcription reaction, and from cell monolayers for the transfected cells (p0), and subsequent 

infections p1, p2 and p3. 
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Table 4.1.2: Infectious virus titres of mutant library DENV2 and wild-type DENV2 

following transfection and passage experiments, as determined by focus forming assays 

using Huh7.5 cells.  
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4.2.3 Sequencing of DENV2 mutant libraries following passage in Huh-7.5 and C6/36 

cells 

4.2.4 Results 

For the following results, all Oxford Nanopore Technology sample preparation and sequence 

analysis was performed by Dr Chaturaka Rodrigo, Associate Professor Rowena Bull and David 

Agapiou (UNSW, Sydney, Australia). All Illumina short-read sample preparation and sequence 

analysis was performed by Veronica Perera, Dr Kathryn Edenborough and Dr Johanna Fraser 

(Monash University, Melbourne, Australia). 

Firstly, we sought to analyse the mutational landscape of the virus in both the mammalian 

and insect cell lines. Purified RNA from Huh7.5 and C6/36 cells following the initial transfection 

(p0), the first infection passage (p1), the third infection passage (p3) and the in vitro-

transcribed RNA inputs were sent to collaborators at UNSW for analysis via Oxford Nanopore 

Technology (ONT) sequencing. ONT was selected to allow for identification of epistatic 

mutations across the entire DENV2 genome(383). Reverse transcriptase was used to generate 

cDNA from the purified RNA, and near full-length amplicons were generated by PCR, as per 

published protocol(383). Gel electrophoresis was used to detect amplification (Figure 4.2.1) 

and, following gel purification of bands and regions that corresponded to the expected size of 

full-length amplicons, the samples were submitted for ONT sequencing. Table 4.2.1 displays 

the DNA concentration of the prepared samples. Unfortunately, the resulting ONT data was 

unusable for the purpose of this study due to low read counts, making variant and epistasis 

analysis inconclusive. The DNA concentrations were much lower than expected, indicating 

poor amplification from cDNA. This could be resultant of the RNA template being of low 

quality, the reverse-transcriptase reaction being inefficient, or due to issues with the long-

range PCR reaction. As the virus was quantified via focus forming assay (Table 4.1.2) and 

Sanger sequencing was used to ensure acceptable numbers of mutations (Table 4.1.1), it is 

unlikely that the sequencing issues arose before extraction of RNA from infectious virus-
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containing supernatant. These samples are currently being prepared for Illumina sequencing, 

in which the DENV2 genome will be amplified in 6 regions.  

 

Figure 4.2.1: Agarose gel electrophoretic analysis of full-length DENV genome amplicons, 

prepared for mutational frequency analysis using Oxford Nanopore Technology. Huh-7.5 

cells and C6/36 cells were transfected with wild-type DENV2 or mutant library DENV2 

RNA, generated using in vitro RNA transcription, then supernatants were collected, 

clarified and used to infect naï ve cell lines. This was repeated two additional times. At 6 

days post-infection/post-transfection, total RNA was purified from cell monolayers. 

Following RT-PCR, near full-length amplicons were visualised via gel electrophoresis 

prior to gel purification of amplicons for ONT sequencing (red highlighting indicates 

saturated pixels).  
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Table 4.2.1: DNA concentrations of full-length DENV genome amplicons, prepared for 

mutational frequency analysis using Oxford Nanopore Technology 

 

While ONT sequencing of these samples was unsuccessful, infectious virus (p1) was sent to 

collaborators at Monash University for studies that ultimately sought to identify mutations in 

prM, E and/or NS1 that altered the sensitivity of DENV to Wolbachia-mediated suppression. 

Performed by Veronica Perera from Monash University, this infectious virus was further 

propagated in the Aag2 insect cell line for 7 days. For sequencing sample preparation, RNA 

was extracted from infectious supernatant and used as template for cDNA synthesis, as 

detailed in Section 2.32. High-fidelity PCR using two pools of primers was then used to amplify 

the entire genome, and resulting amplicons were processed for purification and size selection, 

as detailed in Section 2.32. After normalising concentration of samples, DNA was tagmented, 
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dual indices were added and samples were again subjected to purification and size selection. 

A commercially available library quantification system for Illumina platforms was then used to 

allow standardisation of concentration across samples. The library was denatured with a 1% 

PhiX spike-in, and samples were then loaded into an Illumina MiSeq sequencer and the 

standard sequencing protocol was followed.  

After trimming of paired-end reads, as described (384), and removal of PCR primers and low 

quality regions as described in reference (385), Illumina paired reads were mapped to the 

DENV2 genome (NC_ 001474.2). Regions with <100 reads per location were excluded, then 

variants were identified using Geneious software. When detecting variants at >10% frequency 

across the genome, 22 variants in wild-type DENV2 were identified and 42 variants in the 

DENV2 mutant library were identified. Repeating the analysis for variants at >1% frequency, 

119 variants in wild-type DENV2 were identified, and 211 variants were identified in the 

DENV2 mutant library (Figure 4.2.2). While this number of mutants was lower than expected, 

the virus had been amplified in C6/36 cells for 12 days and in Aag2 cells for a further 7 days, 

which would likely result in the removal of less fit variants that were present in the in vitro-

transcribed RNA input. Multiple mutations appeared throughout the genome in both the wild-

type DENV2 and DENV2 mutant library, outside of the areas which were deliberately mutated. 

Surprisingly, 5 additional mutations were identified throughout the NS3 gene in the mutant 

library, at >10% frequency, compared to wild-type DENV2. Whether these were rescue 

mutations, selected in response to mutants in the prM-E-NS1 region, or adaptive mutations 

to the Aag2 cell line which did not happen to occur in the wild-type infection, is unknown. 

