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ABSTRACT 

Flaviviruses such as West Nile virus and Dengue virus are enveloped, +ssRNA virus 

from the Flaviviridae family causing infection in North America, Oceania, Africa, Europe, 

the Middle East and West and central Asia.  Due to the limited number of viral proteins 

encoded by +ssRNA viruses, host factors, such as lipids and proteins, are recruited and 

required for sufficient viral replication. Host factors are involved in almost every step of 

+ssRNA virus replication by interacting with viral proteins via a specific motif. It is well 

established that these viruses manipulate ER homeostasis and distribution to facilitate 

efficient replication. In this thesis we have investigated the role of the host lipid and protein 

ceramide and Reticulon 3, respective, alongside the SH3 protein-protein interaction domain  

It is well established that +ssRNA viruses manipulate cellular lipid homeostasis and 

distribution to facilitate efficient replication. Cellular lipid ceramide is redistributed to the 

West Nile virus strain Kunjin virus (WNVKUN) replication complex (RC) but not to the 

Dengue virus serotype 2 strain New Guinea C (DENVNGC) RC. Ceramide depletion by 

prolonged chemical inhibition of serine palmitoyltransferase (SPT) activity with myriocin or 

inhibition of ceramide synthase with Fumonisin B1 had a significant deleterious effect on 

WNVKUN replication but enhanced DENVNGC replication. These observations suggest that 

ceramide production via the de novo and salvage pathway is a requirement for WNVKUN 

replication but inhibitory for DENVNGC replication. Thus, although these two viruses are 

from the same genus, they have a differential ceramide requirement for replication. 

Furthermore, previous studies have shown that a ER membrane-shaping protein 

Reticulon 3A (RTN3A) plays a crucial role in +ssRNA virus replication by inducing positive-

membrane curvature [1, 2].  In this study, we have observed that RTN3A is redistributed and 

recruited to the RC of WNVKUN and DENVNGC. Subsequent analysis revealed that RTN3A 
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interacts with the viral protein NS4A, known to be responsible for host membrane 

rearrangements in WNVKUN and DENVNGC infected cells. Via deletion mutagenesis we 

mapped the interaction between NS4A and RTN3A to the first transmembrane region as 

removal of the first transmembrane region reduced NS4A – RTN3A interaction by FRET and 

co-IP experiments. Furthermore, siRNA-mediated knockdown of RTN3A attenuated 

WNVKUN and DENVNGC viral replication, altered virally induced membrane architecture and 

severely affected the stability and expression of NS4A. Thus we have demonstrated the 

importance of RTN3A during Flavivirus replication by interacting with, and stabilizing the 

NS4A protein.  

Lastly, we have established that modular interaction domains are crucial during WNV 

replication. These are generally conserved regions in proteins that are generally 30-200 

amino acids. These domains specialize in mediating interactions of proteins with one another, 

lipids and nucleic acids. Src Homology 3 (SH3) domains are one of the best characterized 

and most studied modular interaction domains requiring a conserved PxxP binding motif. 

Previous studies have established that SH3 domains are significant for the replication of 

numerous viruses. Analysis of the WNV genome allowed us to determine that the viral 

genome contains a variety of putative SH3 motif. By alignment analysis of different 

Flavivirus genomes, we have determined that two possible SH3 motifs (within NS1 and NS5) 

are conserved throughout the Flaviviruses and may play a role in viral replication. Site-

directed point mutations and insertion mutations within these motifs suggest that specific 

mutations have either attenuated or completely abolished WNV replication. This study will 

determine the interaction between host and viral proteins through these domains and the role 

of these host proteins during WNV replication.  
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1.1 The secret world of viruses 

Previous to 1898, viruses were identified as particles too small to be detected by 

microscopes and where thought to be toxins produced by bacteria. Following the invention of 

the Chamberland filter in 1889, the Dutch microbiologist Martinus Beijerinck observed that 

infectious particles (later identified as the tobacco mosaic virus) smaller than the pore size of 

the Chamberland filter were able to infect and replicate only in living cells; a characteristic 

which bacterial toxins do not possess. Beijerinck described these particles as contagium 

vivum fluidum (contagious living fluid) and introduced the world to “viruses”.  Since then, 

more than 30,000 different viruses have been identified which are grouped into 3,600 virus 

species in 164 genera and 71 families. These viruses have been classified into 7 groups based 

on their genome organisation: (i) dsDNA, (ii) ssDNA, (iii) dsRNA, (iv) +ssRNA, (v) –

ssRNA, (vi) ssRNA-RT, (vii) dsRNA-RT. RNA viruses are classified as the largest group of 

viruses which make up to 70% of all viruses. Substantial  human diseases caused by RNA 

viruses include  members of Picornaviridae (poliovirus), Retroviridae (human 

immunodeficiency virus), Caliciviridae (norovirus) and the Flaviviridae (West Nile and 

dengue virus) families [3]. This thesis will focus on the role of virus-host interactions of the 

Flaviviridae family viruses West Nile and Dengue virus during replication.  

1.2 The Flaviviridae Family 

The first human virus was discovered over a century ago when Walter Reed 

demonstrated that yellow fever was transmitted to humans through the Aedes aegypti 

mosquito vector and caused by a filterable agent from the serum of infected individuals [4]. 

By the 1960s, the development of hemagglutination-inhibition and complement fixation tests 

revealed that the causative agent of yellow fever was antigenically related to other group B 

arboviruses: which was later classified as the Flaviviridae family [5]. Currently, the 
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Flaviviridae family contains over 100 identified virus species (Figure 1:) and consists of 

three genera: Pestivirus, Hepacivirus and Flavivirus. These viruses share similarities in virion 

morphology, genome organization and replicative strategies [6]. Briefly, the virion consists of 

a positive-sense single-stranded RNA (+ssRNA) genome containing a single open reading 

frame (ORF). The viral genome translates into a single polyprotein comprising of 3 structural 

and 7 non-structural (NS) proteins. The +ssRNA genome is encapsidated by multiple copies 

of the viral core (C) protein and enveloped with a host lipid bilayer embedded with the viral 

envelope (E) and membrane (M) proteins [6]. Furthermore, GBV-A and GBV-C, which are 

currently considered as hepaciviruses, are yet to be classified; and based on phylogenetic 

relationships, genome organization and pathogenic features, these groups are proposed to 

form a fourth Pegivirus genus [7].  

 
Figure 1: Phylogenetic tree of the Flaviviridae family.  
The Flaviviridae family is divided into 3 groups; the Hepacivirus, Pestivirus and Flavivirus. HGBV-A and 
HGBV-C are classified as Hepaciviruses although they still remain unclassified 
(https://www.utmb.edu/discoveringdenguedrugs-together/Diseases/Flaviviridae%20Family.asp).  
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1.2.1 Flavivirus Genus 

The Flavivirus genus is the largest of the Flaviviridae family, consisting of 70 viruses. 

They are amongst some of the most significant human pathogens worldwide, which include 

dengue virus (DENV), West Nile virus (WNV), Japanese encephalitis virus (JEV), yellow 

fever virus (YFV) and tick-borne encephalitis virus (TBEV). The name ‘Flavivirus’ is 

derived from the Latin word ‘flavus’ meaning yellow, signifying the jaundice caused by YFV 

[8]. The viruses are subdivided into clades, clusters and species based on the molecular 

phylogenetic, or antigenic complexes according to serological criteria [8, 9] (Figure 2:). 

Flaviviruses are mainly arthropod-borne and transmitted to vertebrates through an infected 

mosquito or tick vector. Interestingly, Dakar bat virus is isolated from bats and rodents 

without any known insect vectors identified [10, 11]. Although Flaviviruses are responsible 

for hundreds of millions of infections worldwide [12], global eradication of Flaviviruses is 

difficult due to the mosquito or tick intermediate vector; and disturbance in the vector-

vertebrate equilibrium have resulted in significant interregional spread of these viruses. 

Currently, the only available vaccines are the inactivated virus for TBEV, JEV and the YFV 

attenuated 17D strain. Although vaccinations are available, YFV remains the leading cause 

(up to 50%) of haemorrhagic fever and related mortalities [10, 12-14].  

1.3 West Nile virus 

West Nile virus was first isolated in 1937 from a febrile woman in the West Nile 

district of Uganda [15]. Following the discovery of the close antigenic interrelationship 

between WNV, JEV and SLEV and the transmission via a mosquito vector [16-18], WNV 

was serological classified within the JEV antigenic complex. This led to the taxonomical 

placement of WNV within the Flaviviridae family, under the Flavivirus genus [18]. 
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Figure 2: Classification for Flavivirus 
The viruses are subdivided into clades, clusters and species based on the molecular phylogenetic or antigenic 
complexes according to serological criteria. Evolutionary distances are not represented. Image is adapted from 
[8, 19] 
 

1.3.1 Geographical distribution of West Nile virus 

Following the discovery of WNV in Uganda, reports of WNV with neuroinvasive 

disease was described in Israel and South Africa. Soon after, Europe documented the first 

meningoencephalitis caused by WNV in the 1950s [18, 20-22]. Between 1975 and 1993, no 

major outbreak of WNV was reported; however after 1994, epidemics of WNV occurred in 

North Africa, the Middle East, Europe and North America. These include the 1996 

Romanian, 1999 New York and the 2000 Israeli epidemics, which resulted in several 

morbidities and mortalities [18, 23-25]. One of the first major outbreaks occurred in Romania 

in 1996 where more than 500 people were infected with a mortality rate of 10% [26, 27].  

However, WNV was not considered a significant disease until the New York 1999 pandemic. 

WNV was first recognised in the US, in New York in 1999 when seven people, several 

horses and thousands of wild birds died from an unknown, highly virulent and neuroinvasive 

disease [28]. Identifying the link between humans and birds, and detection of WNV in 
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mosquitos, birds, horses and humans confirmed the first WN pandemic in US history [28]. 

The epidemic resulted in 62 human cases with 59 of them having neurological symptoms and 

seven mortalities (Figure 3: a, d). By 2003, WNVNY99 moved westwards and was reported in 

almost every state of the US with over 14,000 clinical cases and 567 mortalities (Figure 3: b, 

d). Since then, approximately 44,000 cases and 1,884 deaths have occurred from WNV in the 

US (Figure 3: c, d), making this the largest human arbovirus encephalitis pandemic in US 

history (Centers for Disease Control and Prevention, CDC 2015). Currently, WNV has 

become the most widely distributed arbovirus in the world, occurring in all continents except 

Antarctica with Australia endemic with the WNV Kunjin 1b strain (WNVKUN) (Figure 3: e) 

[29]. 

1.3.2 Transmission cycle of West Nile virus 

WNV is an arbovirus that relies upon a mosquito vector for transmission between 

hosts. The Culex genus is the main reservoir harbouring WNV which acquires the virus by 

feeding on infected passerine avian hosts. The newly infected mosquito will amplify and 

disseminate the virus to the salivary glands through the heamolymph system where it can 

transmit the virus to the next host by subsequent feeds [30]. The virus is mainly transmitted 

to vertebrates such as humans and horses, and rarely to cats, dogs, alligators and squirrels; 

however these species are considered as ‘dead-end’ hosts as they cannot produces high levels 

of viraemia to transmit the virus back to mosquitos (Figure 5: a) [31-34]. Human infection 

intensity is dependent on many factors: feeding patterns, temperature, the abundance of 

infected mosquitoes and ecological behaviour that influence the exposure of infected 

mosquitoes to human [35]. Non-mosquito borne transmission of WNV is also possible but 

rare. In 2002, intrauterine WNV transmission was documented for the first time.
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Figure 3: Distribution of WNV from 1999 – 2015 
(a-c) Map of human WNV neuroinvasive disease cases reported in the US from 1999 – 2015. (d) Number of 
total reported cases and mortalities of WNV reported to the CDC from 1999 – 2015 for the US. All have has 
been acquired from the Centers for disease control and prevention, CDC. Accessed on 03/02/2016). (e) 
Worldwide distribution of WNV, showing each lineage. Image is adapted from [29].  
 

Since then, 78 other pregnant woman were identified with WNV infection, however 

intrauterine transmission of WNV to the fetus was not observed [36]. Interestingly, for the 

first time recent reports have identified that the Flavivirus Zika virus can cross the placenta 

causing microcephaly; an uncommon feature between other Flaviviruses [37]. In 2002, the 

first and only reported case of WNV transmission through breast milk was reported [36]. 

Furthermore, WNV transmission through blood transfusion is also possible. During 2003 and 

2004, more than 1000 potentially WNV-viremic blood sample and seven WNV cases due to 

blood transfusion were identified [38]. 



8 | P a g e  
  

1.3.3 Pathogenesis associated with West Nile virus 

For healthy individuals, most cases (≈80%) of WN infection are asymptomatic and 

are rapidly eliminated by the immune system. The remaining 20% of individuals will 

experience symptoms such as fever, headaches, malaise, rashes and gastro-intestinal 

complaints for approximately 14 days post infection [39]. Within that 20%, 1 in 150 patients 

will develop a severe neurotropic condition as the virus can cross the blood brain barrier by 

an unknown mechanism. Infection of the brain results in meningitis, encephalitis, acute 

flaccid paralysis and respiratory failure, leading to death if remained untreated [40]. The 

mortality rate increase substantially in diabetic, elderly and immunocompromised patients 

[41].  Immunosuppression post organ transplantation possesses a severe risk factor for 

developing neuroinvasive WN disease. During 2002 in Toronto, the estimated risk factor for 

severe neuroinvasive WN disease was 40 times higher in organ transplant patient compared 

to the general population [35].  

Following the entry of the virus through a mosquito bite, the initial site of viral 

replication and mechanism of pathogenesis is not completely understood. Initially, the virus 

is suspected to infect skin and dendritic (keratinocytes and Langerhans, respectively) cells, 

moving to regional lymph nodes to produce primary viraemia [18, 42, 43]. The newly 

secreted virus then migrates through the bloodstream and secondary infection occurs in the 

kidney, spleen and epithelial cells [44]. Infection of the CNS by passing the blood brain 

barrier depends on the level of secondary viraemia. Neuroinvasion is still not fully 

understood, however permeability is believed to be modulated by tumour necrosis factor α 

(TNF-α) [45] and Toll-like receptor 3 (TLR3) signalling [46]. Conversely, contradictory 

studies have shown that TNF-α recruits’ monocytes to sites of viral replication, thus acting as 

a protective barrier [47-49]. In healthy individuals, virus can be isolated up to 4 days post 

illness onset, however viremic levels dramatically decrease 1 day post illness onset [50, 51]. 
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This acute decrease in viraemia is most likely due to increased macrophage clearance and the 

development of IgM antibodies [18]. 

1.3.4 West Nile virus strain Kunjin virus 

The West Nile virus strain Kunjin virus (WNVKUN) is a Flavivirus endemic to 

Australia. It is a member of the JE antigenic complex. WNVKUN was first isolated in 1960 

from the Culex annulirostris mosquitos in the aboriginal tribe of Kowanyama (North 

Queensland) [52, 53]. Serological studies confirmed that the natural reservoir for WNVKUN 

amplification is mainly within the avian species such as ardeid waterbirds, herons and egrets 

[54, 55]. Although these bird species are the natural reservoirs for the enzootic virus life-

cycle, infection in humans and horses are occasionally observed. Most of these cases are 

asymptomatic, but on the rare occasion infection can cause a mild form of disease with 

similar symptoms to WNV (reviewed in 1.3.3) [53, 56]. During 2011, an unexpected 

outbreak in south-eastern Australia caused encephalitis in horses with a mortality rate of 

10%-15%. The isolated virus was identified as WNV and closely related to WNVKUN (now 

termed the WNVNSW2011 strain) [57]. The enhanced virulence of WNVNSW2011 compared to 

WNVKUN was associated with at least two amino acid (a.a) changes which is also present in 

the WNVNY99 strain. The first is on the E protein at position 154 (N-Y-S) which contains a 

glycosylation site [58, 59]. Secondly, a phenylalanine residue at position 653 on the NS5 

protein promoted NS5 to act as a potent antagonist of type 1 IFN-mediated JAK-STAT 

signalling [59, 60]. Nucleotide sequence analysis revealed that WNVKUN and WNVNY99 are 

phylogenetically similar with a 98.1% a.a homology (99% a.a homology to NS3 and 98.8% 

a.a homology to NS5) [61], making WNVKUN a model virus to study more virulent WN 

strains such as WNVNSW2011, WNVNY99 and the other encephalitic Flaviviruses JEV and 

MVEV.   
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1.4 Dengue virus 

The earliest noted case of possible dengue fever (DF) was published in a ‘Chinese 

encyclopaedia of disease symptoms and remedies’ during the Chin Dynasty between 265 to 

420 AD [62]. However, DENV was only officially identified and named in 1779. This 

quickly followed with the first recognised DENV epidemic which occurred simultaneously 

over three continents (Asia, Africa and North America) in the 1780s; and the first confirmed 

case of DENV in 1789. Due to the symptoms caused by DENV it was classified as 

‘breakbone fever’ [63]. Furthermore, DENV-1 was first isolated in 1943 during Nagasaki, 

Japan epidemic while studying blood samples from infected patients [64]. Since then, DENV 

has become the most common cause of arbovirus associated diseases, and is more prevalent 

now than any other time with the discovery of different serotypes [65]. 

1.4.1 Dengue virus Serotypes 

DENV consists of four serotypes: DENV-1, DENV-2, DENV3 and DENV-4. Each 

serotype was subsequently named based on the year they were discovered [66]. DENV-2 was 

discovered by the same group who co-discovered DENV-1 during World War II [67]. By the 

end of the 1950s, DENV-3 and DENV-4 were discovered and were responsible for an 

epidemic that broke out in Thailand and the Philippines. DENV disease was characterized as 

a ‘new haemorrhagic fever of children’ [68].  Although DENVs share a 60-80% homology of 

their genome, infection with one serotype does not provide cross-protective immunity to 

secondary infection with another serotype; possible due to antibody dependant enhancement 

(ADE) [69, 70] (1.4.5). Although previous reports link DENV infection to the Chin Dynasty, 

recent reports based on the molecular clock estimated that DENV first appeared 

approximately 1000 years ago; and the zoonotic transfer of DENV from sylvatic (monkey) to 

humans did not occur until 125 to 320 years ago. Interestingly, the four serotypes are 

estimated to have evolve within the past century and the recent rise in genetic diversity could 
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be linked to population growth, urbanization and mass transportation [71, 72]. Since the 

discovery of the four serotypes, thousands of viruses have been isolated however no new 

DENV serotype has emerged [66].  

1.4.2 Geographical distribution of dengue virus 

Although reports of DENV infections date back to the China Dynasty, the origin of 

DENV infections is unknown. Globally, DENV has established an endemic infection in most 

of the tropical regions as well as frequently occurring epidemics; especially within the last 25 

years [66, 73]. DENV epidemics begun in Asia with the movement of the Aedes albopictus 

mosquito out of the jungle and into rural environments with the clearing of the forests, 

migration of people and the development of human settlements such as villages, towns and 

city. Commerce between these settlements assisted in the movement of the virus throughout 

tropical Asia by the spread of the Aedes albopictus mosquito vector [62]. Conversely, the 

introduction of DENV by the Aedes aegypti mosquito into the Americas is believed to date 

back to the 17th, 18th and 19th centuries due to the slave trade from West Africa. The intimacy 

of the mosquito with humans, and the increase in transport between two regions were the 

main factor causing pandemics in those centuries [62]. Furthermore, economic growth and 

massive unplanned urbanization caused increases in epidemics and the emergence of dengue 

haemorrhagic fever (DHF) due to hyperendemicity (co-circulation of multiple DENV 

serotypes) [66, 74]. DHF was first observed during the 1953-1954 epidemic in the 

Philippines when DENV -2, -3 and -4 serotypes were isolated from patients in 1956. Over the 

next three decades, DHF was predominant in Thailand, Cambodia, China, India, Indonesia, 

the Lao People’s Democratic Republic, Malaysia, Maldives, Myanmar, Singapore, Sri Lanka, 

Viet Nam and several Pacific Island groups and American tropics, thus leading to the current 

DENV pandemic [75]. The current pandemic begun during World War II and is ongoing with 

2.5 billion people living in DENV infested regions. The ecological disruption, poor mosquito 
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control and increase in transportation during World War II in the Southeast Asia and Pacific 

region created ideal conditions for the global transmission of mosquito-borne diseases. 

Currently, DENV is endemic in the Americas, Africa, Asia and Oceania and is classified as 

the leading cause of arbovirus associated disease (Figure 4: a). 

 
Figure 4: Global distribution and infections associated with DENV 
(a) Global distribution of DENV. Range is noted as green (complete absence) to red (complete presence) of 
DENV in that country. DENV is endemic is tropical regions. (b) Number of annual infections associated with 
DENV. Range is from green (0 infections) to red (7.5-32.5 million infection) annually. Image was adapted from 
S Bhatt et al. Nature 000, 1-4 (2013) doi:10.1038/nature12060 [73]. 

 
1.4.3 Transmission cycle of dengue viruses 

The DENVs were initially found in the forests of Asia and Africa in a transmission 

cycle between Aedes species mosquitos and lower primates [66, 74]; however due to 

urbanization this cycle quickly changed to a human-mosquito-human cycle. Unlike WNV, 
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DENV does not require an enzootic cycle and has fully adapted to humans (Figure 5: b); 

making DENV a major public health problem [76]. The primary vector for DENV 

transmission is the Aedes aegypti, and secondary vectors include Aedes albopictus and Aedes 

polynesiensis. Aedes aegypti is an efficient vector for DENV transmission due to several 

reasons: it is a domestic mosquito that has adopted to humans; feeding cycle is during the 

day; preferentially feeds on human blood [77]; unnoticeable bite during feeding; highly 

susceptible to DENVs; agitated by slight movements which interrupts feeding, hence more 

people can get bitten in a short period of time; and laying eggs in artificial containers in and 

around the house [65, 78, 79]. All three female Aedes species can vertically transmit the virus 

to their offspring; however most mosquitos acquire the virus during blood meals from 

infected people. DENV must infect the midgut epithelial cells where initially replication is 

observed. The virus will then spread to the hemocoel, finally infecting the salivary glands. 

Infection of the salivary glands is essential for transmission to humans during a blood meal 

[80]. The extrinsic incubation time for the female mosquito to transmit the virus is between 

10-14 days [74, 81], however some report suggest that this time could be shorter. This 

variation could have important epidemiological impacts for DENV transmission and 

mosquito control to eliminate DENV infections [80].  

1.4.4 Pathogenesis associated with DENV 

DENV is a major global public health problem, especially in tropical regions where 

viral infection is endemically recognised in over 100 countries. Globally, 2.5 billion people 

are at risk of contracting a DENV infection. Out of the 2.5 billion, the WHO estimates 

approximately 50-100 million infections annually; however due to the asymptomatic nature 

of most infections, an exact number cannot be calculated. It is approximated that 250000-

500000 cases of DHF are reported with a peak of 1.2 million cases and 3442 deaths in 1998 

alone (Figure 4: b) [70]. Interestingly, Bhatt et al., (2013) have estimated approximately 390 
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million infections of dengue with 96 million of these manifesting symptoms of any level of 

disease: a figure which is more than three times the number of cases that are estimated by the 

WHO [73].  

 
Figure 5: Transmission cycle of WNV and DENV 
(a) Transmission cycle of WNV. WNV replicates in a mosquito-bird-mosquito cycle, however it could infect 
humans and horses which are known as dead end host as they can’t produce enough viremia to infect mosquitos. 
Image is adapted from [82]. (b) Transmission cycle of DENV. DENV mainly cycles in a mosquito-human-
mosquito cycle. Vertical transmission between mother-offspring is also possible. Image is adapted from [83, 
84]. 
 

Clinical features manifested by DENV infection can cause a spectrum of illnesses. 

The severity of disease will predominantly dependent on two factors: the age of the patient 

and on a secondary infection with a different DENV serotype. Symptoms can be classified 

into five groups: non-specific febrile illness, classical DF, DHF, DHF with dengue shock 

syndrome (DSS) and encephalopathy and fulminant liver failure [65]. After five to six days 

post infection, older children and adults will possess symptoms of classical DF. DF is 

characterized by severe headache, high fever, myalgias, joint pain, nausea, vomiting and rash 

[65, 66]. On the other hand, younger children will possess non-specific febrile illness which 

include upper respiratory infections and maculopapular rash [85]. 
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Most mortalities observed by DENV infection is due to DHF and DHF/DSS. DHF is 

more common in children under the age of 15 and characterised by the increase in capillary 

permeability [75]. Interestingly, DHF is less common in the Haitian population, possibly due 

to a DENV resistance gene [86]. Plasma leakage due to capillary permeability is the main 

feature that differentiates DHF from DF. Abdominal pain, bleedings, thrombocytopenia 

(below 100000/mL) and haemoconcentration are the foremost manifestations caused by 

DHF. DHF could then lead to DSS which presents as a rapid and weak pulse, clammy skin, 

altered mental status, and finally shock [75]. The major cause of DHF is due to ADE 

triggered by a secondary dengue infection with a different serotype. Infection with a primary 

DENV serotype causes a production of homologous and heterologous antibodies to the E 

protein. This results in life-long protective immunity towards that specific serotype. Initially, 

low amounts of circulating heterotypic neutralising antibodies produced from the first 

infection could prevent severe disease during a secondary infection with a different serotype; 

however due to ADE, heterotypic neutralising antibodies could enhance infection. The 

depletion of heterotypic neutralising antibodies causes the formation of DENV E protein – 

IgG heterotypic antibody complexes; however this complex will not neutralize the virion. 

The Fc portion of the IgG antibody will bind the complex to the Fcγ-receptor, and thus 

enhancing mononuclear phagocyte infection efficiency [70, 87, 88].  

1.4.5 Treatment option for dengue 

Although one-thirds of the world’s population live in DENV infested areas, an 

effective treatment for DF or DHF/DSS is not available. Over the past three decades, many 

treatment options have been suggested with most of them failing at clinical trials. Currently, 

the only available treatment option is symptomatic which includes fluid and electrolyte 

replacement alongside regular monitoring of the patient health and treating symptoms as they 

progress. Antivirals, steroid or carbazochrome (which decrease capillary permeability) do not 
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show specific effects and  other non-steroidal anti-inflammatory drugs such as aspirin should 

be avoided (due to Reye’s syndrome (swelling of the liver and brain)) [65]. Unlike other 

Flaviviruses, vaccine development remains a challenge for DENV. Due to ADE, the vaccine 

candidate should protect against all four DENV serotypes; vaccinating against one serotype 

could cause severe disease if a patient is subsequently infected with an alternative serotypes. 

Currently, seven vaccines are at clinical trials (Table 1:) with many more developing [89, 90]. 

Recently Mexico, Brazil and the Philippines have licensed a live attenuated vaccine 

developed by Sanofi Pasteur (Dengvaxia), making it the first licensed vaccine for DENV. 

Dengvaxia is a live attenuated chimeric tetravalent DENV vaccine which uses the attenuated 

YFV 17D strain replicon as a replicative backbone. The YFV precursor membrane (prM) and 

E proteins are replaced with those of the four DENV serotypes. This stratagem allows cross 

protectively to all four serotypes. Alternative treatment options are summarized in table 1. 

Alternative treatment methods include targeting the mosquito vector rather than the 

individuals. Biotech Company Oxitec have developed genetically modified mosquitos 

(GMM) based on the sterile insect technique. GMMs were used in the 1950s to decrease 

mosquito populations by releasing sterile male mosquito by radiation or chemosterilants [91]. 

Oxitec have developed mosquitos carrying a dominant lethal genetic system which kills the 

female heterozygous offspring when homozygous males carry the lethal gene mate with the 

wild type female [92]. Oxitec have released GMMs in a Brazilian city which suppressed the 

Aedes aegypti population by 80-95% (based on different measures). Similar results were 

observed in the Cayman Islands, suggesting a highly effective DENV control technique [93].  

Similarly, Wolbachia symbiont in Aedes aegypti is proving to limit DENV infection. 

Wolbachia is an intracellular bacterial symbiont that is maternally inherited and naturally 

infects more than 60% of all insects. Naturally, the Aedes aegypti mosquito does not carry 

Wolbachia; however the transfer of Wolbachia into the Aedes aegypti mosquito under 
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laboratory conditions is possible [94]. The introduction of Wolbachia halves the adult 

mosquitos’ life span, thus preventing DENV infection and transmission [95]. Wolbachia 

infected Aedes aegypti mosquitos are currently released in Australia, Brazil, Colombia, 

Indonesia and Vietnam, showing promising results to eliminate dengue.  

Table 1: Summary of treatment options developed for DENV. 
Data has been adopted from [90, 96] and combined into a table.  

DRUG MECHANISM EFFECT REF 

 Therapies targeting the host immune response  

Corticosteroids Inhibit T and B cell mediated 
immune response 

No effect on shock, plasma leak, 
platelet count or plasma 
cytokine concentration 

[96, 97] 

Intravenous Ig 
(IVIG) 

IVIG used to treat thrombo-
cytepenia purpura. IVIG 
competitive inhibits Fcγ-R 

Failed to show efficiency in 
promoting platelet recovery 

[96, 98] 

Mast Cell (MC) 
inhibitors 

DENV infection  actives MCs 
Releases various proteases 
causing vascular leakage 

Treatment promising in mouse 
models. Currently clinical trials 
for humans 

[96, 99] 

Drugs that target hosts factors required for DENV replication 

Chloroquine 
(CQ) 

CQ inhibits endosome fusion, 
furin depending viral maturation, 
TNF-α and IL-6 

No reduction in DHF 
development or disease 
duration. 

[96, 
100-
102] 

Celgosivir Inhibits catalytic activity of ER 
enzymes, α-glucoside I & II & 
reduce apoptosis. Misfolds E, prM 
& NS1 

Mice showed reduced viremia, 
robust immune response & 
increased survival No effect in 
human trials 

[96, 
103] 

Cholesterol 
Inhibitor 
(Statins) 

Possible antiviral effects towards 
DENV by faulty virion assembly 
and protein glycosylation. 

Lovastatin increased survival if 
given before or after infection, 
reduced viral load if given 
before. Clinical trials show no 
effect.  

[96, 
104, 
105] 

Drugs that target DENV proteins 

Entry/fusion 
inhibitors 

Membrane fusion inhibitors bind 
E and C proteins 

Optimization, animal and 
clinical studies are required 

[96, 
106] 

Balapiravir Inhibitor of NS5 RdRp-dependent 
RNA synthesis 

Failed to reduce viremia, NS1 
antigenemia & fever 

[96, 
107] 

Compound 10 MTase inhibitor. Binds MTase 
inhibiting activity 

Screening, optimization and 
clinical studies are required 

[96, 
108] 
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NITD-008 

Adenosine analog, inhibition of 
DENV RdRp and termination of 
RNA chain synthesis 

In mice, reduction in viremia, 
proinflammatory cytokines and 
mortality. Also had significant 
side effects.  

[96, 
109] 

 
ST-610 

DENV helicase inhibitor, inhibits 
unwinding activity during RNA 
replication 

Active for all four serotypes in 
vitro. In mice, well tolerated & 
reduced viremia. Poor oral 
bioavailability 

[96, 
110] 

NITD-618, 
Lycorine, 
SDM25N 

NS4B interferes with IFN-α/β 
signalling. Drugs Inhibits NS4B 
activity.  

Efficiency, safety and clinical 
trials awaits further research 

[96, 
111, 
112] 

Vaccines towards DENV 

Vaccine Name Vaccine Type Company of Phase REF 

TDENV/PIV Purified inactivated vaccine 
developed using formalin  

GSK and WRAIR – Phase I 
clinical trials 

[90] 

                      
V180 

Recombinant subunit vaccine. 
WT prM & truncated E protein 

MERCK – Phase I clinical trials [90] 

TV005 Live attenuated vaccine. WT 
strains with genetic mutations 

Panacea Biotec – Phase I 
clinical trials 

[90] 

D1ME100 DNA vaccine. prM and E of 
DENV1. hCMV promoter 
/enhancer of vector VR1012 

NMRC – Phase I clinical trials [90] 

TV003/TV005 Live attenuated vaccine. WT 
strains with genetic mutations 

NIAID – Phase II clinical trials [90] 

DENVax Live attenuated vaccine. WT 
DENV2 stain attenuated in 
primary dog kidney cells and 
mutation in the NS3 gene 

Takeda – Phase II clinical trials [90] 

TV003 Live attenuated vaccine. WT 
strains with genetic mutations 

Butantan Institute – Phase III 
clinical trials 

[90] 

DengVaxia Live attenuated chimeric 
tetravalent DENV vaccine  

Sanofi Pasteur – Licensed [90] 

 

1.5 The Flavivirus Virion 

1.5.1 Virion Structure 

Flavivirus particles are highly organized spherical structures that enclose the viral 

RNA genome. The viral RNA is densely encapsulated by multiple copies of the C protein 
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which is then covered by a host-derived lipid bilayer embedded with the E and prM proteins 

(prM is cleaved to M during viral maturation; 1.5.4.2) [113, 114]. The surface proteins act as 

a protective layer mediating virion binding, fusion and entry (1.5.2). The entire virion is 

approximately 50 nm in diameter; has an icosahedral symmetry (t=3); and is relatively 

smooth with no major surface projections (Figure 6:). Furthermore, during replication a non-

infectious, 14 nm particle termed slowly sedimenting hemagglutinin is also formed. These 

particles consist of E and M protein without the nucleocapsid and viral RNA and possess the 

ability to agglutinate red blood cells [115]. 

 
Figure 6: Flavivirus virion structure 
(A) Schematic of immature and mature virion. Immature virion prM protein is cleaved to M during maturation. 
(B) Cryo-EM reconstruction of DENV2 virion E protein in the immature and mature state with the best fit of E 
fit into the electron density. (C) Model representing the pH induced change of the virion structure. Under low 
pH, E dimers change conformation and form E trimers to facilitate membrane fusion. Image adopter from [116] 
 

1.5.2 Biding, Entry and Uncoating 

Viral entry can be divided into three parts: binding of the virion to the cell surface; 

internalization of the virion; and viral–endosomal membrane fusion resulting in uncoating. 

The dimeric form of E in the mature virion mediates cell binding and uptake via receptor 

mediated endocytosis. Viral entry is initiated by the E protein immunoglobulin-like domain 

III binds to an uncharacterized cell surface receptor; however multiple surface markers have 
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been reported [117, 118]. The key receptors involved in viral entry is believe to be the heat 

shock proteins [119], dendritic-cell-specific ICAM grabbing non-integrin (DC-SIGN) [120-

122], glucose-regulating protein 78 (GRP78) [123] and αvβ3 integrins. Flaviviruses interact 

with αvβ3 integrins (presumable through the conserved RGD/RGE motif) to facilitate viral 

entry. WNV, JEV, and to a lesser extent DENV entry is inhibited in cells pretreated with 

antibodies against αvβ3 integrin [124], and mutations in the YFV 17D strain RGD/RGE 

binding motif did not abolish YFV binding, and thus does not play a major role in viral entry 

[125].  

Interestingly, dengue virions bind to CLEC5A (c-type lectin domain family 5, 

member A), however this interaction does not mediate viral entry but stimulates 

proinflammatory cytokine release which causes dengue induced plasma leakage [126]. 

Furthermore, LPS can inhibit dengue binding/entry into human monocytes/macrophages by 

interacting with CD14 suggesting that CD14 may be essential for DENV infection [127]. Due 

to the low a.a homology (≈40%) and differences in glycosylation sites between Flavivirus E 

proteins, it is speculated that the viral surface carbohydrate moieties may regulate viral 

binding [128]. 

 Upon binding to the receptor, Flaviviruses enter the cell via receptor mediated 

endocytosis by clathrin-coated pits [129]. Initially, the E protein dimers lay parallel to the 

lipid bilayer forming a head-to-tail configuration [130]. The maturation of the early 

endosome into a late endosome causes a reduction in pH levels which instigate a 

conformation change of the E protein, resulting in the fusion between the viral and 

endosomal membranes [131, 132].  Briefly, the low pH of the endosome provokes the E 

protein dimers to undergo rotational rearrangement and dissociate into monomers. This action 

is followed by the formation of irreversible homotrimers which facilitates the binding [133, 

134] and release of the nucleocapsid [132]. The membrane fusion process is also dependant 
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on the endosomes lipid composition where an abundance of cholesterol [135, 136], oleic acid 

[137] and anionic lipids [138] favour membrane fusion; whereas lysophosphatidylcholine 

inhibits this process [137]. The nucleocapsid then dissociates in a poorly understood 

mechanism to release the viral RNA genome into the cytoplasm. 

1.5.3 Genome Organization 

The Flavivirus genome is approximately 11kb long (varying between each strain, 

sedimenting at 42 S) consisting of a +ssRNA. The RNA is capped with a 5’ type I guanine 

cap m7GpppAmpN1 which is then methylated by the viral protein NS5; however the genome 

lacks a 3’ polyadenylate tail and instead terminates with the conserved dinucleotide CU motif 

[139, 140]. The genome encodes for a single polycistronic open reading frame (ORF), 

translating into 10 proteins flanked by a ≈100 nucleotide (nt) 5’ and 400 to 700 nt 3’ 

untranslated region (UTR) [141] (Figure 7). The 5’ UTR consists of two stem-loop structures 

which are required for NS5 RdRp binding [142, 143]. The 3’ UTR consists of numerous 

tertiary structures which are vital for protein binding, pathogenesis and to prevent complete 

RNA degradation. The incomplete degradation of the genomic RNA (gRNA) by 

exoribonuclease XRN1 generates a 500 nt subgenomic Flavivirus RNA (sfRNA) which is 

important for cytopathicity in cell culture alongside pathogenicity in mice [144]. The 3’ UTR 

also produces microRNA which binds and up-regulates GATA4 mRNA, thus enhancing 

replication [145]. Furthermore, the UTRs is necessary for cellular and viral protein 

interaction with the viral RNA.  eIF1A binds the 3’ UTR and facilitates minus-strand RNA 

synthesis [146]; as well as NS2A and NS5 to form the replication complex (RC) [147]. 

Mutations in both the 5’ and 3’ UTRs destruct complementary RNA cyclisation sequences 

and therefore abolish viral replication. Interestingly, the introduction of compensatory 

mutations which restores base-pairing between the 5’ and 3’ cyclisation sequencing promotes 

RNA cyclisation, thus rescuing viral replication [148, 149]. Furthermore, the Flavivirus 
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genome contains high levels of purine nucleotides and low amounts of CG and UA 

frequencies; however the role of this is currently unknown [10].  

1.5.4 RNA Translation and Proteolytic Cleavage 

Due to the +ssRNA nature of the vital genome, the RNA is directly translated on the 

surface of the ER by ribosomes without the requirement of intermediates. The Flavivirus 

RNA lacks a Kozak sequence and translation is cap dependent. The ribosome binds and 

initiates translation of the polyprotein by scanning for multiple in-frame start codons. The 

DENV 5’ UTR contains a RNA hairpin structure that directs translation initiation from the 

first start codon [150].  

 

Figure 7: Flavivirus genome organization and polyprotein processing 
The WNV genome is approximately 11 kB long which consists of a single ORF encoding a polyprotein 
containing 10 proteins; 3 structural (blue) and 7 NS (green) proteins embedded into the rough ER membrane. 
The polyproteins is cleaved on the cytoplasmic side by the viral protease NS2B-3 (red arrows indicate cleavage 
sites) and within the ER-lumen by the host-signallase (indicated by green arrows). During viral secretion 
through the secretory pathway, the virion matures by Furin cleaving of pr from M in the Golgi (indicated by the 
blue array). The RNA is flanked by a 5’ and 3’ UTR region and is capped at the 5’ end. Image is adapted from 
[61].  

The RNA is then translated into a polyprotein consisting of 10 proteins embedded into 

the ER membrane due to multiple transmembrane (TM) helices in the E, prM, NS2A, NS4A 

and NS4B proteins [151, 152]. The polyprotein is cleaved by the viral serine protease (NS2B-

3) and host signal peptidase in the cytoplasm and ER lumen, respectively [153], into 3 
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structural (C, prM and E) and 7 NS proteins (NS1, NS2A, NS2B, NS3, NS4A and/or NS4A(-

2K), NS4B, NS5). The NS2B-3 protease cleaves C-prM and NS2A-NS2B at dibasic sites and 

autocatalytically releases NS2B-NS3, NS3-NS4A, NS4A-NS4B and NS4B-NS5 junctions. 

The host signal peptidase cleaves C-prM, prM-E, E-NS1, NS1-NS2A and NS4A-NS4B 

[116].  

1.5.4.1 Core 

The C protein is the first translated protein which is required for the formation of a dense 

capsid enclosing the genome. C is the smallest viral protein with 105 a.a, making it 

approximately 12 kDa. C is a basic protein with 20% positively charged residues mainly 

clustered at the N- and C- terminus. These charged residues are required for C to bind the 

viral RNA via the 5’ and 3’ UTRs [151, 154]. Laying between the charged residues is a 

central hydrophobic region which anchors the protein to the ER membrane [155]. Both 

DENV and WNV C proteins localize to the nucleus by a nuclear localization signal (NLS). 

DENV contains three NLS: 6KKAR9, 73KKSK76, and a bipartite signal 

85RKeigrmlnilnRRRR100 [156]; however WNV contains a single bipartite NLS: between 85 

and 101 residues (85KKELGTLTSAINRRST101) and at residue 42 and 43 (42GP43) [157]. 

DENV C translocation to the nucleus results in DAXX interaction and the induction of 

apoptosis [156]. On the other hand, WNV C protein translocates to the nucleus by interacting 

with importin-α/β [157]; however this translocation is not vital for viral replication [158]. 

Additionally, WNV C interacts with inhibitors of protein phosphatase 2A in the cytoplasm to 

inhibit AP1-dependent translation  [159] and JEV C binds cellular DNA within the nucleus as 

a possible regulatory role [160].  

The C protein is cleaved from the polyprotein at the C-terminus by the viral protease NS2B-

3, releasing the hydrophobic signal sequence of prM [161, 162]. The characterization of the C 

crystal structure has demonstrated that the mature protein contains four alpha-helices 
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consisting of interspersed loops which promotes dimerization and tetramerization required for 

nucleocapsid formation [163]. Also, asymmetric distribution of hydrophobic and positively 

charged residues allow membrane anchoring and RNA binding, respectively [155] 

1.5.4.2 (Pre) Membrane Glycoprotein 

The M protein is a 26 kDa structural glycoprotein consisting of two forms: during 

replication as prM; and in the mature virion as M. prM is an ER luminal protein anchored 

into the ER membrane by the signal peptide found between C and prM. The correct 

processing of prM is dependent upon the cleavage of C by the NS2B-3 protease, which then 

results in host signallase cleavage of prM on the luminal side; releasing a short signal 

sequence [164-166]. In fact, regulated cleavage is necessary for optimal replication as 

mutations in the N-terminal host signallase cleavage site to allow NS2B-3 independent 

process resulted in lower levels of infectious viral particles and an increased amount of empty 

virions [167, 168]. Furthermore, prM is: glycosylated at one to three N-linked glycosylation 

sites [116]; aids in the correct folding of E [169, 170]; histidine residue at position 99 and the 

C-terminal TM domain assists in the heterodimerization with E [171]; and inhibits the 

formation of fusogenic E by acid-catalysed rearrangement during secretion of the virion [172, 

173]. prM in the immature virion is cleaved by the Golgi protease Furin to form M [174]. The 

cleavage of pr from M results in prM-E heterodimer dissociation and E homodimerization 

which leads to mature infectious viral particles [133, 175]. 