Due to time constraints, mosquito infections using the C6/36 p1 supernatants, for both wild-

type and mutated virus, remain to be performed. 
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Figure 4.2.2: Frequency of mutations in DENV2 wild-type (A) and mutant library (B) 

virus stocks. DENV wild-type and mutant IVT RNA libraries were transfected into C6/36 

cells. At 6 d.p.i., supernatants were collected, titred in Huh7.5 cells via focus forming assay 

and used to infect naï ve C6/36 cells at an MOI of 0.1. The virus was then further 

propagated in Aag2 cells for 7 days. RNA was harvested from the infectious supernatant, 

with reverse transcription utilised to generate cDNA. PCR amplicons were then generated 

and sequenced via Illumina short-read sequencing. The reads were mapped to the DENV2 

genome (strain 16681) and all SNPs, insertions and deletions above a 10% threshold 

were identified and displayed. Variant frequency is displayed on the y-axis, and nucleotide 

position along the DENV2 genome is displayed on the x-axis. 
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4.2.5 Generation of a library of NS1 mutants for the DENV2 full-length infectious clone 

and a DENV2 subgenomic replicon 

4.2.6 Results 

In addition to the E, prM and NS1 mutant library, mutant libraries were also prepared to allow 

for identification of residues of NS1 that are required for infectious particle production and/or 

viral RNA replication. As mentioned previously, there have been several mutational analyses 

of specific NS1 residues, examining their importance in dimerisation(164-166), viral RNA 

replication and virus production(145), NS1 secretion(364) and NS1 interaction with 

endothelial cells(169). However, these studies have generally focussed on small subsets of NS1 

residues, typically selected based on disulphide bonding sites, glycosylated residues, 

hydrophobicity, or NS1 conservation between dengue serotypes and other orthoflavivirus 

species. To examine the involvement of NS1 residues in both viral RNA replication and 

infectious particle production, we prepared additional mutant libraries for pFK-DVs, a full-

length DENV2 infectious clone (strain 16681), and for pFK-sgDVs, a derivative DENV2 

subgenomic replicon of the same strain. In each case, mutants were introduced in NS1 using 

error-prone PCR.  

As these libraries were constructed using similar methods to those employed in the 

generation of the E, prM and NS1 mutant libraries described above, the approaches employed 

in the preparation of the NS1-specific mutant libraries are only briefly described below. For 

pFK-DVs, restriction enzymes BamHI and KasI were used to isolate a DNA fragment containing 

the entire NS1-coding sequence and the flanking regions encoding the C-terminus of E (a.a. 

423-485) and the N-terminus of NS2A (a.a. 1-62). This 1455 bp fragment was then amplified 

with Mutazyme II DNA polymerase, using 250 ng of template DNA and a 30 cycle PCR, as per 

manufacturer’s protocol. The resulting amplicon was gel purified, digested with BamHI and 

KasI and inserted into similarly digested pUC57 shuttle vector via restriction cloning and 

ligation as detailed in Section 2.28. Ligation products were transformed into NEB® Stable 

Competent E. coli cells en masse and plasmid DNA was extracted. Following liberation of the 

NS1-encoding DNA fragment via restriction digest (BamHI/KasI) and high fidelity amplification 

of the corresponding pFK-DVs backbone, NEBuilder HiFi DNA Assembly was then used to 

assemble the desired full-length pFK-DVs plasmid containing the mutagenized NS1-encoding 

region. Three libraries were individually prepared, featuring ~578000, 866000 and 713000 

colonies. Sanger sequencing analysis revealed that 4/15 clones from uniquely transformed 
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bacterial colonies contained mutations (1-4 mutations per clone), with 5 colonies tested per 

library (Table 4.3.1).  

Table 4.3.1: Number of mutations present in pFK-DVs NS1 from a selection of clones 

across the three libraries. 

 

Due to the unavailability of the same unique restriction sites, a different approach was used 

for pFK-sgDVS-R2A NS1 mutant library construction. Firstly, error prone PCR was employed to 

yield a fragment encoding mutagenized NS1, the upstream 2A protease cleavage site and C-

terminus of E (a.a. 461-485) and downstream N-terminus of NS2A (a.a. 1-62). This amplicon 

was gel purified and digested using restriction enzymes AgeI and KasI, allowing for direct 

reinsertion into the similarly digested pFK-sgDVs-R2A backbone by ligation. The ligation 

product was electroporated into  electrocompetent E.coli cells en masse, before pooling of 

bacterial colonies and plasmid DNA extraction. Three plasmid DNA libraries were prepared 

that were derived from approximately 150,000 bacterial colonies each. 

For full-length DENV2, wild-type pFK-DVs and each pFK-DVs-derived mutant library were 

linearised and used as a templates for in vitro RNA transcription. RNA products were then 

purified and transfected into Huh7.5 cells for analysis of infectious virus production. Huh7.5 

cells were transfected with RNA from the three mutant libraries as well as wild type DENV2. 

Supernatant samples were collected at 24, 48, 72, 96 and 120 hours post-transfection, and 

titred by focus forming assay using Huh7.5 cells. The mutant libraries produced replication 

competent, infectious virus, although showed a slight reduction in fitness for the first 96 hours 

when compared to wild type DENV2 (Figure 4.3.1 A).  

As the subgenomic replicon DENV2 clone is incapable of infectious particle production, a 

Renilla luciferase assays were performed to measure replication competence of the respective 

subgenomic replicon mutant RNA pools. Wild type pFK-sgDVs-R2A, the mutant libraries and a 

GND mutant (viral RNA replication-incompetent) were linearised and used as a template for 

in vitro RNA transcription. RNA samples were then purified and  transfected into Huh7.5 cells. 
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Renilla luciferase activity was measured in parallel samples that were lysed and frozen at 3, 

24, 48 and 72 hours post-transfection. As demonstrated, replicon-encoded luciferase activities 

were comparable for each mutant library and the wildtype control, with the exception of a 

moderate but appreciable reduction of viral replication levels for each of the mutant libraries 

compared to the wildtype replicon at 48 hours post-transfection, indicating robust but slightly 

attenuated replication of mutant subgenomic replicon pools (Figure 4.3.1 B). 