1.5.4.3 Envelope Glycoprotein 

The E protein is a 53 kDa major surface protein of Flaviviruses required for cellular 

receptor binding and endosomal membrane fusion. Crystal structures for WNV [176], DENV 

[177-179] and TBEV E [130] protein have been determined and demonstrate that each 

protein share similar characteristics. DENV and TBEV E proteins crystalized as homodimers 

with each monomer consist of three β-barrel domains. The central domain I (DI) consist of 
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eight strands flanked by the N-terminal elongated dimerization domain II (DII) and a C-

terminal Ig-like domain III (DIII) thought to contain the receptor-binding site [8]. However, 

the WNV E proteins crystalized as a monomer yet contained similarities to DENV and 

TBEV, such as: three β-barrel domains, two hydrophobic TM regions and the fusion loop 

laying between DI and DIII [180]. The E protein also contains an integrin recognition 

sequence which facilitates binding to αvβ3 integrin; however this interaction is not essential 

for viral entry [124]. As discussed in section 1.5.2, the low pH of the endosome promotes the 

dissociation of E protein dimers into monomers, followed by the formation of trimers which 

are required to fuse the viral and endosomal membranes.  

1.5.4.4 NS1 

NS1 is a 45 kDa ER-luminal glycoprotein with multiple function; however, the exact 

role of NS1 during viral replication is currently unknown. Within the ER lumen, NS1 is 

cleaved from E at the N-terminus by the host signal peptidase [181] and at the C-terminus by 

an unknown ER membrane bound protease [182]. NS1 appears to form homodimers in the 

ER lumen, translocates to the plasma membrane, and secreted as hexamers which provokes a 

protective antibody response [116, 183]. Recent characterization of the NS1 crystal structure 

revealed distinct domains which are required to interact with immune proteins and associate 

with membranes. Furthermore, NS1 binds to liposome lipid bilayers and remodels large 

liposomes into lipoprotein nanoparticles; presumable to aid in RC formation during infection 

and/or in the conversion of NS1 from a membrane associated dimer to a secreted proteolipid 

hexamer [184].  

NS1 dimerizes around a central β-sheet domain termed the “β-roll”. When 

dissociated, each NS1 monomer contains three domains: the β-roll dimerization β-sheet 

domain (a.a 1 to 29); protruding out from the β-roll is the “wing” domain (a.a 30 to 180) 

which contains two glycosylation sites (Asn130 and Asn175), an internal disulfied bond and 
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two subdomains; and a continuous β-sheet domain comprising of 18 β-strands extending 

along the dimer [184]. The exact function of NS1 during viral replication remains unclear; 

however NS1 localizes to the RC where it’s presumed to play a role in anchoring the RC to 

the membrane by interacting with NS4A [185, 186]. NS1 also interact with NS4B to convey 

signals to the cytoplasm to regulate replication [187] by inhibits nuclear translocation of IRF3 

and NF-KB; inhibit TL3-dependent production of interleukin (IL)-6 to establish an antiviral 

state [188]; and the activation of complement proteins [189, 190]. 

1.5.4.5 NS2A 

NS2A is a small 22 kDa highly hydrophobic TM protein which is cleaved from the 

polypeptide N-terminally in the ER lumen by the ER signalase [182] and C-terminally in the 

cytoplasm by the viral protease NS2B-3 [191, 192]. NS2A primarily localizes to the vesicle 

packets (VP) and associated with the 3’ UTR of WNVKUN RNA, NS3 and NS5 to form the 

RC  [147]. Additionally, mutations in both YFV and WNVKUN NS2A impedes the formation 

of virus-induced membranes and blocked virus assembly and production [193, 194]; 

indicating that NS2A synchronizes RNA replication with RNA packaging to complete the 

viral replication lifecycle [116]. Furthermore, NS2A inhibits innate immune signalling to 

enhance replication by modulating the IFN response by inhibiting STAT activation and 

nuclear transport [195, 196], or preventing IFN-β transcription [197, 198].  

1.5.4.6 NS2B and NS3 

NS2B is the second smallest (14 kDa) TM protein which forms a stable complex with 

NS3 to act as the NS2B-3 serine protease [191, 199]. NS2B acts as a cofactor for NS3 

protease activity by stabilizing and anchoring the complex to the membrane [200]. The 

protease cleaves on the cytoplasmic side of the polyprotein at dibasic sites which contain the 

catalytic serine protease motif (His-Asp-Ser) [151]. NS3 (70 kDa, cytoplasmic protein) is a 

multifunction protein with a: C-terminal RNA helicase superfamily II activity [201]; RNA 
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triphosphatase activity with the DExH motif which dephosphorylates the 5’ end of newly 

synthesised RNA before the addition of the methylated cap [202]; and RNA unwinding 

activity [203]. Additionally, NS3 is sufficient to recruit caspase-8, promoting apoptosis in 

DENV and WNV infected cells [204, 205]. 

1.5.4.7 NS4A 

NS4A is a 16 kDa, highly hydrophobic protein with three TM helices and one 

membrane associated region [147]. The roles of NS4A during replication and assembly are 

still unclear; however it has a strong tendency to form homodimers. Due to its hydrophobic 

nature, NS4A is strongly associated with ER membranes [206] and most of the viral 

components. These interactions was confirmed by mutational studies which show a strong 

genetic interaction between NS1 and NS4A (1.5.4.4) [186].  Additionally, NS4A binds 

weakly to the 3’ UTR of WNVKUN RNA and localization studies have proven that NS4A 

localises to both the VP and convoluted membranes/paracrystalline arrays (CM/PC) [147]. In 

fact, NS4A over-expression studies show that both WNVKUN and DENV NS4A is sufficient 

to proliferate membranes which are morphologically similar to those observed during viral 

replication [207, 208]. The cleavage of the N-terminus is generated by the NS2B-3 serine 

protease at the Lys-Arg-Ser dibasic site [164, 209]; however the exact cleavage mechanism 

of the C-terminus is more complex.  

The C-terminus contains two proteolytic cleavage sites: a downstream viral NS2B-3 

protease cleavage site, and an upstream host signallase cleavage site; each separated by a 

signal sequence termed the 2K (due to the 2 kDa size) membrane associated fragment, 

producing two isoforms of NS4A (+/- 2K). The proper processing of the NS4A-NS4B 

junction requires an initial NS2B-3 protease-mediated cleavage at the NS4A/2K site, which 

in turn mediates the host signallase cleavage at the NS4A/NS4B site [210, 211]. This 

differential cleavage also regulates membrane proliferation and protein translocation. WNV 
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infection induced membrane proliferation requires full length NS4A (including the 2K 

domain); however removal of the 2K domain does not proliferate membranes and 

translocates NS4A(-2K) from the ER to the trans-Golgi [207]. Intriguingly, DENV induced 

membrane proliferation requires the removal of the 2K domain, whereas full length NS4A 

expression does not produce membrane alteration [208]. In excess to regulating membrane 

proliferation, NS4A also: inhibits IFN signalling by blocking the phosphorylation of STAT1 

and STAT2 nuclear transport [195, 196, 212]; modulates autophagy by inducing PI3K-

dependent autophagy to protecting cells from apoptosis [213]; and differentially modulates 

the unfolded protein response (UPR) to facilitate immune evasion [214].  

1.5.4.8 NS4B 

NS4B is a 27 kDa hydrophobic protein with little information known about its 

structure and function. NS4B undergoes post-translational modification; however the 

function and role of this modification remains unknown [211]. NS4B is an integral membrane 

protein, however the 2K signal sequence is not required for this integration  [215]. NS4B also 

co-localizes with NS3 and viral dsRNA, making it a part of the RC [215] and translocates to 

the nucleus [216]. Similarly to NS2A and NS4A, NS4B can also inhibit IFN signalling by 

blocking the activation of STAT1 and IFN-stimulated response element (ISRE) promoters; 

and deletion of the first 125 a.a and proper cleavage of NS4A/NS4B in DENV NS4B inhibits 

IFN-α/β signalling [217]. 

1.5.4.9 NS5 

NS5 is the largest (90kDa) and most conserved protein amongst the Flaviviruses. It is 

a cytoplasmic, multifunctional proteins with two domains: and N-terminal methyltransferase 

(MTase) and C-terminal RNA dependent RNA-polymerase (RdRp) domain. The MTase 

methylation occurs at the guanine N-7 and ribose 2’OH region which is modulated by Ser 

phosphorylation [130, 218, 219]. The characterization of the WNV NS5 crystal structure 
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identified a canonical RdRp fold bearing palm, finger and thumb structure which also 

contains a GDD motif and a Flavivirus specific priming loop which regulates the de novo 

synthesis of both negative and positive strand RNA [220]. NS5 interacts with NS3 to 

facilitate NTPase activity, and together this complex may regulated -RNA synthesis by 

binding to the 3’ UTR of the viral RNA [221, 222]. Interestingly, DENV NS5 and phospho-

NS5 translocates to the nucleus through a NLS located between the MTase and RdRp domain 

by interacting with importin β1 and α/β [223, 224]; however the exact role in the nucleus is 

current unknown. Additionally, NS5 also modulates host factors to aid in replication. DENV 

NS5 induces IL-8 transcription and secretion through the CAAT/enhancer binding protein, 

contributing to viral replication and inflammatory components of DENV disease  [225]. 

DENV NS5 also inhibits IFN-α by inhibiting STAT2 phosphorylation [226]. JEV and TEBV 

NS5 blocks IFN-stimulated Jak-STAT signalling such as STAT1 and Tyk2 phosphorylation 

and nuclear translocation [227, 228]. 

1.5.5 RNA replication and translation 

Following the translation and processing of the replicative proteins from the +ssRNA, 

transcription to synthesis a complementary -ssRNA intermediate is initiated. Base-pairing 

between the 5’ and 3’ complementary cyclization (CYC) sequences are essential for -ssRNA 

transcription, but not translation [149]. RNA CYC is mediated via two highly conserved 8 nt 

CYC sequencing located at the 5’ and 3’ end of the RNA.  Khromykh et al., (2001) 

demonstrated that base pairing between the CYC sequences, but not the nt sequences itself 

are essential for replication. Mutations in only the 5’ or 3’ CYC sequences which diminished 

RNA CYC abolished viral replication, however compensatory mutants which restored RNA 

CYC were replication competent [149].   The genome switches between the cyclized and 

linear form during replication. Eukaryotic elongation factor 1α (eEF1α) binds to three sites 

(one major and two minor active binding sites) on the 3’ terminus of the viral RNA to 



30 | P a g e  
  

mediate the switch between the linear (forming a 3’ stem loop structure) and CYC (3’-5’ 

RNA-RNA base pairing) structures [229, 230]. The CYC form acts as a template to initiate -

ssRNA synthesis by recruiting NS5 to the 5’ SLA via the 3’ SL; leading to the initiation of 

RNA synthesis which generates a single -ssRNA and the formation of dsRNA [143]. 

At early stages of replication (up to 8 hrs), viral RNA replication is low with equal 

amounts of both positive and negative sense RNA. The +ssRNA will cycle between the linear 

and CYC form to act as template for translation and transcription, respectively. Interestingly, 

towards the end of the latent period, the development of virally induced membrane 

proliferation containing the RC instigates an exponential increase in viral genome synthesis 

in a semiconservative manner with multiple copies of nascent RNA simultaneously 

synthesised from a single template [231, 232]. Briefly, NS5 binds to the 3’ UTR of the viral 

+RNA which recruits NS2A and NS3. Only in the presence of viral RNA, the RC is anchored 

to the VP through interactions with the membrane associated protein NS4A to initiates viral 

replication (Figure 8: C) [61, 233]. The newly formed +ssRNA can: enter the replication 

cycle to further synthesise dsRNA intermediates; enter the translational cycle to produce viral 

replicative and structural proteins; or packaged to form virions. Following the end of the 

latent period, replication is indicative with the dramatic rearrangement and proliferation of 

virally induced cellular membranes which segregates RNA transcription, protein synthesis 

and virion packaging [185].  

1.5.6 Viral Induce Membrane Proliferation and Replication 

A common feature of +ssRNA viruses are the formation of virally induced membrane 

proliferations during replication. Pestivirus and HCV replication is observed to occur within a 

85-nm dense perinuclear matrix defined as the membranous web [234]; brome mosaic virus 

(BMV) induces numerous intraluminal ER membrane invaginations [235]; and poliovirus 
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induces the proliferation of cytoplasmic membranes as early as 3.25 h.p.i [236]. Flaviviruses 

are no exception to this as they induce the formation of VP and CM/PC. The earliest point 

where WNVKUN induced ER membrane proliferation and rearrangements are observed is just 

before the end of the latent period (9 to 10 h.p.i), apparent with an increase in cytoplasmic 

vacuoles [237-239]. As infection progresses, membrane structures protruding the rough ER 

membranes proliferate with whorls of fibres in some vacuoles [239] (which was later 

confirmed as replicating RNA by EM studies) followed by the formation of microtubule 

paracrystals [238]. These structures were later confirmed as three membranous structures: 

VP, CM and PC (Figure 8, A).  

The VPs are groups of 70-100 nm vesicles enclosed by and proliferating the rough 

ER. They contain electron dense material (presumable viral RNA), and viral proteins (NS1, 

NS2A, NS3, NS4A and NS5) [147, 185, 240]: which are proposed to form the RC, 

associating with dsRNA, and therefore the region mediating RNA replication.  The vesicles 

are connected by pores, linking  each vesicle to one another; and also open to the cytoplasm 

via a membranous neck  [241]. The neck acts as a passage for the movement of cytoplasmic 

content (nucleotides) into the vesicle and the transport of newly transcribed viral RNA out to 

the cytoplasm (Figure 8: B) [241].  

 The newly synthesised RNA will translocate to the CM/PC where it undergoes 

translation and proteolytic processing. CM/PC structures are continuous with the rough ER 

with the presence of markers from the intermediate compartment [242]. They are described as 

randomly folded membranes or highly ordered structures with specific membrane bending 

and shaping lipids and proteins (1.6.1.1 and 1.6.2, respectively). As described in section 

1.5.4.7, expression of NS4A is sufficient to proliferate structures representing the CM/PC, 

but not the VP [207, 208]: which is observed after the latent period and requires a certain 

threshold of replicating RNA [243].  
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Table 2: Summary of viruses and their induced membranes. Adopted from [244]. 

Virus Membrane 
structure 

Size of 
membrane 

Cellular Origin Function 

Poliovirus Cluster of vesicle or 
rosette-like structure 

70-400 nm ER, trans-Golgi 
and lysosome 

Viral RNA 
replication 

Coxsackieviruses Cluster of vesicles 70-400 nm ER, trans-Golgi 
and lysosome 

Viral RNA 
replication 

Semliki Forest & 
Rubella virus 

Spherule-lined 
cytopathic vacuoles 

600-4000 nm; 
spherules 50nm 

Endosome and 
lysosome 

Viral RNA 
replication 

 

SARS  

Double membrane 
vesicles structure 

SARS: More than 
200 nm per 
vesicle. 

Probably Rough 
ER or ER-Golgi 
intermediate 

Viral RNA 
replication 

Murine hepatitis 
virus 

Double membrane 
virus structure 

80-160 nm vesicle Possibly Rough 
ER or ER-Golgi 
intermediate 

Viral RNA 
replication 

Equine arteritis 
virus 

Perinuclear granules 
and double 
membrane vesicles 

80 nm per vesicle ER Viral RNA 
replication 

Flock house 
virus 

Spherule-like 
invaginations 

40-60 nm per 
invagination 

Mitochondria Viral RNA 
replication 

Tobacco mosaic 
virus 

Vesicular structures  Unknown ER Viral RNA 
replication 

Vaccinia virus ER enclosed 
replication site 

1-2 µm ER Viral RNA 
replication 

 

Kunjin virus 

CM/PC, randomly 
folded membranes. 
VP, cluster of double 
membrane vesicles  

 

50-150 nm per 
vesicle 

CM/PC derived 
from ER and ER-
Golgi intermediate 

VP: trans-Golgi 

CM/PC: 
translation 
VP: RNA 
replication 

Dengue virus Cluster of double 
membrane vesicles 

80-150 nm per 
vesicle 

Probably the ER Viral RNA 
replication 

Hepatitis C virus Cluster of vesicles 
embedded in a 
membranous matrix 

80-150nm per 
vesicle 

Probably the ER Viral RNA 
replication 
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 The requirement for virally induced membranes by +ssRNA is not entirely understood 

but believed to play similar roles between different viruses. The membranes will conceal the 

dsRNA, preventing detecting by pathogen recognition receptors (PRRs), as well as antiviral 

proteins such as PKR [245] and MxA [246]. Furthermore, the process of 

compartmentalisation increases the local concentration of replicative components; narrows 

RNA replication and translation to specific sites; acts as a scaffolding for RC formation and 

anchoring to membranes; and tethers the viral RNA during unwinding  [233, 244].  

 
Figure 8: Virally induced membranes and RC formation during WNV replication. 
(A) Cryo-EM of membrane rearrangements associated with WNVKUN infection in Vero cells. CM/PC is derived 
from the rough-ER and the site for RNA translation, polyprotein processing and viral assembly. VP is derived 
from the ER-Golgi region and is the site for RNA transcription (adopted from [185]). (B) 3D tomography 
elaborating VP pores which allowed viral and host components to enter the VP from the cytoplasm and vice 
versa (adopted from [241]). (C) Proposed model for RC anchoring to the VP to facilitate RNA transcription. 
Image is adopted from [61].  

 

1.5.7 Virion Assembly and Egress 

Virion assembly is a highly organized and rapid process without the formation of 

intermediate virions or free nucleocapsids; yet the exact mechanisms underlying this process 

is not fully defined. The hydrophobic face of C dimers will bind to the cytoplasmic side of 

the ER membrane while the genome will interact in the cytoplasm with the basic residues of 

the C proteins terminal α-helix; inducing the oligomerization of C and the encapsidation of 

the +ssRNA [155].  The capsid buds into the ER lumen where it gains the envelope  
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Figure 9: Intracellular replication of WNV 
The virion enters the cell via receptor mediated endocytosis and the viral +ssRNA is released into the 
cytoplasm. (1) The viral RNA initially replicates on the surface of the rough-ER, however towards the end of 
the latent period, translation and polyprotein processing is observed on the CM/PC. (2) Viral proteins (NS1, 
NS2A, NS3, NS4A and NS5) translocate to the VP where they form the RC by interacting with the viral RNA 
and mediate RNA transcription. Newly synthesised +ssRNA either enters the translation cycle in the CM/PC 
(2), (3) or is encapsidated by interacts with the core protein. The virion then buds into the ER lumen by 
interacting with E and prM, where it receives its envelope. (4) The virion is then secreted through the secretory 
pathway where it matures in the Golgi by Furin cleavage of pr from M. (5) Matured virions are released from 
the cell via exocytosis. Image is taken from [233].  

 

embedded with prM and E heterodimers. The immature virion is transported from the ER 

lumen to the Golgi where it undergoes surface modifications to produce mature virions [247]. 

Prior to virion release, prM is glycosylated at a single N-linked glycosylation site, however 

not all E proteins are glycosylated. Glycosylation of E is strain specific which therefore 
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influences virus production, pH sensitivity and neuroinvasiveness [248, 249].  Furthermore, 

the change in pH levels between the two compartments causes  a conformational change of 

prM which exposes the furin cleavage site and results in the cleavage of prM to M by the host 

furin protease [250]. The regulated cleavage of pr from M is essential for viral infectivity but 

not virion secretion [251]. Randolph et al., (1990), Mackenzie and Westaway, (2001) and 

Elshuber et al., (2003) demonstrated that Furin cleavage is inhibited by raising the pH levels 

within the Golgi [252], or by mutating the prM cleavage site [251]; which did not interfere 

with viral secretion, however attenuated viral infectivity [175]. This mechanism provides an 

useful method to regulate viral infectivity to produce a single-round of infectious viral 

particles which may be useful for vaccine development [251]. The mature virion exits the cell 

via exocytosis. 

1.5.8 Evading the Innate Immune System 

Evasion of the innate immune system is essential for efficient viral replication. The 

innate immune system acts as the first line of defence in response to an intracellular pathogen 

by recognising pathogen associated molecular patterns (PAMPs), such as dsRNA. Sensing of 

PAMPs leads to a cascade of signalling events resulting in the activation of innate immune 

regulators, such as: IFN-α, IFN-β and IFN-γ. Activation, secretion and binding of IFN-α/β to 

plasma membrane IFN-receptors (IFN-R) activates hundreds of antiviral IFN-stimulated-

genes (ISGs) through the JAK/STAT signalling pathway [253]. IFN-α/β are essential in 

preventing Flaviviral infection by inhibiting viral RNA transcription and translation [254]; 

whereas  IFN-γ activates proinflammatory cytokines and antiviral molecules [255]. In fact, 

pretreatment of cell in vitro as well as in vivo mouse models with IFN-α/β prevents Flavivirus 

infection [254, 256, 257]; however treatment as early as 4 h.p.i is much less effective [258]. 

Furthermore, IFN-α/β-R-/- mice showed uncontrolled extraneural viral replication, rapid viral 

invasion of the CNS and 100% mortality [259].  
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 Innate immune sensing can be categorised into two parts: infected cells that stimulate 

IFN production; and IFN activated cell. Upon infection, viral pathogen recognition is 

mediated through several PRRs such as: endosomal Toll-like receptor (TLR) 3 and TLR7 

which recognise dsRNA and ssRNA, respectively [260]; and cytoplasmic dsRNA sensors 

retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 

(MDA5) [261]. Recognition of PAMS by PRRs leads to a signalling cascade which results in 

the activation of IFN-α/β transcription. Many Flaviviruses delay sensing of PRRs through 

different strategies. The formation of virally induced membrane structures (1.5.6) by all 

Flaviviruses acts as a protective coat hiding the viral RNA from PRRs, thus delaying IFN 

mediated immunity until viral replication is considerable enhanced [262, 263].  Furthermore, 

Flavivirus proteins can hinder several components along the signalling cascade which inhibits 

the activation of type I IFN transcription factors: WNV NS1 can inhibit IRF3 and NF-κB 

nuclear translocation [188]; DENV4 NS2A and NS4B inhibit RIG-I, MDA5, MAVS 

activation and TBK1/IKKε phosphorylation [264]; and WNV NS2A inhibits IFN-β 

transcription presumable by interfering with IRF3 [197, 198].  

 Production and secretion of type I IFNs activate neighbouring cells by binding to 

IFN-Rs. This triggers the activation of the JAK/STAT pathway, resulting in the expression of 

antiviral ISGs [265]. Flaviviruses have shown to inhibit JAK/STAT signalling by targeting 

NS proteins to various components along this pathway: DENV reduces STAT1 

phosphorylation and nuclear translocation [196]; WNV inhibits the phosphorylation of 

STAT1, STAT2 [195], Jak1 and Tyk2 [266]; and TBEV, DENV, WNV, JEV and Langat 

virus NS5 protein acts as a IFN antagonist to block JAK/STAT signalling [60, 226, 228, 

267]. Interesting, WNV-induced cholesterol redistribution downregulates JAK/STAT 

signalling and thus antiviral responses to infection [268] 
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 Viral replication is hindered by preventing translation and transcription of the viral 

RNA by mechanisms such as protein kinase R (PKR), RNaseL, MxA [246] and the UPR 

[214]. PKR is an internal sensor of dsRNA which seizes protein synthesis by phosphorylating 

eukaryotic translation initiation factor 2α (eIF2α) [269]. Briefly, in vitro PKR-/- and RNase L-

/- knockout studies demonstrate an increase in viral replication [270] as well as mortality rates 

as high as 90% (in comparison to the 30% observed in wild type (WT) mice) [245]. These 

collective results indicate that Flaviviruses utilise common mechanism to form an antiviral 

state by inhibiting IFN signalling, thus enhancing replication.  

1.6 Host Factors during Flaviviral Replication and Membrane Morphogenesis 

Aside from Flaviviral modulation of the immune response, viral replication 

manipulates multiple pathways to regulate cellular homeostasis. A human genome wide RNA 

interference (RNAi) screen in HeLa cells infected with WNV and DENV demonstrated that 

each virus possesses overlapping and unique requirements of host proteins to aid in viral 

replication [271]. RNAi screening identified 305 host proteins that regulate WNV infection; 

of which 283 are host susceptibility factors (HSF) and 22 are host resistance factors (HRF) 

[271]. These include the regulation of and not limited to: the cytoskeleton networks, cell 

trafficking, RNA processing, host translation, protein modification and degradation, lipid 

metabolism, stress response, signal transduction and apoptosis. Interestingly, enrichment of 

carbohydrate and lipid metabolism regulatory genes were specific to only WNV, indicative of 

the importance of lipid metabolism during WNV replication (1.6.1) [271].  

1.6.1 Lipids 

Lipids are a diverse group of naturally occurring organic compounds which are 

synthesised from fatty acids and their derivatives [272]. They are mostly soluble in organic 

solvents such as chloroform, acetone, toluene, ether and alcohols; however lipids with long 
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hydrophilic tail groups such as lipopolysaccharides have the tendency to solubilize in other 

solvents. Lipids are one of the most abundant type of cellular molecules that display 

innumerable amounts of biochemical and physiological cellular functions. They are the main 

constituent of the plasma membrane, ER, Golgi, endosome and lysosomes; however the lipid 

composition constructing these structure vary amongst tissue types [273, 274]. Difference in 

the abundance of available local lipids in varying cell types could determine the lipid 

composition, membrane structure and membrane compartment required for viruses to 

proliferate virally induced membrane. For instance, HCV replicates in human liver cells and 

required phosphatidyl-inositol-4-phosphate (PtdIns4P) to construct membranous webs; 

however DENV (which infects mosquitos, human and non-human primates) can proliferate 

membrane by using simple fatty acids [275].   

Historically, it was believed that the primary role of lipids were limited to membrane 

morphogenesis and energy production; however advances in lipidomics has led to the 

discovery of lipids in various cellular functions such as, structural changes (induce and 

stabilize membrane curvatures), proteins modification (such as Flavivirus NS1 glycosylation) 

and stability (RC stability), signalling platforms (such as lipid rafts) and inflammation [274, 

276].  Depending on the class of lipids, the integration of specific lipids allows membranes to 

adjust their fluidity, plasticity and topology; which aids in maintaining membrane curvature 

and regulate signalling (Figure 10:).   

Viral replication is a complex process which requires and regulates many host factors 

including lipid metabolism and redistribution [277]. Various viral proteins interact with host 

lipids at every stage of their replication to either enhance or inhibit replication. During viral 

entry, viruses such as Sindbis virus [278] and WNV [279] requires cholesterol rich-

microdomains  to facilitate entry; conversely, JEV and DENV entry is significantly blocked 

by cholesterol enrichment [280]: suggesting a preferential requirement of lipids between 
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viruses within the same family. Additionally, studies on poliovirus, Semliki Forest virus and 

cowpea mosaic virus showed that these viruses are sensitive to cerulenin, an antifungal and 

antibiotic that inhibits fatty acid and sterol biosynthesis, indicating a requirement of lipids for 

viral replication [235, 281, 282]. Furthermore, many viruses depend on lipids to induce viral 

membranes which are required for efficient viral replication. Proliferations of virally induced 

membrane structures and stabilization of the RC is maintained by interacting with and 

regulating the lipid composition of the target host organelles (Table 2:) (1.6.1.1) [283].  

 
Figure 10: Alteration of membranes by specific lipid groups 
Membrane proliferation and alternation is influenced by specific lipids incorporated into the membranes. 
Membrane fluidity is maintained by incorporating unsaturated vs saturated fatty acids and membrane thickness 
is regulated by incorporating different lengths of fatty acids. Furthermore, membrane curvature is induced by the 
shape of the lipid, which could result in either positive or negative membrane curvature. These mechanisms are 
regulated by numerous viruses to aid in viral replication and proliferation of membranous structures which are 
vital for efficient viral propagation (1.6.1.1). Adapted from [273] 

 

1.6.1.1 Role of lipids during membrane morphogenesis  

Alteration of membranes plays a significant role in viral replication. Changes to lipid 

and protein compositions of these structures have dramatic effects on replication. Many 

viruses utilise different cellular compartments, thus require different lipid compositions to 

induce viral membrane proliferations. Members of the togaviruses and nodaviruses utilise the 

endosome/lysosomes and the mitochondria, respectively, to generate membranous networks 

[244]; whereas Flaviviruses required membranes from the ER and ER-Golgi intermediates to 
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proliferate their CM/PC and VP [241] (Table 2:). Furthermore, viruses belonging to the same 

family also utilise lipids differentially to proliferate membranes. DENV induced autophagy to 

regulate lipid metabolism by modifying lipid droplets which store triglycerides and 

cholesterol esters [284]. The release of free fatty acids undergo β-oxidation in the 

mitochondria, leading to ATP synthesis [285, 286]. DENV relies on autophagy to increase 

free fatty acids which are used for RC assembly and infectious DENV release [287]. Also, 

the generation of ATP provides the cell with energy which increases cellular function and 

mediates DENV replication by facilitating RNA replication [288]. However, unlike DENV 

which relies of free fatty acids, HCV requires PtdIns4P to induce viral membranes anchoring 

the RC [275], as discussed in 1.6.1. Table 3 summarises differences in lipids and lipid 

modulating host factors which are hijacked during viral replication to proliferate membranes. 

Depending on cell types and cellular compartments required for membrane proliferation 

(Table 2:), viruses utilise different lipids and lipid modulating proteins (Table 3:).  

1.6.1.2 Fatty acid synthase 

 Fatty acid synthetase (FASN) is a multifunctional protein that catalyses fatty acid 

synthesis. The main function is to synthesize palmitate (a long chain fatty acid (C 16:0)) in 

the presence of NADPH from acetyl-CoA and malonyl-CoA. [289]. Martin-Acebes et al., 

(2011) showed that WNV replication is dependent on FASN activity by using two FASN 

inhibitors: cerulenin and C75. FASN is a cytoplasmic protein; however upon infection with 

WNV, FASN is recruited to and localises with the WNV RCs. Inhibition of FASN activity 

attenuates WNV replication, which suggests a preferential requirement of fatty acids in 

regulating WNV induced membrane proliferations  [283].  

 

 



41 | P a g e  
  

Table 3: Membrane manipulating host factors and lipids during viral replication 
Table is adapted from [275] with several inclusions.  

Virus Host Factor Role in replication Ref 

PV ARF1 and GBF1 Viral replication and organelle formation [290] 

PV PI4KIIIβ PtdIns4P enrichment in RC membranes [290] 

HCV PI4KIIIα PtdIns4P enrichment in RC membranes [291] 

Coronaviruses EDEM1 & OS9 Edemosome formation [292] 

Coronaviruses LC3-I RC formation by hijacking autophagy [292] 

DENV & WNV FASN FASN activity aids RC membrane formation [293, 294] 

BMV Ole1 Fatty acid desaturation & RC formation [295] 

TBSV Erg25, SMO1 & 2 Sterol synthesis & RC formation [296] 

SFV PI4K Membrane formation by stimulating 
phosphatidyl choline synthesis 

[281] 

HBV Cholesterol Viral envelope for membrane fusion  [297] 

TBSV, WNV & 
HCV 

Sterols RC membrane formation [268, 296] 

DENV, BMV, 
DCV & HCV 

Fatty acids RC membrane formation [235, 298] 

TBCV & FHV Phospholipids RC membrane formation [299, 300] 

HCV & PV PtdIns4P Replication protein binding to membranes & 
RC membrane formation  

[290, 291] 

 

 Alongside WNV, DENV also requires FASN activity for membrane biogenesis.  

During DENV infection, FASN is recruited to sites of viral compartments by interacting with 

NS3, which in turn stimulates the activity of FASN to increase fatty acid biosynthesis [293]. 

It is now well established that WNV and DENV replication and membrane biogenesis is 

partially FASN dependent without the requirement of phosphatidylinositol 4-kinase (PI4K) 

and endocytic machinery [293, 294]. Interestingly, HCV replication is heavily dependent of 

PI4K activity, which when inhibited, attenuates HCV replication by 99% [301].  
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 Collected results with WNV and DENV indicate a preferential requirement of the 

fatty acid biosynthesis alongside the mevalonate pathways to form the CM/PC and VP 

(1.6.1.3). Expression of FASN catalyses the conversion of acetyl-CoA and the generation of 

palmitoyl-CoA; the first two steps in regulating the fatty acid synthesis pathway [293, 302, 

303]. A suggested mechanism of action for FASN activity could be that FASN is recruited to 

the RC by NS2B-3 to generate fatty acids. The newly generated fatty acids could be modified 

or incorporated into the ER, thus leading to the expansion of the viral membranes and 

regulating membrane fluidity and curvature (1.6.1.4) [293]. Furthermore, fatty acid 

biosynthesis together with cholesterol synthesis can aid in viral membrane biosynthesis as 

observed by other Flaviviruses (1.6.1.3). 

1.6.1.3 Cholesterol 

 Mammalian cellular membranes are composed of a lipid bilayer containing 

phospholipids and cholesterol. Membrane fatty acids, phospholipids and cholesterol content 

can be modified in mammalian cells which disturbs membrane fluidity and affects a variety 

of cellular functions [304]. Cholesterol biosynthesis is regulated within the ER by the sterol 

regulatory element-binding protein (SREBP), a membrane-bound transcription factor. 

SREBPs play a role in activating genes that upregulate cholesterol synthesis and uptake, such 

as 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and FASN [305]. Cellular 

cholesterol is also regulated by the intake of extracellular cholesterol [306] and efflux of 

cholesterol [307]. 

 WNV and DENV have both shown dependence to cholesterol to mediate viral 

replication [268, 308, 309]. Cellular cholesterol levels were depleted by using U18666A: a 

multi-action inhibitor that acts by inhibiting HMGCR activity and the release of cholesterol 

from late endosome and lysosome [310]. During DENV infection, the reduction of cellular 
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cholesterol levels by U18666A was shown to affect DENV infection by trapping virions in 

Lamp-1 positive late endosome/lysosome compartment. U18666A mediated cholesterol 

depletion also affects DENV replication, however the formation of RCs were not altered, 

indicating that the depletion of cellular cholesterol effects DENV replication at a different 

stage of the replication life cycle [308]. In contrast, Mackenzie et al., (2007) showed that 

WNV redistributes cholesterol to viral RCs by up regulating cholesterol biosynthesis. 

Reduction of HMGCR, manipulation of cholesterol level and altering cellular 

geranylgeranylated protein concentrations drastically reduced viral replication by possible 

reducing levels of HMGCR contributing to membrane biogenesis [268]. 

1.6.1.4 Sphingolipids and Ceramide 

Sphingolipids are composed of a long chain sphingoid base, amide linked fatty acids 

and a polar (carbohydrate) head group at the 1-position; except for sphingomyelin, which has 

a phosphorylcholine (PC) head group [311]. Sphingolipids consist of four main members: 

sphingomyelin, ceramide, sphingosine and sphingosine-1-phosphate (S1P). Removal of PC 

from sphingomyelin by the hydrolytic activity of acid sphingomyelinase (ASMase) results in 

the production of ceramide through the sphingomyelinase pathway [312]. Ceramide is also 

synthesised in the ER through the de novo pathway by the catalysis of serine and palmitoyl-

CoA by serine-palmitoyl-coenzyme A transferase (SPT); which acts as the first committed 

step in ceramide biosynthesis.  Finally, recycling of complex sphingolipids through the 

salvage pathway can convert sphingosine into ceramide by the enzymatic activity of 

Ceramide synthase (Figure 11:) [313]. Due to the central position occupied by ceramide in 

the sphingolipid pathway, it is considered as the central metabolic hub for sphingolipid 

biosynthesis and catabolism [314]. Over the past few decades, sphingolipids have shown to 

regulate cellular homeostasis almost at every level. Ceramide has shown to regulate 

membrane curvature (Figure 12:), alongside cell-stress responses such as differentiation, cell-
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cycle arrest, apoptosis [315] and cell senescence [316]. On the other hand, S1P is crucial for 

proliferation, mitogenesis, inflammation, migration, angiogenesis and protection against 

apoptosis [314]; therefore a balance between ceramide and S1P is vital for cell pro- and anti-

apoptotic state. 

 
Figure 11: Ceramide biosynthesis pathways 
Ceramide biosynthesis is regulated through three pathways: (I) the de novo pathway, which converts Serine and 
palmitoyl-CoA into ceramide. Myriocin inhibits de novo synthesis of ceramide by acting as a potent SPT 
inhibitor. (II) The salvage pathway which converts complex sphingolipids into ceramide. Fumonisin B1 inhibits 
the formation of ceramide by inhibiting enzymes in the de novo and salvage pathway (III) The 
sphingomyelinase pathway which convert sphingomyelin into ceramide. Image from [317]. 

 

Due to the structural integrity caused by PC, sphingomyelin does not have the 

tendency to form membrane curvature; however, the formation of ceramide by cleaving the 

PC head group causes a structural change of the newly formed lipid [318]. Ceramide is a 

cone-shaped lipid which has the ability to form spontaneous negative curvature. The presence 

of ceramide on one leaflet of the lipid bilayer enhances membrane bending (negative 

curvature) and the tendency to form hexagonal phases II structures (Figure 12:) [312, 319, 
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320]. This type of membrane curvature is required for exosome formation which are enriched 

with ceramide [321]. The unique structure of ceramide can also influence cellular signalling 

by effecting membrane microdomain function (such as lipid rafts) and vesicular transport. 

Viruses and bacteria (Pseudomonas aeruginosa, Staphylococcus aureus, or Neisseriae 

gonorrhoeae) have evolved to utilise ceramide to aid in replication, such as lipid rafts to gain 

entry into cells. Rhinovirus and Sindbis viruses both require ceramide enriched membrane 

platforms to gain entry into cells by activating and translocating ASMase to the extracellular 

leaflet of the plasma membrane. This translocation results in the conversion of SM to 

ceramide-enriched membrane platforms which mediate viral entry [322]. Interestingly, 

Sindbis virus further induces apoptosis of neurons during viral entry by activating ASMase 

and increasing ceramide levels; which results in viral mediated apoptosis [323]. Furthermore, 

in a similar manner, Flaviviruses such as JEV and WNV also require ceramide to mediate not 

only cellular entry, but play a critical role in viral egress [324, 325], with WNV having a 

unique envelope membrane composition enriched in sphingolipids [325]. On the other hand, 

plasma membrane enrichment of ceramide has deleterious effects on HCV entry by 

internalizing CD81: a cell surface protein required for HCV entry [326]. Apart from entry 

and egress, Perera et al. (2012) suggest that the negative curvature enhancing lipids such as 

ceramide may be active in the formation of the double-membranes induced during DENV 

infection. Mass spectrometry analysis on DENV infected cells revealed that membrane 

remodeling was directly linked with the induction of unique lipids (such as sphingolipids) 

during replication: 85% of these lipids were different in viral membranes compared to 

uninfected cells [327]. WNV may also recruit ceramide to induce the negative curvature of 

the RC, while utilizing other host proteins to form and stabilize the RC. 
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Figure 12: Ceramide induced membrane curvature 
(A) Sphingomyelin contains a PC head which is cleaved by acid sphingomyelinase to generate ceramide. (B) 
Ceramide is a cone shaped lipid; which when induced into membranes can mediate negative curvature or 
increase flexibility by inducing hexagonal phase II. Image is adapted from [312]. 

 

1.6.2 Host Membrane Shaping Proteins 

Host factors are involved in almost every step of +ssRNA virus replication, including 

membrane morphogenesis; however this process is not limited to +RNA viruses. The DNA 

virus vaccina virus, replicates its genome in cisternae derived from the rough-ER. These 

cytoplasmic foci are observed as viral replication sites acting as mini-nuclei; which is 

strikingly different to other DNA viruses which replicate their genome in the nucleus [328]. 

A number of genome wide screen studies have suggested numerous host interacting partners 

for +ssRNA viruses; however many of the identified host factors are unique for certain 

viruses. Although different proteins are regulated during replication, mechanistic and 

functional analysis suggest that different host proteins can provide similar functions during 

replication [275]. HCV membranous web formation is derived by viral NS5A protein 

recruiting PI4Kα to enrich membranes in PtdIns4P levels, which then recruits additional host 

factors such as oxysterol-binding protein 1 (OSP1) [291]. Interesting, PV also enriches viral 

membranes with PtdIns4P, which in turn acts to recruit and bind the viral polymerase 3D-

POL; however this process is regulated by PI4K-β [275, 290]. Furthermore, host factors such 
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as the Reticulon family proteins play a crucial role in the formation of viral membrane 

compartments.  

1.6.2.1 The Reticulon Family 

The Reticulon (RTN) family proteins are a large and diverse group of membrane-

associated proteins present in all eukaryotic organisms. RTNs are spliced into multiple 

isoforms due to multiple introns and exons within the RTN gene [329]. These proteins are 

known to localise to the ER, playing a role in ER membrane-shaping that partition to and 

stabilise highly curved ER membrane tubules [2, 330]. They also influence ER-Golgi 

trafficking, vesicle formation and membrane morphogenesis [329-331]. Depending on the 

host organism, the diversity of RTN proteins vary, with mammalian cells having four RTN 

genes (RTN 1-4) each of which can give rise to alternative transcripts  [329, 332, 333]. 

 The Reticulon homology domain (RHD) is a highly conserved region in all RTN 

family proteins. The carboxy-terminal end of the protein consists two TM regions (with two 

cytoplasmic and one luminal domain) flanking a hydrophobic loop (Figure 13:) [329, 334]. 

These RHD hydrophobic regions are unusually long (30 – 35 a.a’s in contract to most TM 

regions being about 20 a.a’s) for TM domains. Through the interaction of the RHD, RTNs are 

able to form homo- and heteromers, create pore like structure, acts in the transport of 

constituents from the ER to other membrane compartments and play a role in structural 

stabilisation of the ER network [331, 333]. Audhya et al., (2007) showed that knocking out of 

RTNL RET1 and its associated protein YOP-1 in C. elegans interfered with ER formation 

during mitosis, indicating that RTN proteins have a sufficient role in ER formation and 

function. As the RCs of +ssRNA are derived from the ER and trans-Golgi region, RTNs may 

be a good candidate to aid in the formation of the RCs. Studies on +ssRNA viruses have 

shown that the RTN family proteins are required for membrane morphogenesis.  
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Figure 13: RTN protein topology 
The RTN proteins embed into the ER by various TM regions. RTN proteins consists of a number of possible 
topologies (eight or more conformations are possible; however only four is known), depending of the number of 
TM regions. RTN TM regions can vary from two to four TM domains, which are approximately 30-35 a.a. The 
C-terminus resides on the cytoplasm while the N-terminus differs in localization (cytoplasm or ER lumen, 
depending on the topology). Different topologies in various cells types and membranes enable RTNs to perform 
several functions. Image adopted from [329]. 