In future experiments, these libraries will be further used in transfection experiments, with 

full-length samples to be passaged once into naïve Huh-7.5 cells. Through analysis of mutant 

variant abundance via RT-PCR and NGS analysis, it is hoped that the resulting data will enable 

mapping of the in vitro functional significance of a large number of NS1 residues in Huh-7.5 

cells, and enable demarcation of residues that are required for viral RNA replication from 

those required for infectious particle production. 

 

Figure 4.3.1: Assessment of growth of the NS1-focussed pFK-DVs and pFK-sgDVs-R2a 

mutant libraries. A) Wild type and mutant pFK-DVs libraries were linearised and used as 

a template for in vitro RNA transcription. The RNA was then transfected into Huh-7.5 cells. 

At 3, 24, 48, 72, 96 and 120 hours post-transfection, supernatant samples were collected 

and stored at -80 °C, prior to analysis of virus infectivity by focus forming assays. Data are 

means ±S.D. (n=3). B) Wild type and mutant pFK-sgDVs-R2A subgenomic replicon 

libraries, as well as the replication-incompetent GND mutant, were linearised and used as 

a template for in vitro RNA transcription. The RNA was then purified and transfected into 

Huh-7.5 cells. Cell monolayers were harvested at 3, 24, 48, 72 and 96 hours post-

transfection. Renilla luciferase levels were determined and expressed as a percentage of 

average values for each group at 3-h time points. Data are means ± SD (n=3). 
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4.3 Discussion 

The use of Wolbachia-infected mosquitoes has been incredibly successful in reducing the 

spread of dengue virus in multiple countries(235, 375, 386, 387). Research has demonstrated 

that the Wolbachia genome is stable in Aedes aegypti mosquitoes(377), and the fitness of 

mosquito hosts that diminish Wolbachia-mediated blocking is impaired, indicating that 

changes to the Aedes aegypti genome are not likely to hinder the success of Wolbachia 

programs(240). Due to the propensity of RNA viruses to adapt to antiviral pressures, there is 

potential for dengue virus to overcome Wolbachia-mediated suppression. It has previously 

been shown using a serial passage system that the E protein mutant E203K is positively 

selected in the presence of the wMel Wolbachia strain, however this mutation is accompanied 

by a decrease in viral replicative fitness in the absence of wMel, compared to the wild-type 

virus(251). Whether this decrease in fitness can be rescued with additional mutations has not 

yet been investigated and it is possible that multiple viral mutations that alter the 

susceptibility of DENV to Wolbachia-mediated suppression remain to be identified. 

We sought to identify DENV mutations in the E, prM and NS1 genes which may confer 

resistance to Wolbachia-based suppression. Unlike the serial-passage system(251), we utilised 

error-prone PCR to generate libraries of mutant DENV. These virus libraries were passaged in 

both human (Huh-7.5) and Aedes albopictus mosquito (C6/36) cells. Supernatant from the 

C6/36 cells was then used to infect Aag2 cells, an Aedes aegypti-derived clonal mosquito cell 

line(388). Illumina short-read sequencing was then used for the analysis of viral RNA collected 

from the Aag2 supernatant. The analysis revealed higher mutational frequency from the 

mutant virus library compared to the wild type library. 

A 77% increase in variant frequency in passaged mutant library viral RNA samples compared 

to wild-type viral RNA samples was observed when a threshold variant frequency of 10% was 

applied. This variant frequency in passaged mutant library viral samples, compared to wild-

type samples, increased to 90% when the threshold variant frequency was lowered to 1%. 

Due to time constraints, studies utilising the C6/36-grown, once-passaged ‘p1’ virus stocks to 

infect mosquitoes have not yet been performed. In future experiments, the p1 virus will be 

passaged through Aedes aegypti mosquitoes 20 times, for both Wolbachia-infected and 

Wolbachia-free mosquitoes, using both wMel and wAlbB strains of Wolbachia. Illumina short-

read sequencing will be used to identify variants which specifically confer resistance to 
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Wolbachia-mediated suppression, demarcated from variants which increase general 

replicative fitness in mosquitoes. These variants will then be reinserted into the DENV2 

infectious clone, and their resistance to Wolbachia will be verified. 

In addition to the identification of Wolbachia-resistant variants, we also aimed to identify viral 

determinants of DENV2 host species tropism in human and mosquito cell lines using the same 

mutant libraries. As stated, wild type and mutant DENV2 libraries were passaged in both Huh-

7.5 and C6/36 cell lines multiple times. RNA was harvested from the transfected cells (p0), as 

well as from the 1st passage (p1) and 3rd passage (p3), and from the input RNA from the in 

vitro transcription reaction. ONT sequencing was selected to allow for interrogation of near-

full length DENV2 genomes, ensuring that epistatic mutations would not cause confounding 

effects. Unfortunately, this sequencing was unsuccessful, with an average read count of ~500 

per sample. As such, this data was not reliable for further analysis. As the mutational 

frequency of multiple clones had been tested by Sanger sequencing (Table 4.1.1), and the 

libraries showed production of viral particles by focus forming assay (Table 4.1.2), it appears 

that the issues with sequencing arose during the preparation of RNA or cDNA, or during the 

sequencing reaction. RNA was extracted from virus-containing supernatant using a standard 

phenol-chloroform method with the TRIzol reagent. While 260/280 ratios indicated successful 

extraction of high-quality RNA in each sample, specific viral RNA extraction kits would likely 

yield viral RNA with higher consistency in quality, and allow for greater removal of 

contaminants such as PCR-inhibitors, phenol, guanidine or other reagents. As the long PCR 

was performed by collaborators prior to sequencing, this was not optimised to ensure efficient 

amplification of samples. While we sought to sequence the entire DENV2 genome from 

individual amplicons to allow analysis of epistatic effects, future ONT-based studies of this 

nature may benefit from the sequencing of smaller viral amplicons that are more reliable and 

efficient to generate. While the sequencing approach employed here has been successfully 

utilised to generate consensus viral genome sequences from patient samples(389), it may not 

be well-suited for quantitative viral variant analysis given inefficient amplification of full-

length virus sequences and potential associated confounding effects. We will be repeating 