 

1.6.2.2 RTN and +RNA viruses 

Positive strand RNA viruses require the aid of host proteins to assist in their 

replication and formation of the RCs by structurally inducing and supporting relevant 

membrane curvatures [332]. Studies on BMV and enterovirus 71 (E71) have shown that 

RTNs help in the replication of +ssRNA viruses by facilitating the formation of the RCs  [1, 

2].  

 BMV replicates in vesicular compartments known as spherules, in which the outer 

perinuclear ER membrane is invaginated away from the cytoplasm and into the ER lumen. 

Alongside the 1a proteins of BMV, RHD proteins were shown to play a key role in RNA 

replication compartment biogenesis [2, 332]. Diaz et al., (2010) showed by the use of a loss- 

of-function experiment, RTNs were required for efficient BMV RNA replication in yeast. 

BMV 1a protein interacts and incorporates RHD proteins into the spherule interior where 

they are necessary for spherule formation and maintain an open channel to the cytoplasm. 
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Deletion in all three yeast RHD proteins abolished 1a-induced spherule formation. The 

mechanism of RTN in the induction of spherules is by integrating RTN into the spherules 

main body and stabilising the positively curved neck region while 1a induces and stabilises 

the negative membrane curvature [335].  

 Replication of E71 is also partially dependant on RTNs. The 2C protein is essential 

for viral replication and is associated with host membrane vesicles. 2C protein induces viral 

RCs where viral RNA synthesis takes place. Tang et al., (2006) demonstrated that the 2C 

protein interacts with host RTN3 protein and the reduction of RTN3 attenuated the 

replication of E71-encoded viral protein and replicative dsRNA. Reintroduction of RTN3 into 

these knockdown cells rescued E71 infectivity, viral protein and dsRNA synthesis. RTN3 is 

the first cellular protein known to interact with viral NS proteins to aid in the formation of 

viral RCs [336].  

 Furthermore, yeast-two hybrid system showed that RTN3 interacts with HCV NS4B 

protein [332, 337]. Expression of NS4B localizes to the ER where it acts as the key organizer 

for the HCV RNA replication compartment by inducing the formation of ER-derived 

membranous vesicles [234, 332]. The role of RTN3 in HCV was not further studied by Lui et 

al., (2005), however it is speculated that RTN3 might be involved in modulating the 

formation of membranous webs given the function of NS4B in inducing HCV RNA 

replication compartments [234]. Interestingly, Wu et al., (2014) further investigates the role 

of RTN3A during HCV infection and discovered that RTN3 acts in an antiviral mechanism to 

inhibit viral replication. RTN3A competes for and binds to the AH2 domain of NS4B, 

preventing self-dimerization and thus leading to the attenuation of viral replication [338]. 

This suggests that although the RTN family is required for most +ssRNA virus replication 

and membrane biogenesis, they could also have antiviral roles to regulate replication.  



50 | P a g e  
  

1.6.3 Src Homology 3 Domain  

Modular interaction domains are conserved regions within proteins that generally 

range from 30 to 200 a.a’s. These domains specialise in mediating interactions of proteins 

with one another, lipids and nucleic acids [339, 340]. The Src Homology 3 (SH3) domains 

are one of the best characterized members of the modular interaction domains. These 

domains consist of approximately 60 residues that are ubiquitous to eukaryotes and are found 

in over 1000 proteins. SH3 domains require proline (Pro (P))-rich region with a conserved 

core PxxP binding motif, and in most cases flanked by a distal basic residue; which 

determines the class of the domain. The domain consists of three shallow pockets/grooves 

defined by conserved aromatic residues where two are occupied by the two hydrophobic Pro 

in the PxxP conserved motif and the third is occupied by the distal basic residue (Figure 14:) 

[339]. SH3 domains regulate  enzymes by intramolecular interaction, increase local 

concentration or alter the subcellular localization of compounds of signalling pathways and 

mediate the assembly of large multiprotein complexes [339]. Literature has established that 

many viruses utilize SH3 domains at different stages of their replication.  Studies on 

Alphaviruses, HIV, Influenza A, HCV, alongside other viruses have indicated the importance 

of SH3 domains to mediate viral replication 

1.6.3.1 Role of SH3 domains during viral replication 

NsP3 of alphaviruses is the least characterized protein; however it localizes to 

components of the viral RC. The poorly conserved carboxy terminal encodes a Pro-rich 

sequence which is conserved amongst alphaviral nsP3 proteins. The conserved motif  is 

required to mediate interactions with the SH3 domain of amphiphysin 1 and 2 [342]. 

Neuvonen et al., (2011) showed that mutating the nsP3 SH3 motif, alongside RNAi-mediated 

silencing of amphilysin-2 resulted in impaired viral RNA replication. Amphiphysin proteins 

are involved in the regulation of endocytosis by aiding in the formation of clathrin-coated 
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vesicles. At the plasma membrane, amphiphysin promote the assembly of protein complexes 

and directly assists in the induction of the high curvature of the membrane at the neck of the 

vesicle. It contains a BAR-domain which has been shown to bind lipids and bend membranes 

[343]. Neivonen et al., (2011) showed that during infection amphiphysin was recruited to 

viral RCs and may be involved in the formation and stabilization of RC-associated membrane 

structures. Additionally, Zech et al., (2003) demonstrated that HCV NS5A also interacts with 

amphiphysin II SH3 domain via a proline rich region in the C-terminus of NS5A; however 

this interaction is dispensable for RNA replication [344].  

 
Figure 14: Structure and interaction of SH3 domains with a ligand 
Binding of class I (left) and class II (right) SH3 binding domain, SH3 domains bind conserved PxxP motifs. The 
domains contain three shallow pockets. Two of these pockets are bind the two prolines. The third pocket binds a 
basic residue which flanks the PxxP motif. Adopted from [341] 

 
 Hepatitis C virus, also a member of a Flaviviridae family, requires SH3 domains to 

sufficiently replicate its genome. NS5A of HCV contains several Pro-rich sequences which 

are consistent with SH3 binding sites. Recombinant vaccinia virus (VV) expressing NS5A 
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infected HeLa S3 cells revealed an interaction between NS5A and growth factor receptor-

bound protein 2 (Grb2) adaptor protein. Mutations in both the N- and C-terminal SH3 

domains of Grb2 completely abrogated Grb2 binding to NS5. Binding of NS5 to Grb2 in 

infected cells could interfere with signal transduction pathways, enhancing HCV 

pathogenesis [345].  Alongside using SH3 domains to form RCs, WNV may utilise SH3 

domains to interact with proteins to inhibit, or enhance signalling pathways by altering 

protein localisation, hence increasing viral pathogenesis.  

1.7 Thesis Aims 

Flaviviruses are enveloped, +ssRNA virus from the Flaviviridae family with a limited 

number of viral proteins to aid in replication. Many studies have shown the involvement of 

host factors; protein and lipids, during every stage of the viral life cycle. A major component 

of all +ssRNA virus replication is the formations of virally induced membrane structures: the 

CM/PC and VP. This study aims to determine the involvement of host factors in the 

biogenesis of the CM/PC and VP; which are proliferated and required for sufficient viral 

replication. Many RNA viruses have shown to utilise host factors of the ER in membrane 

proliferation and maintaining curvature. Flaviviruses are no exception to this rule; hence, the 

specific aims of this thesis are to: 

1. Determine the differential utilisation of the membrane shaping host lipid ceramide 

during replication of Flaviviruses: West Nile and Dengue virus 

2. Identify the importance of recruiting host membrane-shaping proteins to induce RC 

formation during WNV and DENV replication 

3. Investigate the role of conserved, putative SH3-binding motifs within the WNV 

genome on viral replication.   



53 | P a g e  
  

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 
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The following work has been approved by the University of Melbourne Gene Technology 

and Biosafety Committee (IBC No. 301) for investigation of virus replication, host 

modulation and immune evasion (IBC reference number: 2016/008). 

2.1 Cell lines 

Vero C1008 (African green monkey kidney epithelial), Baby Hamster Kidney 

fibroblast (BHK-21), Human embryonic kidney cells containing the SV40 large t-antigen 

(HEK293T) and HeLa (Human cervical cancer epithelial) cells were maintained in Dulbeccos 

Modified Eagle Medium (DMEM; Life Technologies – Gibco) supplemented with 2mM 

GlutaMAX (Life Technologies – Gibco) and 5% foetal calf serum (FCS; Life Technologies – 

Gibco) (DMEM complete) at 37˚C, 5% CO2. For adherent cells (Vero, BHK and HeLa), cell 

monolayer is washed with phosphate buffered saline (PBS), and incubated at 37˚C with 

0.25% Trypsin-EDTA to detach cells. Cells were resuspended and diluted in DMEM and 

cultured in fresh growth media.  

C6/36 (Aedes albopictus larva) cells were maintained in Minimum Essential Media 

(MEM; Life Technologies – Gibco) supplemented with 10% FCS (MEM complete) at 28˚C. 

HEK293T and C6/36 cells were subcultured by vigorous pipetting, diluted in DMEM and 

MEM, respective, and added into fresh culturing medium. 

2.2 Virus Infection 

2.2.1 WNVKUN stock generation 

WNVKUN MRM61C was kindly provided by Prof Ed Westaway. 80% confluent Vero 

cells were infected with secondary virus stocks at an approximate multiplicity of infection 

(m.o.i) of 0.5 for 48 hrs at 37°C in DMEM containing 2% FCS. The tissue culture fluid (t.c.f) 

was collected and centrifuged at 3,400 rpm (2690 rcf) for 10 mins to pellet cell debris. 
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Supernatant containing virus was aliquoted and virus titre was calculated by plaque assay 

(2.2.2). Virus stock was stored at -80oC until required. 

2.2.2 Plaque assay 

3x105 Vero cells per well were seeded into six well dishes and incubated until 70% 

confluent. Virus stock was serially diluted 10-fold in DMEM with 0.2% Bovine Serum 

Albumin (BSA; Sigma-Aldrich) and infected for 1 hrs at 37°C. Following the incubated 

period, 2 mL of overlay (0.9 M NaHCO3, 2.5 % v/v FCS, 2 mM GlutaMAX, 1M 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Sigma-Aldrich), 0.35% w/v low 

melting point (LMP; Lonza – SeaPlaque agarose) agarose and made up to final volume with 

DMEM) was added and incubated at 4oC for 30 mins, allowing the overlay to set. Plates were 

incubated at 37oC for 72 hrs. 72 h.p.i cells were fixed in 10% Formalin (Sigma-Aldrich) for 1 

hr at room temperature (RT). Overlay was removed and viable cells were stained with 0.1% 

Toludine blue (Sigma-Aldrich) (diluted in double distilled H2O (ddH2O)) for 30 mins. Wells 

were rinsed with water and the numbers of plaques counted. The experiment was conducted 

in duplicates and an average number of the plaques were taken to calculate viral titre as 

plaque forming units per mL (PFU/mL) using the following equation:  

PFU/mL = # of plaques x dilution factor / Volume plated 

2.2.3 WNVKUN infection 

Seeded cells were infected with WNVKUN at an m.o.i 0.5, 1 and 5 with minimal 

volume of warm DMEM/0.2% BSA and incubated at 37°C. For synchronized infection, cold 

DMEM/0.2% BSA was used and plates were incubated on ice. Plates were incubated for 1 hr, 

rocking every 10 mins to prevent the cell monolayer from drying out. Inoculum was 

removed, pre-warmed media added and incubated at 37°C until required.    
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2.2.4 DENV2 stock generation 

DENV2NGC was kindly provided by David Jans and used to infected C6/36 cells at an 

m.o.i of 0.5 in Minimum Essential Media (MEM)/2%FCS media for 5 days at 28˚C. The t.c.f 

was collected and centrifuged at 3,400 rpm (2690 rcf) for 15 mins to pellet cell debris. 

Supernatant containing virus was aliquoted and stored at -80oC until required. Virus titre was 

calculated by foci forming assay (2.2.5)  

2.2.5 Foci forming assay 

1.5x104 Vero cells were seeded into 96-well plates and incubated until 80% confluent. 

Virus containing supernatants were diluted 10-fold in DMEM. Each dilution was used to 

infect previously seeded Vero cells for 2 h at 37°C. LMP agarose overlay (0.3% w/v LMP 

agarose, 2.5% w/v FCS) was added to cells and solidified at 4°C for 30 min. Cells were then 

incubated at 37°C for 4 days. Overlay was removed and fixed with ice-cold 80% acetone in 

PBS at -20°C for 30 min. Fixative was removed, cells were completely dried and blocked 

with blocking solution (5% BSA/PBS-T) for 1 h at 37°C. Blocking solution was removed and 

cells were incubated with primary antibody (ms-NS1 4G4 clone) diluted in blocking solution 

at 37°C for 1 h. Cells were washed 4 times for 5 mins with PBS-T and incubated in the dark 

with secondary antibody diluted in PBS-T for 1 h at 37 °C. Cells were washed 2 times with 

PBS and further incubated for 5 mins in 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) 

in PBS to counterstain the cellular nuclei. Following incubation, coverslips were rinsed with 

PBS followed by multiple rinses in MilliQH2O and visualised using the Zeiss LSM 700 

confocal microscope. Foci were enumerated and foci forming units (FFU) were calculated; 

using the same formula for pfu/mL. 
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2.2.6 DENV2NGC infection 

Seeded cells were infected with DENV2NGC at an m.o.i 0.5, 1 and 5 with minimal 

volume of warm DMEM and incubated at 37°C. For synchronized infection, cold media was 

used and incubated on ice. Plates were incubated for 2 hr, rocking every 10 mins to prevent 

the cell monolayer from drying out. Pre-warmed media was added to each well and incubated 

at 37°C until required. 

2.3 Antibodies 

Alexa Fluor 488-, 594-, 647-conjugated species specific IgG and IgM secondary 

antibodies were purchased from Molecular Probes (Invitrogen, Leiden, The Netherlands). 

Secondary antibodies were used 1/5000 for WB and 1/500 for IF. Primary viral antibodies are 

listed in table 4 and host marker antibodies are listed in table 5. 

 

Table 4: Primary antibodies used to target viral proteins 

Viral 
Antibody 

Clone Dilution Cross-
reactive 

Reference 

Ms-prM/E Monoclonal WB: 1/100 
IF: 1/50 

WNVKUN 
Specific 

Prof Roy Hall, University 
of Queensland 

Ms-NS5 
(5H1) 

Monoclonal WB: 1/100 
IF: 1/50 

WNVKUN 
Specific 

Prof Roy Hall, University 
of Queensland 

Rb-NS5 Monoclonal WB: 1/100 
IF: 1/50 

DENV 
Specific 

Prof David Janes, 
Monash University 

Ms-NS1 
(4G4) 

Monoclonal WB: 1/100 
IF: 1/50 

Flavivirus 
cross-reactive 

Prof Roy Hall, University 
of Queensland 

Rb-NS3 Polyclonal WB: 1/500 
IF: 1/250 

Flavivirus 
cross-reactive 

Prof A. Khromykh, 
University of Queensland 

Gt-NS2B-3 Polyclonal WB: 1/500 
IF: 1/250 

Flavivirus 
cross-reactive 

Prof Paul Young, 
University of Queensland 
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Rb-NS4A Polyclonal WB: 1/250 
IF: 1/250 

Flavivirus 
cross-reactive 

Prof A. Khromykh, 
University of Queensland 

Ms-dsRNA 
(J2) 

Monoclonal IF: 1/500 dsRNA 
specific 

Scicons, Hungary 

Ms-dsRNA 
IgM 

Monoclonal IF: 1/250 dsRNA 
specific 

Prof Roy Hall, University 
of Queensland 

 

 

Table 5: Primary antibodies used to target endogenous host proteins and GFP 

Antibody Clone Dilution Epitope Reference 

Ms-Ceramide  Monoclonal IF: 1/50 C16- and C24 
Ceramide 

Enzo Life Sciences 

Rb-Calnexin Polyclonal WB: 1/2000 
IF: 1/250 

C-terminal 575-593 
a.a 

Calbiochem 

Rb-Giantin Polyclonal WB: 1/1000 
IF: 1/250 

N-terminal 108-157 
a.a 

Abcam 

Ms-Actin-β Monoclonal WB: 1/2000 
IF: 1/250 

N-terminal 1-14 a.a Abcam 

Rb-PDI Polyclonal WB: 1/2000 
IF: 1/250 

unknown   Calbiochem 

Rb-GAPDH Monoclonal  WB: 1/2000 
IF: 1/250 

Unknown  Cell Signalling Tech. 

Ms-RTN3A Monoclonal WB: 1/200 
IF: 1/100 

N-terminal 1-90 a.a Santa Cruz 

Rb-GFP Polyclonal WB: 1/2000 
IF: 1/250 

Unknown Life Technologies 

Gt-eIF3η Polyclonal WB: 1/1000 
IF: 1/250 

N-terminus Santa Cruz 
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2.4 Drug treatment 

All drugs were used at sub-cytotoxic concentrations as determined by the CytoTox 96® 

Non-Radioactive Cytotoxicity Assay kit (Promega) 

2.4.1 Myriocin treatment 

Myriocin (Sigma-Aldrich) was solubilised in methanol (MeOH) to 5 mM and stored at 

-20˚C. Vero cells were seeded DMEM/2%FCS until they were 70% confluent. Cells were 

either mock treated with the solvent vehicle MeOH (final concentration of 0.5%) or treated 

with various concentrations (6.2, 12.5 or 25 µM) of myriocin in DMEM/2%FCS for 24 h for 

DENV2NGC or 48 h for WNVKUN infections. Mock and infected Vero cells were also mock 

treated with MeOH or treated with 12.5 µM myriocin for 6 or 7 days in DMEM/2%FCS for 

DENV2NGC or WNVKUN infections, respectively. Cells were either infected with DENV2NGC 

(2.2.6) or WNVKUN (2.2.3). 

2.4.2 Fumonisin B1 

Fumonisin B1 (Sigma-Aldrich) was solubilized in DMSO (Sigma-Aldrich) to 10 mM, 

aliquoted and stored at -20˚C. Vero cells were seeded in DMEM/2%FCS until they were 70% 

confluent. Cells were either mock treated with the solvent DMSO (final concentration of 

0.25%), or treated with 30 nM or 40 nM of FB1 24 h for DENV strain New Guinea C 

(DENVNGC) or 48 h for WNVKUN infections. Cells were either infected with DENV2NGC 

(2.2.6) or WNVKUN (2.2.3) 

2.5 Plasmid construction 

NS1-HIS-tag and NS5-Biotin-tag SH3 mutants and RTN-mCherry construct where 

amplified using sequence specific primers (Table 6:) from pre-existing plasmids. Amplicons 

and plasmid (pcDNA3.1+) was digested with specific restriction enzymes (as suggested by 

the manufacturer; NEB) (Table 4) and ligated with T4 DNA ligase (Promega). Ligation 
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reactions were transformed (2.8), plasmid DNA extracted (2.10), verified by restriction 

digestion and validated by Sanger sequencing (Australian Genome Research Facility 

(AGRF)). Validated constructs were amplified and extracted using a Hi-speed Midiprep kit 

(QIAGEN) following the manufacturers protocol. 

Table 6: Primer sequences used to generate constructs 
Enzyme is donated in italics, start and stop codon is bold and Kozak sequence is underlined. 

Primer name Primer sequence (5’ to 3’) 

BamHI-mCherry - F CTAGTGGATCCCATGGTGAGCAAGGGCGAGG 

mCherry-KpnI - R AGCTTGGTACCTGCTTGTACAGCTCGTCCATGCC 

Start-E-NS1- F GCCGCCATGTCCATAGCCCTCACGTTCCTCGC 

NS1-HIS-stop-XhoI - R GCATCTCGAGTTAATGGTGATGGTGATGGTGGGCATT
CACGTGTGA 

NotI-NS5 - F  TATAGCGGCCGCATGGGTGGGGCAAAAGGACGC 

NotI-NS5 - R AATGCGGCCGCTTACAATACTGTATCCTCAACC 

2.6 DNA Purification 

2.6.1 Phenol:chloroform extraction 

DNA is diluted to 200 µl with DEPC MilliQH2O. On top, 200 µl of 1:1 

phenol:chloroform (Sigma-Aldrich) was added and mixed by vortexing for 30 s. Sample was 

centrifuged at 13,000 rpm (15871 rcf) for 5 mins to separate aqueous and organic phases. The 

aqueous phase (top layer) was transferred to a new microcentrifuge tube and 1:1 v/v of 

sample to 24:1 chloroform:isoamyl alcohol (Sigma-Aldrich) was added. Sample was 

vortexed for 30 s and centrifuged 13,000 rpm (15871 rcf) for 5 mins. The aqueous phase was 

collected and set aside for ethanol (EtOH) precipitation (2.6.2). 
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2.6.2 Ethanol precipitation 

Samples are diluted to 200 µl with DEPC MilliQH2O. DNA is precipitated by adding 

0.1 volumes of 3M sodium acetate pH 5.5 (Sigma-Aldrich)) and 3 volumes of absolute EtOH 

and stored at -80°C for 30 mins. Mixture is centrifuged at 13,000 rpm (15871 rcf) at 4°C for 

15 mins and washed with 70% v/v EtOH. EtOH was removed and the pellet is dried at 40°C 

for 2 mins (or until the pellet is clear) to remove all traces of EtOH. DNA pellet is then re-

dissolved in nuclease-RNase free MilliQH2O and stored at -20˚C.  