NGS analysis of these samples using Illumina short-read sequencing, and individual mutants 

of interest will be reintroduced into the pFK-DVs vector to analyse their impact on viral fitness 

in C6/36 and Huh7.5 cells.  
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To analyse the contribution of each NS1 residue to both infectious particle production and 

viral RNA replication, we constructed libraries containing NS1 mutants in both the DENV2 full-

length infectious clone, pFK-DVs, as well as the corresponding subgenomic replicon, pFK-

sgDVs-R2A. While these libraries were tested for viral replicative fitness, no further 

experimentation or sequencing was performed due to time constraints. Huh7.5 and C6/36 

cells will be transfected with these libraries, alongside wild type RNA, and for the full-length 

virus we will perform one subsequent passage. Using Illumina sequencing and comparisons 

of variant frequencies in resulting viral sequences compared to initial ‘input’ viral sequences, 

it is hoped that these studies will generate a map of the functional significance of a large 

number of NS1 residues, in mammalian and mosquito cells, demarcating residues required for 

viral RNA replication from those that are required for infectious particle production. Mutant 

residues of significance, revealed by the sequencing results, will be reintroduced into full-

length and subgenomic replicon DENV clones, and their impact on the viral lifecycle will be 

investigated.  
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5 Final Discussion 
Despite causing a major global health burden each year, there is not yet an approved antiviral 

treatment for patients suffering dengue illness. While the highly promising antiviral, JNJ-

1802(390), is progressing through human clinical trials, the recommended treatment for 

patients suffering with dengue infection remains as supportive treatment. While the vaccine 

Dengvaxia is available, it is only recommended for individuals who have already been infected 

with DENV(7). More recently, the live attenuated tetravalent dengue vaccine, QDENGA, has 

been approved for use in Indonesia, the EU and the UK(9). Long term studies will further reveal 

the safety and efficacy of this vaccine. The unique approach of releasing Wolbachia-

harbouring mosquitoes in dengue-prone areas has shown significant promise in decreasing 

local cases, however there exists the possibility that DENV will adapt and overcome 

Wolbachia-mediated suppression. There is a clear need for further research into therapeutics, 

prophylactics and biocontrol strategies against DENV. This will require targeted research into 

antivirals and vaccines, as well as greater understanding of the lifecycle of dengue virus both 

in vitro and in vivo.  

Due to the importance of NS1 in the viral lifecycle of DENV, we attempted to identify small 

molecule compounds that specifically target NS1 using three unique screening approaches. 

We identified multiple compounds with antiviral properties and in some instances we 

characterised the stage(s) of the lifecycle they impaired, but were not able to demonstrate an 

interaction between these ligands with NS1.  

Our first attempt at identifying NS1-interacting compounds utilised a Nanoluciferase-tagged 

DENV2 reporter virus in a high-throughput luminescence-based thermal shift assay. In a high-

throughput screen of 3,378 compounds belonging to 1,126 drug-like scaffolds, 22 hits from 

three unique scaffold families of structural analogues were identified as modulators of the 

denaturation profile of the NS1-NLuc fusion protein. Among these hits, multiple compounds 

were shown to have antiviral properties. However, validation experiments demonstrated that 

the modulation of the denaturation profile of NS1-NLuc was likely due to an interaction with 

NLuc rather than a specific interaction with NS1. We hypothesised that the antiviral activity of 

these compounds is a coincidence, and not a reflection of the success of the high-throughput 

screen. In further experiments, the most promising candidate, Compound 14,  was shown to 

be a potent inhibitor of infectious particle production, but not of viral RNA replication. 
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Confocal microscopy studies revealed that during an infection using the DENV2-NS1-mScarlet 

reporter virus, mature E protein was not detectable in a portion of Compound 14-treated, 

DENV2-infected cells, when probing with a monoclonal anti-Envelope antibody. Further 

experimentation using both the conformation-specific anti-Envelope monoclonal antibody 

and a polyclonal anti-Envelope antibody, that likely recognises both mature and immature 

forms of Envelope protein, revealed a Compound 14-induced dose-dependent effect on the 

recognition of mature E protein. 

Future experiments will determine the exact mechanism of action through which Compound 

14 inhibits infectious particle production of DENV2, and the specific effect of Compound 14 

on the maturation of E protein. It has been shown previously that E protein epitope 

accessibility is altered in DPM1-deficient cells(391). DPM1 is required for the 

dolichylphosphate mannose biosynthesis pathway, which facilitates proper glycosylation of 

glycoproteins(366). We hypothesise that Compound 14 may have direct or indirect effects on 

N-linked glycosylation of E protein, and future studies will be performed to determine where 

in the glycosylation pathway, if at all, Compound 14 is exerting an effect. 

Also observed in cells lacking mature E protein, was a web-like localisation for total E protein, 

as well as for the ER. It has previously been shown that knockout of the Atlastin (ATL) protein 

family, which are determinants of ER tubule structure, results in a similar ER morphology(367, 

368). Additionally, knockdown of the Atlastin protein family has been shown to inhibit 

orthoflavivirus RNA replication and/or infectious virus particle production(370). Knockdown 

of ATL3, specifically, has been shown to reduce infectious particle production, but not viral 

RNA replication of DENV and ZIKV(370). Further mechanistic studies will be required to 

untangle the role of Compound 14 in alteration of ER morphology and glycosylation of E 

protein and the relationship, if any, between the similar effects of Compound 14 treatment 

and ATL3 knockdown on ER morphology and infectious virus production. While striking, 

Compound 14-mediated disruption of ER morphology and E protein maturation was only 

evident in a minor proportion of DENV-infected cells. Given the more pronounced effects of 

Compound 14 on infectious virus production, it is possible that the observable effects of 

Compound 14 on ER morphology and E protein maturation are reflective of less striking, but 

still functionally important, effects of Compound 14 on ER morphology and E protein 

maturation across the entire treated cell population. Alternatively, it is possible that at any 
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given time, only a fraction of infected cells are actively involved in virus particle production 

and that the disruptive effects of Compound 14 on ER morphology and E protein maturation 

are most apparent in the subpopulation of cells that are actively engaged in virus particle 

production. Furthermore, it is plausible that there are other major mechanisms of action 

through which Compound 14 exerts its antiviral effects that remain to be characterised. 

Further studies are required to determine the exact mechanism(s) of action of Compound 14.  

Next, we developed a NanoBiT® Protein:Protein interaction system to monitor NS1 

dimerisation via measurement of luminescence associated with structural complementation 

of NS1-SmBiT and NS1-LgBiT fusion proteins. This system was applied towards a high-

throughput screen of 3,378 drug-like compounds from 1,126 drug scaffold families to identify 

potential inhibitors of NS1 dimerisation. Partly due to technical errors during the high-

throughput screening of compounds, we were unsuccessful in identifying inhibitors of NS1 

dimerisation. The first two screens, with one data point for each compound tested, showed 

poor reproducibility and this was largely attributed to obvious unexpected inaccuracies (‘drift 

effects’) in automated liquid handling during these screens. A validation screen was then 

performed using the results of the first two screens. For the initial two primary screens, from 

each ‘scaffold’ of ~30 compounds, 3 compounds were tested. For the validation screen, 

scaffolds featuring at least one hit in both initial screens were selected to be fully tested. 

Unfortunately, the three hits from this validation screen were not shown to be inhibitors of 

NS1 dimerisation in follow up NanoBiT experiments. In regard to the small number of hits 

identified, it is likely that the confounding liquid handling problems encountered during the 

initial screens contributed towards selection of false positive hits, such that the validation 

screen featured compounds that were limited in structural diversity. Beyond unanticipated 

liquid handling problems encountered during the primary screens, as discussed previously, 

there were also marked differences in raw luminescence readings between control groups in 

the two repeated primary screens that likely arose due to differences in the transient 

transfection efficiencies achieved in each of the two repeated primary screening experiments. 

When repeating this screen, we will utilise monoclonal cell lines stably expressing NS1-SmBiT 

and NS1-LgBiT to decrease well-to-well, plate-to-plate and screen-to-screen variations in 

luminescence signals that may otherwise be attributable to heterogenous and variable 

transfection efficiencies. It is also highly relevant to note that, for the NS1 dimerisation screen 
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and the NaLTSA screen, we lacked a positive control inhibitor and, accordingly, we were not 

able to fully validate or optimise the functional dynamic ranges of each assay in the context 

of a small molecule inhibitor screen experimental format. The availability of such an NS1 

inhibitor would have been highly valuable to assess screen quality and plate-to-plate and 

experiment-to-experiment variations and benchmark hits against. In the absence of such a 

validated small molecule inhibitor, future experiments and screens of this nature may benefit 

from the inclusion of known NS1-binding compounds such as PG545(201) and the previously 

mentioned NS1-targetting peptides(334) as additional controls that are expected to bind to 

NS1 and possibly alter NS1 dimerisation efficiency. 

Finally, we applied the newly established warpDOCK pipeline(353) to identify compounds 

which interact with NS1 in silico. A blind docking screen against monomeric NS1 revealed two 

potential binding pockets within the NS1 dimerisation interface. A 500 nanosecond all-atom 

molecular dynamics simulation was performed to identify 7 representative conformations of 

NS1, including that of the high-resolution crystal structure (PDB: 4O6B), for further screening. 

An ultra-large library of 7.8 million drug-like, commercially available compounds was then 

tested for binding within the two binding pockets. From the top 30 hits at each site, 25 hits 

overall were purchased, with 24 of these compounds found to be soluble in DMSO. Utilising 

live cell imaging with the DENV2-NS1-mScarlet reporter virus, we analysed the antiviral 

efficacy and cytotoxicity of each compound over 72 hours. The top hit, Compound V2.3, was 

shown in further experiments to have nanomolar efficacy for inhibition of infectious particle 

production. This potent activity was assumed to be a consequence of an interaction between 

NS1 and Compound V2.3. However, analysis of this possibility using the NaLTSA did not 

demonstrate NS1-specific modulation of the NS1-NLuc denaturation profile. It should be 

noted that Compound V2.3-mediated stabilisation was observed for both DENV2-NS1-NLuc 

detergent lysates and the NLuc control lysates, indicating an unexpected effect of Compound 

V2.3 on Nanoluciferase activity and its susceptibility to thermal denaturation. This effect may 

be masking a bona fide interaction between Compound V2.3 and NS1. Assuming that 

Compound V2.3 specifically and directly interacts with NS1 and given the availability of 

purified NS1 protein and newly developed Compound V2.3 analogues with improved potency 

and properties in our laboratory ongoing experiments will utilise surface plasmon resonance 

to confirm this interaction, and x-ray crystallography will be used to characterise the nature of 
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this interaction at atomic resolution. Also of note was the lack of inhibition of NS1 dimerisation 

by Compound V2.3, despite its predicted localisation within the dimerisation interface. This 

may be a result of the compound binding at the interface, yet not having any impact on NS1 

dimerisation, or may indicate that the compound does not bind at the NS1 dimerisation 

interface. Along with Compound 14, to determine if Compound V2.3 is a bona fide inhibitor 

of NS1, we will select for and sequence resistant variants by sequential passaging of DENV2 in 

the presence of increasing inhibitor concentrations. The results of this experiment would 

inform further mechanistic studies. 