2.7 Site-directed mutagenesis 

To generate NS1 and NS5 putative SH3 binding motif mutants, single nucleotide 

mutations and an a.a insertion were generated in the WNVKUN infectious clone vector 

FLSDX (kindly provided by Prof Alexander Khromykh). PCR amplification of FLSDX was 

done by using Pfu Ultra Hot Start polymerase (Stratagene) and forward and reverse primer 

pairs containing site-specific mutations (Table 7:). Product amplification was performed 

under the following conditions:  

Denature, 1 cycle: 

• 92°C for 2 min  

Amplification, 18 cycles: 

• 92°C for 1 min  
• 55°C for 1 min  
• 68°C for 21 min  

Final extension, 1 cycle: 

• 15 min at 68°C 

PCR mix was treated with DpnI (Promega) to digest template DNA. Following digestion, 

PCR mix was EtOH precipitated (2.6.2) and transformed (2.8). Clones were validated by 

Sanger sequencing. Correct constructs were linearized with XhoI (NEB), protein 
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contaminants were digested with 100 µg/mL Proteinase K (Promega) for 2 hrs at 37˚C and 

phenol:chloroform treated (2.6.1) before in vitro transcription (2.11).  

 

Table 7: Primer sequence used for site-directed mutagenesis of FLSDX. 
Mutations are indicated in red and are bold. 

Primer Name Sequence (5’ to 3’) 

NS1-P36A F CGATACAAGTACTACGCTGAAACACCACAAGGT 

NS1-P36A R ACCTTGTGGTGTTTCAGCGTAGTACTTGTATCG 

NS1-P39A F TACTACCCTGAAACAGCACAAGGTCTAGCTAAG 

NS1-P39A R CTTAGCTAGACCTTGTGCTGTTTCAGGGTAGTA 

NS1-P36/39A F AAGTACTACGCTGAAACAGCACAAGGTCTA 

NS1-P36/39A R TAGACCTTGTGCTGTTTCAGCGTAGTACTT 

NS1-PEGTP F AAGTACTACCCTGAAGGCACACCACAAGGTCTA 

NS1-PEGTP R TAGACCTTGTGGTGTGCCTTCAGGGTAGTACTT 

NS5-P318A F GTGAAGGTACTGTGCGCCTACATGCCAAAGGTC 

NS5-P186A R GACCTTTGGCATGTAGGCGCACAGTACCTTCAC 

NS5-P189A F CTGTGCCCCTACATGGCAAAGGTCATAGAAAAG 

NS5-P189A R CTTTTCTATGACCTTTGCCATGTAGGGGCACAG 

NS5-P186/189A F GTGAAGGTACTGTGCGCCTACATGGCAAAGGTCATAGAAAAG 

NS5-P186/189A R CTTTTCTATGACCTTTGCCATGTAGGCGCACAGTACCTTCAC 

NS5-PYGMP F GGTACTGTGCCCCTACGGCATGCCAAAGGTCATAG 

NS5-PYGMP R CTATGACCTTTGGCATGCCGTAGGGGCACAGTACC 

 

2.8 Chemically competent DH5α preparation 

 To prepare the starter culture, inoculate a single colony into 3 mL of Luria-Bertani 

broth (LB) (10 g Tryptone, 10 g NaCL, 5 g yeast extract into 950 mL water) and incubate on 

a shaker (180 rpm) at 37°C for 18 hrs. Following the incubation period, 3 mL of the starter 
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culture is added to 200 mL of LB and incubated for a further 2-3 hours (until OD600 is ≈ 0.3-

0.4) at 37°C. Bacterial culture is incubated on ice for 5 mins and centrifuged at 3500 rcf for 

10 mins at 4°C. Supernatant is tipped off, bacterial pallet resuspended gently in pre-cooled 

TbfI buffer (30mM KAc, 100mM RbCl, 10mM CaCl2·2H20, 50mM MnCl2·2H20, pH 5.8 (pH 

adjust by using acetic acid only)) and incubated on ice for 5 mins. Following incubation, cells 

are centrifuged at 3500 rcf for 10 mins at 4°C and TbfI buffer is tipped off. Bacterial pallet is 

carefully resuspended in 8 mL TbfII buffer (190mM MOPS, 10mM RbCl, 75mM 

CaCl2·2H20, 15% v/v glycerol, pH 6.5 (adjusted by using 1M KOH)) and incubated on ice for 

a further 15 mins. Competent bacterial cells are aliquoted, snap frozen on dry ice and stored 

at -80°C. 

2.9 Transformation 

Purified plasmids were transformed into chemically competent DH5α E.coli cells. 100 

ng of DNA was mixed with 100 μl of cells. Mixture was incubated on ice for 20 mins, heat 

shocked at 42˚C for 1 min and placed on ice for a further 2 mins. On top, 900 μl of Super 

Optimal Broth (SOC) media (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 

mM MgCl2, 10 mM MgSO4, and 20 mM glucose) was added and incubated at 37˚C on an 

orbital shaker at 180 rpm. Cells were centrifuged at 2500 rpm (587 rcf) for 5 mins, 

resuspended in 100 µl of SOC media and plated on LB plates containing appropriate 

antibiotics.  

2.10 Plasmid DNA extraction by miniprep 

Transformations (2.8) were grown overnight (O/N) in 3 mL LB containing appropriate 

antibiotic at 37˚C on an orbital shaker at 180 rpm. Culture was centrifuged at 13,000 rpm 

(15871 rcf) for 5 mins to pellet bacteria. Supernatant was completely removed and the pellet 

was vigorously resuspended in 200 µl Solution I (Resuspension solution: 25 mM Tris, pH 
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8.0, 10 mM EDTA, pH 8.0, 50 mM glucose in sterile ddH2O. Prior to use, add 0.1 mg/ml 

RNase). To lyse cells, 400 µl of Solution II (Lysis solution: 0.2 M NaOH, 1% Sodium 

Dodecyl Sulfate (SDS) in sterile ddH2O) was added, mix by inverting 10 times and incubate 

at RT for 5 mins. Following the incubation period, 300 µl of Solution III (Potassium Acetate: 

2.8 M KOAC, pH to 5.1 with glacial acetic acid. Store at 4˚C) was added and mixed by 

inverting 5 times and incubate on ice for 20 mins. Mixture was centrifuged at 13,000 rpm 

(15871 rcf) at 4˚C for 15 mins and supernatant was collected without transferring any of the 

white precipitate. DNA was precipitated by adding 700 µl ice-cold isopropanol, incubate on 

ice for 15 mins and centrifuge at 13,000 rpm (15871 rcf) for 10 mins at 4˚C. Supernatant was 

removed and DNA pellet washed with 1 mL, 70% v/v EtOH. EtOH was completely removed 

and pellet dried at 50˚C. DNA pellet was dissolved in 30 µl sterile DEPC-MQH2O. DNA was 

separated by electrophoresis on a 0.7% Agarose gel and quantified with a NanoDrop2000 

(Thermo scientific). 

2.11 In vitro transcription 

Linearized constructs were in vitro transcribed using SP6 RNA Polymerase (NEB) at 

37oC for 2 hrs with the following components: 1 mM each of rATP, rCTP, rUTP, 0.5 mM 

rGTP (NEB), 100 μM cap analog (NEB), 40 U SP6 Polymerase (NEB) and 20 U RNaseOUT 

ribonuclease inhibitor (Invitrogen). Following the incubation period, 1/10th of the sample was 

run on a 0.8% agarose gel to determine RNA synthesis and quantified on a NanoDrop2000. 

RNA was transfected using the Neon© transfection system (Thermofisher) (2.12.1) 

2.12 Transfection 

2.12.1 Neon© transfection system 

BHK cells were trypsinised and resuspended in ice-cold DMEM. Cells were 

centrifuged at 400 rcf for 4 mins at 4˚C and washed twice with ice cold DEPC-PBS. Cells 
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were resuspended to a final concentration of 5.6x106 cell/mL with Buffer R (supplied with 

the kit). Equal amounts of each in vitro transcribed RNA (2.11) was mixed with 10 µl (24-

well plate) or 100 µl (6-well plate) resuspended BHK cells and transfected with the following 

conditions: 

• Pulse voltage: 1,150V 
• Pulse width: 20 ms 
• Pulse number: 2 

Electroporated cells were immediately transferred into DMEM complete (2 mL for 6 

a well plate) and incubated for 10 mins. From each mixture, 1/2 for 48 hr and 1/4 for 72 hr 

time point was plated and incubated at 37°C.  

Method is for a 6-well plate. Protocol is scales according to the plate size.  

2.12.2 Lipofectamine 2000 DNA transfection  

Seeded cells were incubated until 80% confluence. 1 µg of DNA in 50 µl of Opti-

MEM (Gibco); and 1.5 µl Lipofectamine 2000 (Life Technologies) in 48.5 µl Opti-MEM 

were incubated at RT for 2 mins. DNA and Lipofectamine mixtures were combined and 

incubated for a further 10 mins. Meanwhile, cells were washed with fresh cell culture media. 

400 µl of cell culture media was added to each well. On top, DNA:lipofectamine mixture is 

added drop wise. Cells were incubated at 37°C until required.  

Method is for a 24-well plate. Protocol is scales according to used plate.  

2.12.3 RNAiMAX transfection (for siRNA transfection) 

0.25 μM siRNA (Bioneer) and 1 µl RNAiMAX was diluted in a total of 50 µl of Opti-

MEM for 20 mins at RT. Following the incubation period, 5x104 HEK293T or 3x104 HeLa 

cells are added and incubated for 24 hours at 37°C. The following day, cells are transfected 

fro the second time with 1 µl RNAiMAX and 0.25 μM siRNA following the Lipofectamine 

2000 protocol (2.12.2) for a further 24 hours. 24 hours post transfection, cells were infected 
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with WNVKUN (2.2.3) or DENV2NGC (2.2.6). Method is for a 24-well plate. Protocol is scales 

according to used plate. 

2.13 Fixation and permeabilization 

2.13.1 Acetone:Methanol fixation 

Cells were rinsed in ice-cold PBS and incubated with 400 µl cold acetone:MeOH 

(1:1) for 4 mins at -20oC. Cells were then rinsed with ice-cold PBS and stored at 4oC until 

required.  

2.13.2 Paraformaldehyde fixation 

Cells were rinsed twice in PBS and fixed for 20 mins at RT with 4% v/v 

Paraformaldehyde (PFA) (Electron microscopy science).  Cells were then rinsed twice with 

PBS. To quench PFA autofluorescence, fixed cells were treated with 0.2M glycine (Sigma-

Aldrich) for 10 mins at RT. Cells were rinsed twice with PBS and stored at 4°C until 

required. 

2.13.3 Triton-X permeabilization 

Prior to immunofluorescence (IF), fixed cells were permeabilized with the addition of 

0.1% v/v Triton-X-100 (Sigma-Aldrich) in PBS and incubated for 10 mins at RT. Cells were 

then rinsed twice with PBS. 

2.13.4 Saponin permeabilization 

To prevent lipid extraction during permeabilization, cells were permeabilized with 

0.1% saponin (Sigma-Aldrich). Following PFA fixation, 0.1% saponin diluted in PBS/1% 

fatty-acid free BSA (Sigma-Aldrich) was incubated for 1 hr. IF (2.14) was performed by 

including 0.1% saponin in all of the subsequent steps to preserve permeabilization. 
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2.14 Immunofluorescence 

Following fixation, coverslips were incubated in primary antibodies (Table 4: and Table 5:) 

diluted in IF buffer (25 µl PBS/1% BSA (fatty-acid free BSA is used for lipid IF)) for one hr. 

Coverslips were washed 4 times in IF buffer and incubated in the dark with species specific 

conjugated secondary antibodies diluted in IF buffer for 45 mins. Coverslips were washed with 

PBS, incubated for 5 mins with DAPI diluted in PBS to counterstain the cellular nuclei. 

Following incubation, coverslips were rinsed with PBS followed by multiple rinses in 

MilliQH2O. Coverslips were air-dried and mounted using Ultramount mounting media 

(Fronine). Samples were viewed using the Zeiss LSM700, LSM710 and Leica SP5 confocal 

microscope. Co-localisation was determined by Pearson’s coefficient using the ImageJ JACoP 

plugin software. A co-efficient value exceeding 0.500 is considered as co-localisation. 

2.15 Fluorescence Resonance Energy Transfer (FRET) 

HeLa cells were co-transfected with: GFP tagged NS4A protein constructs as the FRET 

donor, and RTN3A-mCherry constructs as the FRET acceptor. 20 hours post transfection; 

cells were fixed with 4% PFA (2.13.2). Coverslips were mounted using Ultramount. Leica 

SP5 microscope equipped with FRET-SE was used for FRET analysis. GFP was excited 

using the 489nm laser line and mCherry emission was detected with a wavelength of 610nm. 

The Fosters radius (Ro) between GFP and mCherry is 5.1À. FRET efficiency was calculated 

using the Leica FRET-SE software on the Leica SP5 microscope. Blue is considered as ‘high 

FRET’. 

2.16 Protein Pull Down 

All samples were lysed with NP-40 lysis buffer (2.17.2) for the following assays. Assay 

was performed in a 6-well plate. Centrifugation steps were performed at 3,400 rcf for 1 min 

at 4˚C, unless stated otherwise. 
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2.16.1 Immunoprecipitation 

Following lysis, primary antibodies were added to sample and incubated O/N on an 

orbital rotator at 4oC. The following day, 10% Protein A-Sepharose (Thermofisher) is added 

to the sample and incubated for a further 2 hrs at 4oC. The sample is centrifuged, supernatant 

was removed and the beads were washed three times with NP-40 lysis (containing protease 

inhibitor cocktail III). Subsequently, the beads were resuspended in 40 µl laemmli loading 

buffer and boiled at 95oC for 10 mins to release the proteins off the beads. Samples are then 

run on a polyacrylamide gel to separate proteins by electrophoresis (2.17.3). 

2.16.2 cOmplete His-Tag Resin purification 

cOmplete HIS-Tag Resin (Roche) was used to purify HIS-tagged proteins. 20 µl of 

resin was washed twice with NP-40 buffer. Resin was added to lysate and incubated O/N on 

the orbital rotator at 4˚C. The following day, samples were centrifuged and washed 3 times 

for 10 mins at 4˚C with 500 µl relaxed wash buffer (150 mM NaCl, 2 mM MgCl2, 10 mM 

imidazole and 50 mM Tris, pH 8.0. Just prior to use, add 1/500 protease inhibitor cocktail). 

Samples were then washed 3 times with 500 µl stringent wash buffer (150 mM NaCl, 2 mM 

MgCl2, 30 mM imidazole and 50 mM Tris, pH 8.0. Just prior to use, add 1/500 protease 

inhibitor cocktail). The target protein was eluted with 40 µl elution buffer (150 mM NaCl, 2 

mM MgCl2, 300 mM imidazole, 50 mM Tris, pH 8.0 and prior to use 1/500 protease inhibitor 

cocktail) by incubating at 50˚C for 10 mins. Supernatant is transferred to a new 

microcentrifuge tube and stored at -80˚C until required. 

2.16.3 Streptavidin Agarose purification 

Streptavidin Agarose (Thermofisher) was used to purify biotin-tagged proteins. 30 µl 

of Streptavidin Agarose was washed twice with NP-40 lysis buffer and added to the prepared 

lysate. Lysate-Agarose mixture was incubated O/N at 4˚C on an orbital rotator. The following 
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day, the mixture was centrifuged and washed 4 times in NP-40 lysis buffer containing 

protease inhibitor cocktail for 10 mins each on an orbital rotator. The mixture was 

centrifuged and the supernatant was completely removed. The agarose pellet was 

resuspended in 2x laemmli loading buffer containing 0.1M Dithiothreitol (DTT) (Sigma-

Aldrich) and incubated at 99oC for 10 mins. The mixture was centrifuged, the supernatant 

transferred to a new microcentrifuge tube and stored at -80oC until required.  

2.17 Protein analysis 

2.17.1 Dithiobis (succinimidyl propionate) (DSP) treatment 

Anime-reactive crosslinker DSP (Thermo Scientific) was used to crosslink 

intracellular proteins 12.0 À apart. 50 mM stock solution was prepared by diluting in dry 

Dimethyl sulfoxide (DMSO). DSP crosslinking solution was made by diluted the stock 

solution to 2 mM in wash buffer (25 mM Sodium Phosphate, pH 7.4).    

Cells were resuspended into their culture medium and centrifuged at 500 rcf for 4 

mins. Media was removed and washed twice with wash buffer. Cell pellet was gently 

resuspended in crosslinking solution and incubated at RT for 45 mins. The mixture was 

centrifuged at 500 rcf for 4 mins, crosslinking solution removed and incubated for a further 

15 mins at RT with 200 mM Tris, pH 7.4; to quench any unreacted DSP. Cells were then 

lysed by following section 2.17.2. 

2.17.2 Cell Lysis 

Samples were lysed with either SDS or NP-40 lysis buffer. Method is for a 6 well plate, 

and adjusted accordingly to the plate’s surface area.  

SDS lysis: cells were washed twice with PBS and lysed in 300 µl of SDS lysis buffer (150 

mM NaCl, 50 mM Tris pH 8.0; 0.1% w/v SDS) containing protease inhibitors cocktail III 
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(Astral Scientific) by shaking on an orbital rotator for 30 mins at RT. Samples were stored at  

-80 oC until required, 

NP-40 lysis: cells were washed twice with ice-cold PBS and lysed in 200 µl of NP-40 lysis 

buffer (150 mM NaCl, 50 mM Tris pH 7.8; 1% NP-40) containing protease inhibitors 

cocktail III (Astral Scientific) by shaking on an orbital rotator for 30 mins at 4oC. Samples 

were centrifuged at 21,000 rcf for 20 mins at 4oC. Supernatant was transferred to new tubes 

and stored at -80 oC until required (unless samples were for protein pull down assays which 

were used immediately). 

2.17.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

 4x laemmli loading buffer (8% SDS, 40% glycerol, 0.008% bromophenol blue, 0.25 

M Tris HCl, pH 6.8) (0.1 M DTT was used if cells were DSP crosslinked (2.17.1)),  was 

added to lysate, samples were boiled for 5 mins at 95oC and incubated on ice for 2 mins. 

Lysates were loaded on a discontinuous, 0.1% SDS, 4-10% or 4-12% Tris-glycine 

polyacrylamide gel. Proteins were separated at 120V in Tris-glycine running buffer (25 mM 

Tris, 190 mM glycine and 0.1% SDS) until migration (dye) front reached the bottom of the 

gel. The gel was either used for western blotting (WB) (2.17.4) or protein staining (2.17.5). 

2.17.4   Western blotting 

SDS-PAGE separated proteins were transferred to a Hi-Bond nitrocellulose membrane 

(Amersham Biosciences). The polyacrylamide gel and nitrocellulose membrane are 

sandwiched between a sponge and 3 filter papers on each side and tightly clamped in western 

transfer buffer at (25 mM Tris, 190 mM glycine and 40% MeOH). The sandwich is 

transferred at 100V for 75 mins at 4oC to prevent the buffer from over-heating. Following the 

transfer, the nitrocellulose membrane is blocked in blocking buffer (5% skim milk powder in 

PBS) for 2 hrs.  The membrane was washed twice with PBS and incubated O/N at 4oC with 
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primary antibodies diluted in 5% BSA in PBS with 0.05% Tween (PBS-T) on a rotator.  The 

following day, membranes were washed 4 times with PBS-T for 10 mins. Species specific 

conjugated secondary antibodies were diluted in PBS-T and incubated on a rotator for a 

further 2 hrs at RT. The membrane was washed thrice with PBS-T and twice in PBS for 10 

mins. WB were visualised on the PharosFX Fluorescent scanner (Biorad). Densitometric 

analyses of WB were performed using Quantity One® software (Bio-Rad). 

2.17.5 SYPRO® Ruby protein gel stain 

Following electroporation (2.17.3), the gel was fixed in 100 mL fixing solution (50% 

MeOH, 7% acetic acid) for 30 mins on an orbital rotator. This step was repeated with fresh 

fixing solution. Following fixing, the gel was strained in 60 mL of SYPRO® Ruby (Thermo 

Fisher) on an orbital rotator O/N. The gel was transferred to a clean container and washed 

twice for 30 mins with washing solution (10% MeOH, 7% acetic acid), followed by two 

washes in MQH2O. The gel was visualised on the PharosFX Fluorescent scanner (Biorad). 

Densitometric analyses of western blots were performed using Quantity One® software (Bio-

Rad). 

2.18 RNA analyses 

The following protocol is for a confluent 6-well plate and scales accordingly. 

2.18.1 Cell Lysis 

Cells were rinsed twice with PBS and lysed with 1 mL TriZol (Life Technologies).  

2.18.2 RNA Extraction 

200 µl of chloroform was added to cell lysates (2.18.1) and vortexed for 15 s. Mixture 

was incubated for 5 min at and centrifuged at 12,000 rcf for 15 mins at 4oC. The aqueous 

layer (top later) was transferred into a new microcentrifuge tube. 500 µl of isopropanol was 

added, mixed by inversion and incubate for 10 mins (allowing the RNA to precipitate), then 
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centrifuge at 12,000 rcf for 10 mins at 4oC. The supernatant was removed and the RNA pellet 

was washed in 70% v/v EtOH/DEPC MilliQ H2O. All traces of EtOH was removed and the 

pellet air-dried at RT (pellet will go clear) for no more than 5 mins. The RNA pellet was 

dissolved in DEPC MilliQ H2O at 60°C for 10 min and quantitated using the NanoDrop2000. 

The RNA was immediately used or stored at -80°C until required.  

2.18.3 cDNA synthesis 

RNA was diluted to 1 µg in 16 µl of RNase-free MQH2O and treated with 1 U/µg RQ1 

DNase (Promega) at 37°C for 30 mins (removes contaminating DNA). The RQ1 DNase 

enzyme was heat inactivated at 65°C for 15 mins by adding 2 µl Stop Solution (Promega). 