In addition to further investigation into the mechanism of action of Compound 14 and 

Compound V2.3, and enhancement of antiviral and cytotoxic properties via a medicinal 

chemistry approach, testing of these compounds in a murine challenge model and validating 

their effectiveness in vivo would demonstrate if the compounds are suitable for further 

development. Experiments utilising type I and II receptor deficient mice (AG129) to determine 

protection against DENV infection or DENV-induced pathogenesis would inform the 

significance of these compounds as anti-DENV agents.  

Programs involving the large-scale release of Wolbachia-infected mosquitoes in dengue-prone 

areas have been highly successful in combatting dengue virus infections in numerous regions 

worldwide(392). These Wolbachia-infected mosquitoes have a decreased capacity for 

transmitting DENV to people, and their introduction into a wild mosquito population can 

result in long term establishment of Wolbachia in the area due to ‘cytoplasmic 

incompatibility’; a process whereby the bacterium confers a reproductive advantage to 

Wolbachia-carry female mosquitoes (393). It has recently been shown that serial passage of 

DENV1 in Wolbachia-carrying Ae. Aegypti mosquitoes results in the frequent selection of two 

major mutations in the Envelope protein, E203K and E384K (251). While further studies are 

required, the authors of this work suggested that E203K, in particular, may contribute to 

evasion of Wolbachia-mediated virus blocking. We sought to identify Wolbachia-resistant 

DENV2 mutants using deep mutational scanning. Pools of DENV2 mutants spanning genes E, 

prM and NS1 were prepared using an error-prone DNA polymerase, then passaged in C6/36 

and Aag2 cells in collaboration with the research group of Dr Johnanna Fraser (Monash 

University). NGS analysis of these pools, after repeated passaging, demonstrated the presence 

of additional mutants, generally within E, NS1 and surprisingly NS3. Due to time constraints, 
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we were unable to perform in vivo experiments with the mutant libraries. In future 

experiments, the mutant libraries will be passaged through Aedes aegypti mosquitoes, either 

Wolbachia-free, or infected with Wolbachia strains wMel or wAlbB. After passaging through 

20 generations of mosquito, NGS will be used to determine DENV2 mutants with increased 

fitness, specifically in Wolbachia-infected mosquitoes, as opposed to mosquito-adaptive 

mutations that are unrelated to Wolbachia-mediated selective pressures. Of note will be 

DENV2 mutants which confer resistance to wMel, not wAlbB, and vice-versa, as this 

information may be relevant to the overall Wolbachia biocontrol program.  

Dengue virus is known to exist as a dynamic population, circulating between insect and 

mammalian hosts(394). To be successful, the virus must replicate efficiently in both hosts. 

Beneficial mutations within a mosquito host may not always be beneficial in humans, and vice-

versa. During the course of this project, Dolan et al reported the findings of a study involving 

serial passaging of DENV2 in Huh7 (human) and C6/36 (mosquito) cells to elucidate the fitness 

landscape in these alternative hosts(395). This resulted in the identification of many host-

specific mutations that contribute to the replicative fitness of DENV in these divergent host 

cells. However, as the effects of these mutations were not individually tested, it remains 

unclear which mutations are essential for adaption of DENV to efficient replication and spread 

in human and mosquito host cells. We sought to address similar questions using a different 

approach to examine the host-specific genetic fitness landscape of DENV. Mutant virus IVT 

RNA libraries of DENV2, bearing mutations in prM-E-NS1 that were generated using an error-

prone DNA polymerase, and wild type DENV2 IVT RNA were transfected into Huh7.5 and 

C6/36 cells, and resulting infectious virus progeny were each passaged three times. At each 

stage, RNA from the cell monolayer was harvested, then prepared for long read sequencing 

using Oxford Nanopore Technology. This was chosen specifically to allow for analysis of long-

range epistatic mutations. However, likely due to technical challenges in preparation of high-

quality genome-length amplicons from these samples and subsequent sequencing library 

preparation, the sequencing data was of insufficient quality for meaningful interpretation. To 

overcome some of these potential issues, the respective RNA samples may be analysed again 

using short-read Illumina sequencing. Based on the results, we hope to identify mutations 

which are beneficial for replicative fitness in one host, but deleterious in the other, with a 

specific focus on NS1. Single DENV2 mutants will then be reintroduced into the cloned 
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infectious DENV2 genome, and differences in their replicative fitness in different host cells will 

be characterised. While interesting from an academic standpoint, determinants of tropism 

have also previously been used to develop attenuated vaccines. Deep mutational scanning of 

ZIKV E protein led to the identification of two mutants, 316Q and 461G, which are beneficial 

in C6/36 cells but deleterious in Vero (primate) cells(320). A 316Q/461G virus was shown to 

provide complete protection against a ZIKV lethal challenge in IFNAR-/- mice, demonstrating 

the utility of identifying tropic factors(395). Understanding viral determinants of host species 

tropism is also important in antiviral drug development programs. For example, antivirals 

targeting a region of DENV2 that is critical to viral replication in both human and mosquito 

hosts will be more effective, as there will likely be less evolutionary flexibility to mutate and 

evade the inhibitor and less risk of transmission of resistance if the resistance mutation(s) 

cause a reduced replicative fitness in mosquito hosts. 

Focussing on NS1, we also prepared NS1-based mutant libraries for a DENV2 full length 

infectious clone (strain 16681), and a derivative DENV subgenomic replicon. These libraries 

were demonstrated to be replication-competent and were subjected to selection in human 

(Huh-7.5) and mosquito (C6/36) host cells, with cellular RNA samples collected, awaiting 

future RT-PCR and NGS analysis. These studies will allow for the generation of a map of NS1 

residues that are required for viral RNA replication and those that are required for both RNA 

replication and infectious virus particle production. Individual mutants of interest will then be 

introduced into the DENV2 infectious clone pFK-DVs and replicon pFK-sgDVs-R2A for analysis 

of altered viral fitness. Again, these results will highlight residues of importance to the DENV 

lifecycle, revealing areas for which targeting of antiviral strategies may be more effective, due 

to a limited evolutionary space for which DENV can mutate and develop resistance. 

Overall, we have taken multiple approaches to further the effort against DENV, with a focus 

on NS1. We have utilised novel methods including a virtual drug screen and a Nanoluciferase-

based thermal shift assay to identify two compounds which display antiviral activity against 

DENV in vitro, and will continue to develop these drugs through medicinal chemistry 

approaches, and ensure their validity as potential therapeutics with in vivo experiments. We 

have generated multiple mutant libraries of the DENV NS1 gene using both the full-length 

infectious clone pFK-DVs and the subgenomic replicon pFK-sgDVs-R2A, which will be used to 

identify variants of interest in viral replication and infectious particle production, and 
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potentially inform future studies on antiviral therapeutics or prophylactics by providing 

information on the genetic flexibility of the DENV genome. Mutant libraries generated for the 

investigation of Wolbachia escape mutants may inform field-based surveillance programs for 

variants of concern, while also examining the overall selective pressure exerted by Wolbachia 

on the DENV genome. 
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Appendices 

Appendix I: Primers used in this thesis. 

Generation of pTRIPZ NS1-LgBiT expression construct: 

 

Generation of pLenti6 NS1-LgBiT expression construct: 

 

Generation of pLenti6 NS1-CyOFP1 expression construct: 

 

Generation of pTRIPZ NS1-NLuc expression construct: 

 

Generation of pLenti6 NS1 expression construct: 

 

Site directed mutagenesis:  

DENV2 NS4B L52F: 

 

DENV2 NS1 T164S: 
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Mutant Library Preparation (Wolbachia project): 

Four fragment (ABCD) approach: 

Full length A-D WMP_CprMENS1_A_FP1 agagaaaccgcgtgtcgactgtg 
 

WMP_CprMENS1_D_RP1 ccgtcatagtggcgcctaccataac 

Fragment A WMP_CprMENS1_A_FP1 agagaaaccgcgtgtcgactgtg 
 

WMP_CprMENS1_A_RP1 ggtttgttttttgccatcgtcgtcacacag 

Fragment B WMP_CprMENS1_B_FP1 gaacatggaagctgtgtgacgacgatg 
 

WMP_CprMENS1_B_RP1 ggtttgttttttgccatcgtcgtcacacag 

Fragment C WMP_CprMENS1_C_FP1 caatagttatcagagtgcaatatgaaggggacgg 
 

WMP_CprMENS1_C_RP1 ggttatgagactctgtagagagcatttttgctttgc 

Fragment D WMP_CprMENS1_D_FP1 catggggcaaagcaaaaatgctctctacaga 
 

WMP_CprMENS1_D_RP1 ccgtcatagtggcgcctaccataac 

 

Preparation of large, mutated regions as template for further amplification: 

Fragment 1  (SalI/SphI) WMP_Frag1_FWD CAGATGCGTAAGGAGAAAATACCGCATCAGtcgactgtgcaacag  

 
WMP_Frag1_REV ggagagccgtccccttcatattgc  

Fragment 2 (SphI/MluI) WMP_Frag2_FWD gaacatggaagctgtgtgacgacgatg  

 
WMP_Frag2_REV ggttatgagactctgtagagagcatttttgctttgc  

Fragment 3 (MluI/KasI) WMP_Frag3_FWD caatagttatcagagtgcaatatgaaggggacgg 

 
WMP_Frag3_REV TACGCCAAGCTTGCATGCAGGCCTCTGCAGgcgcctaccataacc  

  

Amplification of large fragments with overhangs allowing for insertion into SalI/SphI, 

SphI/MluI or MluI/KasI-digested puc57 shuttle vector: 

SalI to SphI WMP_gib_saltosph_puc_fwd GCGTAAGGAGAAAATACCGCATCAGgagaaaccgcgtgtcg 

 
WMP_gib_saltosph_puc_rev ACCATGATTACGCCAAGCTTGCATGgtcatttccgactgcatg 

SphI to MluI WMP_gib_sphtomlu_puc_fwd GCGTAAGGAGAAAATACCGCATCAGcaggggaagagcatgc  

 
WMP_gib_sphtomlu_puc_rev ACCATGATTACGCCAAGCTTGCATGgattctccagacgcgttac  

MluI to KasI WMP_gib_mlutokas_puc_fwd GCGTAAGGAGAAAATACCGCATCAGaatccgctcagtaacgc 

 
WMP_gib_mlutokas_puc_rev TACGCCAAGCTTGCATGCAGGCCTCTGCAGgcgcctaccataacc  

 

Amplification of full-length dengue virus for analysis by Oxford Nanopore Technology: 

5’ UTR – 3’ UTR ONT_FWD AGAGAAACCGCGTGTCGACT 
 

ONT_REV TCTGTGCCTGGAATGATGCT 
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Primer pools used by Monash University to amplify DENV for NGS: 

Pool 1: 
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Pool 2: 
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Appendix II: General solutions and buffers used in this thesis 

1 x Phosphate-buffered-saline (PBS) solution  

1 x Tris-glycine-SDS (TGS) buffer 

1 x Tris-buffered-saline (TBS) buffer 

1 x Tris-acetate-EDTA (TAE) buffer 

Glacial acetic acid 

NaCl 

Ampicillin 1 mg/ml 

Dimethyl sulfoxide (DMSO) 