Superscript III® reverse transcriptase (SSIII-RT) (Life Technologies) and gene specific 

primers were used to synthesis cDNA. Briefly, 5 µl of DNase reaction, 1 µl of reverse or 

forward primer (Table 8:) (stock concentration 2 µM), 1 µl dNTPs (stock concentration 10 

mM) and made up to 13 µl with RNase-free MQH2O in a PCR tube (including duplicate for 

no-RT control for each primer). Mixture was centrifuged, heated at 65°C for 5 min (to 

denature the RNA), and transferred directly onto ice for 2 mins. 4 µl FS buffer, 1 µl DTT, 1.5 

µl SSIII-RT (or water for no-RT control) and 0.5 µl RNaseOUT (Life Technologies) were 

added to each tube. Samples were incubate at 50°C for 50 min (RT step) and heat inactivates 

at 70°C for 15 mins. Samples were incubated on ice for 2 mins then diluted to 150 µl with 

RNase-free MQH2O. Samples were either immediately used for qRT-PCR or stored at -80°C.  

2.18.4 QRT-PCR 

IQ Sybr Green (Bio-Rad) was used to quantify gene specific RNA levels by adding: 5 

µl Primer mix (final concentration of 0.32 mM per primer set), 12.5 µl Sybr Green reaction 

mix, 2.5 µl RNase-free MQH2O and 5 µl cDNA. Plate was sealed and amplified with the 

following conditions: 
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Denaturing, 1 cycle: 
• 50°C for 8 min 
• 95°C for 2 min 

Amplification, 40 cycles: 
• 95°C for 15 sec  
• 60°C for 1 min 

Final extension, 1 cycle: 
• 60°C for 10 min 

Fold induction was calculated by comparing the threshold cycle values (CT) to the 

housekeeping genes RPL13A or GAPDH. 

Table 8: List of gene specific primers used for qRT-PCR assay.  

Primer name Primer Sequence (5’ to 3’) Amplicon length (bp) 

WNVKUN F TCAAGAATAACTTGGCGATCCA 94 

WNVKUN R TCACCTAGGACCGCCCTTT 94 

DENV2NGC F GAAATACGCCTTTCAATATGCTGA 92 

DENV2NGC R TGCAGCATTCCAAGTGAGAA 92 

RPL13A F CTCAAGGTCGTGCGTCTGAA 91 

RPL13A R CTGTCACTGCCTGGTACTTCCA 91 

GAPDH F ACAGTCCATGCCATCACTGCC 228 

GAPDH R GCCTGCTTCACCACCTTCTTG 228 

 

 

 

 
 



74 | P a g e  
  

 
 

 

 

 

 

CHAPTER 3 

DIFFERENTIAL UTILISATION OF CERAMIDE 

DURING REPLICATION OF THE FLAVIVIRUSES 

WEST NILE AND DENGUE VIRUS 
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3.1 ABSTRACT 

It is well established that +ssRNA viruses manipulate cellular lipid homeostasis and 

distribution to facilitate efficient replication. Flaviviruses are enveloped, positive-sensed 

single-stranded RNA viruses from the Flaviviridae family causing infection in North 

America, Oceania, Africa, Europe, the Middle East and west and central Asia. One of the 

hallmarks of Flavivirus infection is the remodelling of host membranes that incorporates both 

viral and host factors to facilitate almost every stage of viral replication. In this study, we 

have demonstrated that the cellular lipid ceramide is redistributed to the West Nile virus 

strain Kunjin virus replication complex (RC) but not to the Dengue-2 RC. We demonstrate 

that acute inhibition of serine palmitoyltransferase (SPT) with myriocin did not alter 

WNVKUN or DENV-2 replication; however ceramide reduction by prolonged chemical 

inhibition of SPT had a significant deleterious effect on WNVKUN replication but enhanced 

DENV-2 replication. Additionally, inhibition of ceramide synthase with Fumonisin B1 had a 

detrimental effect on WNVKUN replication and release of infectious virus particles but 

contrastingly an enhancing effect on DENV-2 replication and virus production. These 

observations suggest that ceramide production via the de novo and salvage pathway is a 

requirement for WNVKUN replication but inhibitory for DENV-2 replication. Thus, although 

these two viruses are from the same genus, they have a differential ceramide requirement for 

replication.   
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3.2 THE ROLE OF CERAMIDE DURING WEST NILE AND DENGUE 

VIRUS REPLICATION 

 



77 | P a g e  
  

 
 



78 | P a g e  
  

 



79 | P a g e  
  

 



80 | P a g e  
  



81 | P a g e  
  

 



82 | P a g e  
  

 



83 | P a g e  
  

 



84 | P a g e  
  

 



85 | P a g e  
  

  



86 | P a g e  
  

3.3 FUTURE DIRECTIONS 

This study has demonstrated a differential requirement of the lipid ceramide during 

WNVKUN and DENVNGC replication, and thus, although these two viruses are from the same 

genus, depletion of ceramide attenuated WNVKUN replication and on the contrary enhances 

DENVNGC replication. Additional experiments will help to further understand the effect that 

ceramide depletion has on WNVKUN and DENVNGC replication and decipher the mechanism 

underlying this process. Experiments that should be considered include: 

- Knockdown: Chemical inhibition of enzymes is a widely used and accepted method to 

inhibit enzyme activity, however these inhibitors possess off target effects. To limit off-target 

effects, siRNA or CRISP mediated knockdown of certain key enzymes along the ceramide 

synthesis pathway could be targeted to determine replication kinetics of Flaviviruses  

- Rescue of viral replication: Following ceramide depletion, it would be worthy to 

examine if exogenous addition of ceramide would rescue (WNVKUN) or inhibit (DENVNGC) 

viral replication alterations induced by ceramide depletion.  

- EM analysis: Ceramide is a cone shaped lipid molecule which influences membrane 

curvature in host cells. Flavivirus infection induces membrane alterations and forms highly 

curved membrane structures which aid in viral replication. The role of ceramide during the 

formations of the CM/PC and VP have not been explored. Resin-EM on cells depleted of 

ceramide followed by WNVKUN and DENVNGC infection could shed light onto the role of 

ceramide in the formations of the CM/PC or VP. Alteration of these structures could explain 

the attenuation (WNVKUN) or enhancement (DENVNGC) we observe during replication.  

These studies will aid in understanding the mechanistic requirement of certain lipids during 

Flavivirus replication and help in broad spectrum treatments against all Flaviviruses. 
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4.1 ABSTRACT 

Flaviviruses are enveloped, positive-sensed single-stranded RNA viruses from the 

Flaviviridae family causing infection in North America, Oceania, Africa, Europe, the Middle 

East and west and central Asia. One of the hallmarks of Flavivirus infection is the 

remodelling of host membranes that incorporates both viral and host factors to facilitate 

almost every stage of viral replication. In this study, we have investigated the involvement of 

the host protein Reticulon 3 during the replication cycle of two Flaviviruses, Dengue virus 

strain New Guinea C (DENV-2) and West Nile virus strain Kunjin virus (WNVKUN). We 

observed that RTN3A is redistributed and recruited to the replication complex (RC) of 

WNVKUN and DENV-2. Our subsequent analysis, by immunofluorescence (IF), Fluorescence 

Resonance Energy Transfer (FRET) and pull-down experiments, revealed that RTN3A 

specifically interacts with the viral protein NS4A, known to be responsible for host 

membrane rearrangements induced in WNVKUN and DENV-2 infected cells. Further C-

terminal deletion mutagenesis of the WNVKUN NS4A revealed that removal of the third 

transmembrane region of NS4A reduced the NS4A – RTN3A interaction by both IF analysis 

and pull-down experiments. Furthermore, siRNA-mediated knockdown of RTN3A attenuated 

WNVKUN and DENV-2 viral replication, and severely affected the stability and expression of 

NS4A protein, that coincided with a significant reduction in presence of viral CM/PC 

membrane structures during WNVKUN replication. Thus we have demonstrated the 

importance of RTN3A during Flavivirus replication by interacting with, and stabilizing the 

NS4A protein, potentially mediating the membrane remodelling capacity of both of these 

proteins. 
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4.2 INTRODUCTION 

The Flavivirus genus, within the Flaviviridae family, contains more than 70 highly 

pathogenic viruses such as WNV, DENV, JEV, ZIKV and YFV. These viruses are 

responsible for hundreds of thousands of deaths each year, mainly due to the lack of specific 

therapeutic and vaccine strategies. To successfully replicate its small genome size (~11kb), 

Flaviviruses utilise both viral and host factors to aid in transcription and translation, immune 

evasion, and remodelling of the intracellular membranous environment. This membrane 

remodelling drives the biogenesis of characteristic Flavivirus-induced membrane structures 

that are highly curved, and complex, termed CM, PC and VP [346, 347]. Previous studies by 

multiple groups have identified that these membrane structures are derived from the ER and 

also contain markers of the Golgi apparatus [348-352]. These virally induced membrane 

structures act as platforms for efficient viral replication and hide viral components from 

innate immune detection [353-355]; however the exact mechanism for the formation of these 

structures is not entirely understood [346, 348-350].  

 Viral replication is a complex process that requires many host factors at every stage of 

replication, including the formation of virally induced membrane structures [356, 357]. It is 

well established that the proliferation of the intracellular viral membranes during WNVKUN 

and DENVNGC replication is mediated via the small, hydrophobic protein NS4A, which when 

individually expressed is sufficient to proliferate membranes similar to the CM/PC observed 

during viral replication [208, 358]. NS4A is a 16 kDa highly hydrophobic, ER-associated 

protein with three TM regions, a membrane associated region and an N-terminal cytoplasmic 

region [208, 359]. During replication, two C-terminal proteolytic cleavage sites within NS4A 

are separated by the membrane associated 2K region that produces two isoforms; 

NS4A(+2K) and NS4A(-2K). Interestingly, transient expression of only the full length 

WNVKUN NS4A(+2K) was able to induce membrane remodelling, however membrane 
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proliferation induced by DENVNGC was associated with the removal of the 2K region 

(NS4A(-2K)) [208, 358]. In addition to its role in membrane proliferation, NS4A is also 

predicted to form part of the WNVKUN RC, suggested from studies which have shown 

interactions with the replicative intermediates dsRNA, NS1, NS2A and NS5 [360]. 

Additionally, mutations within conserved amino acids at both the N- and C-termini of 

WNVKUN NS4A impacted negatively on NS4A protein stability, cleavage efficiency and duly 

on virus replication [361, 362]. Furthermore, Teo and Chu, (2014) demonstrated the 

importance of the cytoplasmic region of DENV NS4A for efficient viral replication via its 

interaction with the cellular scaffolding protein vimentin [363], whereas other groups have 

shown that the first N-terminal TM domain mediates oligomerization of the protein [360, 

364, 365].  

 Host components are actively recruited to membranes by viral components to promote 

membrane proliferation, mediate RC formation and regulate viral replication. Two main 

cellular mechanisms that facilitate membrane bending are the RTN family of proteins and 

components of the ESCRT complex. The RTN protein family consists of four gene products 

(RTN1, RTN2, RTN3 and RTN4/Nogo), which depending on alternative splicing and 

promoters includes more than 200 proteins [366, 367]. A common feature of all RTN proteins 

is the C-terminal RDH that consists of two hairpin TM regions separated by a hydrophilic 

loop. The short topology of the hairpin TM sits on the outer leaflet of the ER membrane and 

occupies a higher density of space, causing a positive curvature of the membrane towards the 

cytoplasm [329, 368]. The RTN proteins localize to regions with high membrane curvature 

and are required to control the formation of ER tubules and increase peripheral ER sheets 

[330, 369, 370]. Previous studies have suggested a differential requirement of RTN proteins 

during the replication of (+)RNA viruses. EV71 requires RTN3A for replication as 

knockdown of RTN3A (via RNAi) inhibited EV71 replication [336]. Additionally, it was 
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shown that the EV71 2C protein directly interacts with RTN3A to promote efficient 

replication [336]. Similarly, the BMV 1a protein interacts with and incorporates RTN 

proteins into the virus-induced spherules (comprising the RC) and deletion of a number of 

RTN proteins attenuated BMV replication [335]. In contrast, RTN3A interacts and negatively 

regulates HCV NS4B dimerization and silencing of RTN3A enhanced HCV replication 

[338]. These studies demonstrate that proteins of the RTN family aid in viral replication and 

membrane biogenesis (i.e. EV71 and BMV), however inhibits replication of certain viruses 

(HCV). Currently, the role of RTN in WNV and DENV is unclear. 

In this study, we aim to determine the role and impact of RTN3A on Flavivirus 

replication and have demonstrate RTN3A is required for efficient WNVKUN and DENVNGC 

replication via a direct interaction with NS4A. Upon infection with WNVKUN and DENVNGC, 

we observed that RTN3A was recruited to sites of viral replication and interacts with 

transiently expressed recombinant NS4A via the first TM region. Silencing of RTN3A 

attenuated both WNVKUN and DENVNGC replication via destabilizing NS4A and thus the 

induction and membrane remodelling of the viral RC. These results indicate that Flaviviruses 

utilise the membrane bending capacity of the viral NS4A protein and the host RTN3A protein 

in concert to generate the viral RC required for efficient replication. 

 

4.3 RESULTS 

4.3.1 WNVKUN recruits RTN3A to the sites of virus replication 

RTN3A is a membrane bound protein required for the bending and shaping of the ER 

and plays a critical role in the replication of many (+)RNA viruses [335, 336, 338]. To 

determine the intracellular distribution of RTN3A during Flavivirus replication, HeLa cells 

were infected with WNVKUN and fixed for IF analysis (Figure 15:). Fixed samples were 

immune-labelled with antibodies to endogenous RTN3A and the viral markers dsRNA and 
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the NS4A protein. Within uninfected cells (Figure 15: a-d and m-p), the RTN3A protein was 

observed to localize as a reticular staining pattern in the cytoplasm and also confined to the 

perinuclear region. This distribution is consistent with previous observations indicating that 

RTN3A resides primarily within the ER and Golgi [371]. However, upon infection with 

WNVKUN, RTN3A resides as discrete puncta which displayed a similar localisation pattern to 

that of both dsRNA (Figure 15: e-l) and NS4A (Figure 15: q-x). Interestingly, although we 

observe a significant redistributed RTN3A during WNVKUN replication, we did not observe 

significant co-localisation of RTN3A with dsRNA (Figure 15: A; i-l and B; Rr=0.14±0.10; 

n=52 cells), but instead the RTN3A staining was adjacent or juxtaposed to that of dsRNA 

(Figure 15: h and l). As dsRNA labelling is a well-recognised marker for the viral RC [346, 

347]; this would suggest that RTN3A may not localise to the RC, or aid in the transcription of 

the viral genome.  

Conversely, we observed significant colocalization between RTN3A and NS4A in 

WNVKUN-infected cells (Figure 15: A; m-p and B; Rr=0.61±0.08; n=55 cells). Previous 

studies have shown that Flavivirus NS4A localises primarily to the CM/PC structures (in 

addition to the RC) [348, 360], and NS4A has the intrinsic capability to remodel cytoplasmic 

membranes to induce the CM/PC [372, 373]. Thus, our results here would suggest that 

WNVKUN recruits RTN3A to potentially aid in concert with NS4A to promote CM/PC 

formation 



93 | P a g e  
  

 

Figure 15: WNVKUN recruits the host protein RTN3A to site of virus replication 
(A) HeLa cells were mock- (panels a-h) or WNVKUN-infected (panels i-p), fixed at 24 h.p.i. and immunolabeled 
with antibodies to the host protein RTN3A (green; panels b, f, j and n) or the viral components dsRNA (red; 
panels c and k) or NS4A protein (red; panels g and o). The merged images are provided in both low (panels a, e, 
i and m) and high (panels d, h, l and p) magnification with a yellow hue indicated regions of co-localisation. 
Arrow heads indicate regions of co-localization. (B) Pearson’s coefficient (colocalization) is graphically 
depicted and was determined by the JaCOP plugin software in ImageJ on multiple images collected over 
replicate experiments. An Rr value greater than 0.5 is considered as significant co-localisation and the error bars 
indicate Rr±SEM and significance was determined by students t-test (Graph Prism 6). 
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4.3.2 Silencing of RTN3A expression attenuates WNVKUN replication potentially via 

destabilizing NS4A 

To determine the role of RTN3A during WNVKUN replication, RTN3A expression was 

silenced in HEK293T cells using siRNA targeting the RTN3A.gene (Figure 16:). Following 

silencing, cells were infected with WNVKUN and at 24 hrs h.p.i. viral RNA, cell lysates and 

virus containing supernatants were collected to determine the replication kinetics. The 

efficiency of RNAi-mediated silencing of RTN3A was assessed by western blot analysis 

where we observed a ~90% reduction in endogenous RTN3A protein levels (Figure 16: B). 

The effect of RNAi-mediated silencing of RTN3 on WNVKUN genome amplification was 

assessed by qRT-PCR where no significant differences were observed in WNVKUN (+) RNA 

or (-) RNA at the transcriptional level (Figure 16: A). Interestingly, although viral RNA 

levels remained similar, we observed significant changes in viral translational levels after 

suppression of RTN3A. Our western blot analysis revealed an ~25% reduction in both NS1 

and NS5 levels in the RTN3A knock down cells compared to untreated infected cells (Figure 

16: B and D). Surprisingly, even though the WNVKUN genome is translated off a single open 

reading frame, we additionally observed a ~65% reduction in the amount of NS4A protein in 

the RTN3A-silenced cells compared to untreated (Figure 16: B and D). In addition we 

observed a significant ~0.5 log10 decrease in viral titre in cells with decreased RTN3A 

expression compared to control and untreated cells (Figure 16: C). 

 Overall these results indicate that RTN3A plays a significant role in WNVKUN 

replication, however the role of RTN3A appears to be limited to viral protein and virion 

levels. Intriguingly, in the absence of RTN3A we did observe that the amount of the NS4A 

protein was greatly decreased, with respect to other viral proteins. 
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Figure 16: siRNA-mediated knockdown of RTN3A attenuates WNVKUN protein and virus production 
HeLa cells were untreated or treated with control siRNA or siRNA specific for the host RTN3A gene, infected 
with WNVKUN and viral RNA, protein lysates and intracellular and extracellular virus were collected 24 h.p.i. 
(A) RNA samples from treated and infected cells were analysed for WNVKUN genome levels using qPCR.. Error 
bars indicate mean +/- SEM of replicate analysis of replicate experiments (n=4). (B) Protein lysates were 
analysed by western blot using antibodies raised against WNVKUN protein NS5, NS1, NS4A and the host 
proteins RTN3A and GAPDH and the quantitation over replicate experiments (n=4) are provided in panel (D). 
(C) Cell culture supernatants were analysed by plaque assay for infectious virus production (n=4; error bars = 
+/- SEM). In all cases a significant change is indicated and was determined by student’s t-test (Graph Prism 6). 
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4.3.3 RNAi-mediated silencing of RTN3A expression reduces Flavivirus-induced 

membrane remodelling 

Our previous studies had revealed that the WNVKUN NS4A protein plays a significant 

role in the observed remodelling of cytoplasmic membranes and that specific mutations in 

NS4A resulting in increased degradation duly affected membrane remodelling [361, 372]. As 

we had observed that RNAi-mediated silencing of RTN3A expression also resulted in 

increased degradation of NS4A we sought to determine if this also affected the ability of 

WNVKUN to remodel intracellular membranes (Figure 17:). HEK293T cells were 

untransfected, control-siRNA transfected or transfected with specific RNAi duplexes 

targeting the RTN3A gene before the cells were harvested and processed for resin embedding 

and analysis by transmission electron microscopy. Initially, we evaluated the effect of 

RTN3.1A-silencing on the ER membrane ultrastructure in HEK-293T cells via transmission 

electron microscopy and observed minimal effect on cell viability and on the curvature of ER 

membranes in RTN3A-silenced and control-siRNA treated cells (Figure 17: A, v-vi vs. iii-

iv).  

Furthermore, following treatment with siRNA, cells were subsequently infected with 

WNVKUN for an additional 24 hrs and processed for resin embedding and analysis by 

transmission electron microscopy. In cells that were untreated but infected we observed 

membrane alterations characteristic of WNVKUN infection that included CM/PC, VP and 

virus particles within an expanded lumen of the rough ER (Figure 17: B, i and ii). Analogous 

morphology and virus particles were also observed within cells treated with the control RNAi 

and infected (Figure 17: iii and iv). In contrast, very little if any membrane alterations were 

observed in the RTN3A RNAi-treated and WNVKUN-infected cells. The majority of cells 

within this sample contained proliferated and expanded ER, however the presence of CM/PC, 

VP and virus particles was seldom observed. We did observe some very infrequent VP and 
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virus particles indicating with a small area of induced CM/PC indicating that this sample was 

at least infected (Figure 17: v and vi). However, we can’t completely disregard the possibility 

that these cells weren’t transfected with the RNAi targeting RTN3A. 