Kanamycin 1 mg/ml 

Luria agar 

Luria Broth 

Sodium dodecyl sulfate (SDS) 

Tris solutions (varying pH and concentrations) 

EDTA (varying pH and concentrations) 

Sodium deoxycholate 

NP-40 

Dithiothreitol (DTT) 

Bromophenol blue 

Glycerol 

Glycine 

Penicillin/streptomycin 

Trypan blue 

Trypsin-EDTA 

Foetal calf serum (FCS) 

Bovine serum albumin 

Acetone 

Methanol 
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Tween® 20 

2-mercaptoethanol 

Agarose 

Bovine serum albumin (BSA) 

Solution: Components/Recipe 

Acetone:methanol 1 Litre: 
500 mL acetone 
500 mL methanol 

1 x Phosphate-buffered-saline 
(PBS) solution 

1 Litre: 
8 g NaCl 
0.2 g KCl 
1.44 g Na2HPO4 

KH2PO4 

H2O 

1 x Tris-glycine-SDS (TGS) buffer 1 Litre: 
3.02 g tris base 
14.4 g glycine 
pH to 8.80 
1 g SDS 
H2O 

1 x Tris-buffered-saline (TBS) buffer 1 Litre: 
2.4 g tris base 
8.8 g NaCl 
pH to 7.6 
H2O 

1 x Tris-acetate-EDTA (TAE) buffer 1 Litre: 
4.85 g tris base 
1.14 mL glacial acetic acid 
20 mL 0.5M EDTA (pH 8.0) 
H2O 

Luria Broth 1 Litre: 
10 g tryptone 
10 g NaCl 
5 g yeast extract 
H2O 

Luria Agar 1 Litre: 
10 g tryptone 
10 g NaCl 
5 g yeast extract 
20 g agar 
H2O 

1% Bovine Serum Albumin (PBST) 1 Litre: 
10 g bovine serum albumin 
990 mL PBST 
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Cell freeze mix 1 Litre 
500 mL complete mammalian cell culture medium 
300 mL Foetal calf serum 
200 mL DMSO 

1% Agarose 1 Litre: 
10 g agarose 
990 mL 1 x TAE buffer 

PBS-T 1 Litre: 
0.1% Tween® 20 
1 L PBS 

TBS-T 1 Litre: 
0.1% Tween® 20 
1 L TBS 

SDS-PAGE reducing loading buffer 50 mL: 
6.25 mL of 0.5 M Tris-HCl, pH 6.8 
18.75 mL Glycerol (80%) 
10 mL SDS (10% w/v) 
2.5 mL 2-mercaptoethanol 
2.5 mL bromophenol blue (1% w/v) 
H2O 

SDS-PAGE non-reducing loading 
buffer 

50 mL: 
6.25 mL of 0.5 M Tris-HCl, pH 6.8 
18.75 mL Glycerol (80%) 
2.5 mL 2-mercaptoethanol 
2.5 mL bromophenol blue (1% w/v) 
H2O 

RIPA lysis buffer 100 mL: 
3.75 mL of 4M NaCL 
0.5 g deoxycholate 
1 mL of 10% SDS 
1 mL of NP-40 
5 mL of 1M Tris 
H2O 

Mammalian cell culture medium 500 mL DMEM 
50 mL FCS 
5 mL Pen/Strep 

Insect cell culture medium 500 mL Basal Media E 
10 – 50 mL FCS 
5 mL MEM non-essential amino acids 
5 mL sodium pyruvate 
5 mL L-GlutaMAX 
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Appendix III: Antibodies used in this thesis 

Antibodies: 

Primary Antibodies Dilution Supplier 

Mouse anti-β-actin (A5441) 1: (Western blotting) Sigma 

Rabbit anti-NS4B 
(GTX103349) 

1: (Immunofluorescent staining) GeneTex 

Mouse anti-NS3 (GT2811) 1: (Immunofluorescent staining) GeneTex 

Mouse anti-NS1 (4G4) 
hybridoma supernatant 

1: (Immunofluorescent staining) 
1: (Western blotting) 

Jody Peters & Roy 
Hall, University of 
Queensland 

Mouse anti-E (D1-4G2-4-15) 
hybridoma supernatant 

1: 1000 (Immunofluorescent staining)  ATCC 

Mouse anti-capsid (6F3.1) 
hybridoma supernatant 

1: (Immunofluorescent staining) John Aaskov, 
Queensland 
University of 
Technology 

Rabbit anti-E (GTX127277) 1: (Immunofluorescent staining) GeneTex 

   

Secondary Antibodies   

IRDye® 800CW Goat anti-
Mouse IgG Secondary 
Antibody 

1:20000 (Western blotting) Li-Cor 

IRDye® 680LT Goat anti-
Rabbit IgG Secondary 
Antibody 

1:20000 (Western blotting) Li-Cor 

Alexa-Fluor 488 Dye 1:200 (Immunofluorescent staining – 
confocal microscopy) 
1:500 (Immunofluorescent staining – 
general microscopy) 

Thermo Fisher 
Scientific 

Alexa-Fluor 555 Dye 1:200 (Immunofluorescent staining – 
confocal microscopy) 
1:500 (Immunofluorescent staining – 
general microscopy) 

Thermo Fisher 
Scientific 
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Appendix IV: Plasmids maps 

pFK-DVs: 

 

pFK-sgDVs-R2A 
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pFK-DVs-NS1-mScarlet 

 

pFK-DVs-NS1-NLuc 
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pLenti NS1-LgBiT 

 

pLenti6 NS1-SmBiT 
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pUC57 
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Appendix V: Published first author manuscript 
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Appendix VI: First author manuscript in preparation 
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