 These ultrastructural results indicate that RTN3A potentially plays a role in stabilising 

the WNVKUN NS4A protein to enable the membrane remodelling capability of NS4A that 

promotes efficient virus replication. To prove this hypothesis, pulse-chase of NS4A in the 

absence of RTN3A may be required. In addition, it supports the critical association between 

NS4A levels and membrane remodelling during Flavivirus infection. 
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Figure 17: siRNA-mediated silencing of RTN3A expression attenuates the capacity of WNVKUN to 
remodel cytoplasmic membranes 
HeLa cells were untreated or treated with control siRNA or siRNA specific for the host RTN3A gene, infected 
with WNVKUN and at 24 h.p.i. the cells were processed for EM analysis. (A) Cells were untreated (i-ii), treated 
with control siRNA (iii-iv) or siRNA-RTN3A gene (v-vi). Arrows indicate atypical ER curvature. Nucleus (Nu), 
Mitochondria (M), Endoplasmic reticulum (ER), Golgi (G). (B) (i-ii) WNVKUN-typical membrane structures 
paracrystalline arrays (PC) and convoluted membranes (CM) and virions were observed in untreated and 
WNVKUN-infected cells. (iii-iv)  WNVKUN-infected cells pre-treated with control siRNA also contained CM/PC 
and virions. (v-vi) Cells treated with RTN3A-specific siRNA and infected with WNVKUN were observed to 
infrequently contain characteristic membrane alteration but in the main contained a proliferated ER. (vii) 
Quantitation of CM/PC surface area. In all cases the scale bar indicates 500nm and significant change is 
indicated and was determined by students t-test (Graph Prism 6). EM analysis performed by Susann Liebscher. 
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4.3.4 RTN3.1A specifically co-localizes with both isoforms of the WNVKUN NS4A 

protein and is required for protein stability. 

Our previous observations indicated that RTN3A co-localised with WNVKUN NS4A 

(Figure 15:), and that depletion of RTN3A resulted in a major reduction of WNVKUN NS4A 

compared to other viral proteins (Figure 16:); thus we aimed to determine if RTN3A 

specifically interacted with both forms of WNVKUN NS4A. To investigate this aim we 

initially screened the distribution and co-localisation of transiently expressed recombinant 

WNVKUN NS4A-GFP, NS4A(-2K)-GFP and NS4B-GFP constructs and endogenous RTN3A 

by IF analysis (Figure 18:). We observed that, as previous, the distribution of RTN3A was 

quite diffuse within the cytoplasm but did appear to accumulate in the perinuclear region in 

mock-transfected cells (Figure 18: a-d). We observed that transfection of all recombinant 

WNVKUN proteins did induce some change in RTN3A to a more discrete punctate-like 

pattern, however, significant co-localisation was only observed during expression of the 

NS4A-GFP and NS4A(-2K)-GFP proteins (Figure 18: i-p and B; Rr=0.65±0.07, n=20 cells; 

and Rr=0.72±0.08, n=21 cells respectively). In particular, the expression of NS4A-GFP 

induced an accumulation of RTN3A within discrete foci within the cytoplasm (Figure 18: i-l). 

In contrast, expression of NS4A(-2K)-GFP was confined to a more “Golgi-like” staining 

pattern (Figure 18: m-p), similar to our previous observations [372], that also was co-incident 

with RTN3A. No significant co-localisation was observed in NS4B-GFP-transfected cells 

(Figure 18: B, Rr=0.49±0.08, n=19 cells). These observations suggest that RTN3A co-

localises specifically with both isoforms of the WNVKUN NS4A protein, albeit more so with 

the mature form NS4A(-2K). These results also indicate that RTN3A is redistributed to ER 

membranes that have been remodelled by expression of the GFP-NS4A protein.  
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Figure 18: RTN3A co-localises with WNVKUN proteins NS4A, NS4A(-2K) and NS4B 
(A) HeLa cells were mock-transfected (panels a-d) or transfected with cDNA plasmids encoding NS4A-GFP 
(panels i-l), NS4A(-2K)-GFP (panels m-p) or NS4B-GFP (panels e-h), and 24 hours later immunolabeled with 
antibodies against endogenous RTN3A (panels c, g, k and o; red). The merged images are provided at both low 
(panels a, e, I and m) and high (panels d, h, l and p) magnification with a yellow hue indicated regions of co-
localisation. Arrows indicate regions of high co-incidental staining for both the recombinant GFP proteins and 
RTN3A. (B) Pearson’s coefficient (colocalization) is graphically depicted and was determined by the JaCOP 
plugin software in ImageJ on multiple images collected over replicate experiments. An Rr value greater than 0.5 
is considered as significant co-localisation and the error bars indicate Rr±SEM and significance was determined 
by students t-test (Graph Prism 6). (C) HEK293T cells were untreated, siRNA control or siRNA-RTN3A 
treated, transfected with NS4B-GFP, NS4A-GFP or NS4A(-2K)-GFP for flow cytometry. siRNA mediated 
silencing of RTN3A depletes NS4A and NS4A(-2K) MFI. Error bars indicate mean ± SEM and significance 
was determined by students t-test (Graph Prism 6). 
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Furthermore, flow cytometry analysis was performed to confirm NS4A degradation 

during RTN3A silencing. GFP and NS4B were used as a control as each construct is fused to 

GFP at the C-terminus and NS4B is a transmembrane viral protein localizing to the ER. 

siRNA mediated silencing of RTN3A did not significantly reduce GFP and NS4B levels 

however we observe a significant reduction in NS4A and NS4A(-2K)  mean fluorescence 

intensity (MFI) levels (Figure 18: C). This may indicates a preferential requirement of 

RTN3A for NS4A stability and in the absence of RTN3A, NS4A is prone to degradation.  

4.3.5 WNVKUN NS4A associates and co-localizes with RTN3A via its most N-terminal 

transmembrane domain 

As we had determined that RTN3A specifically associates with the WNVKUN NS4A 

protein, we aimed to identify a potential domain within NS4A that mediated this interaction. 

The Flavivirus NS4A protein, which is highly hydrophobic, contains four TM domains [373]. 

To investigate this aim we utilised our existing NS4A-GFP expression constructs that had 

sequential C-terminal hydrophobic domain deletions [374] in combination with recombinant 

6xHis and mCherry-tagged RTN3A. As controls, we utilised the WNVKUN NS4B-GFP [374] 

and GFP proteins. These constructs were transfected into HeLa cells for FRET analysis 

(Figure 19: A and B) and into HEK293T cells for co-IP experiments (Figure 19: C).  

For the FRET analysis the NS4A-GFP proteins served as the donor and RTN3A-

mCherry acted as the acceptor. As expected, we did not observe a FRET signal during 

transfection of cells with the NS4B-GFP with RTN3A-mCherry constructs, indicating that 

these proteins are not interacting (Figure 19: A and B). However, upon co-transfection with 

NS4A-GFP, NS4A(-2K)-GFP, NS4A(-TM2)-GFP or NS4A(-TM1)-GFP with RTN3A-

mCherry, a strong and significant FRET signal was observed (Figure 19: A and B). Based on 

these observations we can suggest that NS4A and RTN3A interaction is mediated via the first 
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N-terminal hydrophobic domain and these two proteins interact at a distance less than or 

equal to 5.24 nm. 

To conclusively confirm an association between NS4A and RTN3A we performed 

6xHis-affinity purification experiments with the 6xHis-tagged RTN3A recombinant protein 

and NS4A-GFP recombinant proteins (Figure 19: C). We observed that all five recombinant 

forms of NS4A-GFP could be co-purified with 6xHis-RTN3A, although only minor amounts 

of NS4A-GFP, NS4A(-2K)-GFP and NS4A(TM0)-GFP were isolated (Figure 19: C). In 

contrast we observed that NS4A(TM2)-GFP and NS4A(TM1)-GFP were predominately co-

purified with 6xHis-RTN3A (Figure 19: C). This observation is in agreement with the FRET 

analysis where we observed higher significance in FRET signal with recombinant NS4A(-

2K)-GFP, NS4A(TM2)-GFP, NS4A(TM1)-GFP and RTN3A-mCherry (p<0.0003, p<0.0003 

and p<0.0009, respectively), compared to NS4A-GFP (p<0.03). These results may also 

indicate that although both proximal to each other within the ER the presence of the 2K 

peptide (not normally presence on the mature NS4A protein) may hinder the interaction with 

RTN3A. We also cannot disregard that this interaction could be indirect and mediated by 

other proteins and/or lipids alongside any subtle differences in the protein conformation 

between mCherry- and 6xHis-tagged RTN3A that could contribute to these observations.  

 Overall we have shown that the host protein RTN3A interacts with the WNVKUN viral 

protein NS4A, potentially via TM domains at the N-terminus of NS4A. We suggest this 

interaction aids in stabilizing the NS4A to facilitate the membrane bending and remodelling 

capabilities of both RTN3A and NS4A to promote the induction of membranes (namely 

CM/PC) characteristic of Flavivirus infection.   
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Figure 19: RTN3A specifically interacts with the N-terminal TM domains of the WNVKUN NS4A protein 
(A) HeLa cells were transfected with cDNA plasmids encoding recombinant NS4A-GFP constructs and 
RTN3A-mCherry and 24 hours later co-localisation was determined by FRET using the acceptor-
photobleaching technique and the FRET efficiency was calculated in panel (B). Error bars indicate mean+/-
SEM of replicate analysis of replicate experiments (n=4) and significance was assessed by students t-test (Graph 
Prism 6). (C) HEK293T cells were transfected with cDNA plasmids encoding recombinant NS4A-GFP 
constructs and 6xHis-RTN3A and 24 hrs post-transfection cell lysates were collected and analysed by western 
blotting for expression of the recombinant proteins in the whole cell lysate or after 6xHis-affinity purification 
against the 6xHis epitope tag used to isolate RTN3A. The results indicate that RTN3A predominately associates 
with NS4A-TM2 and –TM1. 
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4.3.6 Silencing of RTN3A expression attenuates DENVNGC replication 

We have established that WNVKUN recruits RTN3A, which in turn is required for 

efficient replication; we aimed to determine the requirement of RTN3A during DENVNGC 

replication. As previous, HeLa cells were infected with DENVNGC for 42 hrs and fixed for IF 

analysis (Figure 20: A). Fixed samples were immune-labelled with antibodies to endogenous 

RTN3A and the viral markers dsRNA and the NS4A protein. As determined for WNVKUN, 

we observe significant co-localisation of RTN3A with DENV NS4A (Figure 20: e-h; 

Rr=0.64±0.08; n=45 cells), but no significant co-localisation of RTN3A with dsRNA (Figure 

20: a-d; Rr=0.23±0.09; n=52 cells). Interestingly, majority of the RTN3A staining was 

juxtaposed to the staining for dsRNA and even appeared to be encircled by dsRNA.   

To determine a potential role for RTN3A during DENVNGC replication, HEK293T 

cells were transfected with RNAi targeting the RTN3A gene and were subsequently infected 

with DENVNGC for an additional 42 hrs before analysis by qRT-PCR, western blot and foci 

forming assay. Intriguingly, in contrast to WNVKUN, silencing of RTN3A resulted in an ~2 

log10 decrease in DENVNGC (-)RNA and ~0.5 log10 decrease in (+)RNA compared to 

untreated infected cells (Figure 20: B). Accordingly, the observed reduction in viral RNA 

levels correlated with a ~35% and ~50% decrease in DENVNGC NS1 and NS5 protein levels, 

respectively, and a ~70% reduction in NS4A levels (Figure 20: C and E). The observed 

attenuation in viral proteins were reflected in an ~1.0 log10 reduction in infectious DENVNGC 

particles upon RTN3A silencing compared to untreated infected cells (Figure 20: D).  
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Figure 20: RTN3A additionally contributes to DENVNGC replication 
(A) HeLa cells were infected with DENVNGC and fixed at 42 hrs p.i. for IF analysis with antibodies raised 
against RTN3A (panels b and f) or the viral components dsRNA (panel c) and NS4A (panel g). The merged 
images are provided at both low (panels a and e) or high (panels d and h) magnification with a yellow hue 
indicated regions of co-localisation. Arrows indicate regions of high co-incidental staining for NS4A and 
RTN3A. (B-E) HeLa cells were untreated, siRNA-control or siRNA-RTN3A treated, infected with DENVNGC 
and viral RNA, protein lysates and virus containing supernatants were collected at 42 h.p.i. (B) RNA samples 
were analysed for DENVNGC genome levels using qPCR. (+) and (-) sense viral RNA was determined and 
plotted (n=4). (C) Protein lysates were analysed by western blot using antibodies raised against DENVNGC 
proteins NS5, NS1 and NS4A, and the host proteins RTN3A and GAPDH and the quantitation over replicate 
experiments (n=3) are provided in panel (E). (D) Cell culture supernatants were analysed by foci forming assay 
for infectious virus particles (n=4). In all cases a significant change is indicated and was determined by students 
t-test and error bars indicate mean +/-SEM (Graph Prism 6). 
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4.3.7 RNAi-mediated silencing of RTN3A expression elongates DENVNGC-induced VP 

structures. 

To further extend the effects of RTN3A on DENVNGC induced membrane remodelling, 

RTN3A was silenced in HEK293T cells and infected with DENVNGC, harvested and 

processed for resin embedding and analysis by transmission electron microscopy (Figure 

21:). In the DENVNGC untreated and siControl-treated cells we observed the presence of 

distended ER, VP and virus particles (Figure 21: A-F), characteristic of DENVNGC infection, 

confirming these cells were infected. In contrast, in cells that were RTN3A RNAi-treated and 

subsequently infected with DENVNGC, we still observed proliferated ER and virus particles, 

but not to the same extent as the untreated cells. Silencing of RTN3A significantly elongated 

the VPs induced during infection (Figure 21: G-I). Average length of the VP range from 50-

100nm in size yet the silencing of RTN3A appear to have induced VP with lengths of up to 

250nm (Figure 21: J). In addition, we observed that the morphology of the virus particles in 

the siRTN3A-treated cells possess a “spikey” appearance (Figure 21: M), suggesting an 

accumulation of immature particles, in contrast to the more smooth-like appearance of virions 

in the untreated and siRNA-control treated and infected cells (Figure 21: K and L). 

Overall these results highlight the importance of the host protein RTN3A during the 

replication cycle of the two Flaviviruses DENVNGC and WNVKUN, and indicate that for at 

least WNVKUN that the interaction between RTN3A and NS4A is required for the stabile 

expression of NS4A and to promote the capacity of NS4A to remodel cellular membranes.  
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Figure 21: siRNA-mediated silencing of RTN3A expression elongates DENVNGC induced VP structures 
HeLa cells were untreated or treated with control siRNA or siRNA specific for the host RTN3A gene, infected 
with DENVNGC and processed for EM analysis. (A-C and K) DENVNGC-induced typical VP membrane 
structures and virions were observed in untreated and DENVNGC-infected cells. (D-F and L)  DENVNGC-
infected cells pre-treated with control siRNA also contained VP and virions similar to untreated cells. (G-I and 
M) Cells treated with RTN3A-specific siRNA and infected with DENVNGC were observed to infrequently 
contain elongated VP membrane alteration (arrow heads) and immature virions. (J) Quantitation of VP 
diameter/length. In all cases the scale bar indicates 500nm and significant change is indicated and was 
determined by students t-test (Graph Prism 6). EM analysis performed by Susann Liebscher. 
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4.4 DISCUSSION 

Due to their limited genome capacity, (+)RNA viruses work in sync with host factors 

(both protein and lipid) to create unique microenvironments for replication. During Flavivirus 

replication, two important membrane structures are induced protruding from the ER that have 

been characterized. Firstly, the formation of VP which houses the viral transcriptional 

components; and secondly the CM/PC structures where it has been proposed viral translation 

occurs [346, 375]. However, the exact mechanisms underlying the formation of these 

membranous microenvironments remain uncharacterized [185, 207]. In this study we have 

shown that the host ER shaping protein RTN3A contributes to the replication cycle of both 

WNVKUN and DENVNGC. We have shown that in particular RTN3A interacts with WNVKUN 

NS4A to aid in the remodelling of the ER membrane to facilitate efficient virus replication. 

During this study we observed that RTN3A co-localised with sites of virus replication 

in both WNVKUN- and DENVNGC-infected cells. However, we observed that RTN3A 

associated primarily with NS4A (identifying both VP and CM/PC) but not strongly with 

dsRNA (presumably identifying VP) (Figure 15: A and Figure 20: A). Interestingly, 

suppression of RTN3A expression attenuated viral RNA levels exclusively during DENVNGC 

replication (Figure 20: B), however the reduced expression of RTN3A significantly impaired 

viral protein translation and the production of infectious virus for both WNVKUN and 

DENVNGC (Figure 16: B-D and Figure 20: C-E). These observations suggest that WNVKUN 

and DENVNGC may utilise RTN3A in slightly different ways to facilitate replication, yet both 

are equally dependent on the host protein for efficient replication.  

Interestingly, our results have demonstrated that although the Flavivirus genome 

contains a single ORF, where an approximate equimolar ratio of viral proteins is expected, 

the suppression of RTN3A expression resulted in a 65% reduction in WNVKUN NS4A levels 

compared to an ~25% reduction in NS1 and NS5 levels (Figure 16: B and D). This suggests 
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that in the absence of RTN3A WNVKUN NS4A may be destabilised, leaving it prone to 

degradation. Intriguingly, we previously reported increased ER associated degradation of 

WNVKUN NS4A proteins harbouring point mutations within conserved regions [376]. We 

observed that the levels of NS4A could be restored when cells infected with the mutant 

viruses were treated with the proteasomal inhibitor bortezomib, however other proteasome 

(MG132) and lysosome (Chloroquine) inhibitors did not rescue NS4A degradation [376]. Our 

observations indicate that RTN3A may interact with NS4A within the ER membrane 

protecting it from subsequent ER associated degradation. However, RTN3A silencing and 

bortezomib treatment did not rescue NS4A levels (data not shown). Other proteasomal 

inhibitors such as carfilzomib and MG132 could be used. One possible explanation is that 

RTN3A aids in the oligomerisation of NS4A, as some recent reports have indicated that the 

oligomerization of DENV NS4A is mediated via the first trans-membrane domain [364, 365], 

intriguingly the same region where we have observed the RTN3A interaction (Figure 19:). 

We are currently investigating if RTN3A aids in this capacity and whether oligomerisation is 

a requirement for membrane induction. 

Recently, we observed that although WNVKUN and DENVNGC belong to the same 

genus, they differentially utilise ceramide to regulate their replication [377].  Similarly, the 

RTN protein family has shown to have differential effects in regulating viral replication. 

Members of the Picornaviridae family of viruses initially replicate on positively curved 

single membrane vesicles: however as infection progresses these structures become double 

membrane vesicles (DMV) protruding out to the cytoplasm from the ER [378-381]. Tang et 

al., (2007) observed that EV71 2C protein and dsRNA localised with RTN3A by IF, and 

silencing of RTN3A reduced EV71 dsRNA and protein levels [336].  Furthermore, 

replication of BMV occurs on negatively curved (protruding into the ER lumen) ER 

membranes (termed spherules) that are induced by the BMV 1a protein [382]. Deletion of the 
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RTN1, RTN2 and Yop1 in yeast prevented BMV 1a to induce spherules and recruit viral 

RNA, inhibiting replication by 80-90% [335]. On the contrary, the only report for a member 

of the Flaviviridae family of viruses has shown that RTN3A may act as an anti-viral mediator 

during HCV replication [338]. The authors showed that RTN3A binds to NS4B, preventing 

self-dimerization and thus inhibits replication [338]. The above study implies that HCV 

NS4B can associate with and proliferate the HCV membranous web independently of 

RTN3A [338]. Our results favour the scenario where RTN3A imparts a favourable outcome 

for Flavivirus replication and it utilised by, at least WNVKUN and DENVNGC, to promote 

membrane remodelling to establish the virus RC.  

The RTN proteins are present in all eukaryotic organisms with multiple introns and 

exon giving rise to numerous isoforms; however they all share a common RHD [329]. 

Previous studies have demonstrated that the RHD is the main region required during viral 

replication [335, 336, 338] and induces membrane curvature by inserting into membranes 

[330]. WNVKUN NS4A and NS4B are hydrophobic ER associated proteins that could 

potentially interact with RTN3A, however IF, FRET and co-IP analysis showed that only 

NS4A confers this capacity (Figure 18: and Figure 19:). NS4A is a multifunctional protein 

and previous studies have shown that DENV NS4A interacts with scaffolding protein 

vimentin [383], WNVKUN NS4A regulates the UPR [214], Flavivirus NS4A regulates 

interferon signalling [195, 196] and induces autophagy [213], and now we have shown that 

NS4A interacts with RTN3A to aid in replication.  

It is interesting to note that during infection, two isoforms of NS4A are potentially 

present: full length NS4A and NS4A(-2K) (where the C-terminal TM domain (named the 2K 

domain) is cleaved by the viral protease NS2B-3). Intriguingly, mutations that affect the 

cleavage between NS4A and 2K in the WNVKUN infectious clone resulted in the 

accumulation of full length NS4A which abrogated virus infection [362]. We also observed 
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that the full length NS4A bound less strongly to RTN3A (Figure 19:) suggesting that 2K may 

invoke a steric hindrance to the NS4A-RTN3A interaction, and interactions with other host 

and viral proteins. This would suggest that efficient cleavage of NS4A from 2K promotes an 

association with RTN3A with the TM regions within the N-terminus to stabilize and 

potentially promote oligomerization of NS4A and operate in concert to facilitate membrane 

remodelling. Furthermore, membrane remodelling is characteristic to Flavivirus infection and 

we have demonstrated by TEM studies that in the absence of RTN3A, membrane architecture 

is altered, thus attenuating viral replication. 

Overall this study has contributed to gaining knowledge on the involvement of host 

components during the replication cycles of the Flaviviruses WNVKUN and DENVNGC, and 

the role of the host RTN3A protein in the replication of a growing number of (+)RNA 

viruses. Our results suggest that RTN3A interacts with the WNVKUN NS4A protein to 

promote increased stability and/or contribute to the membrane remodelling capacity of 

NS4A. The possibility exists that targeting RTN3A for antiviral development could reduce 

the impact of Flavivirus infection and thus disease proliferation.   
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4.5 FUTURE DIRECTIONS 

This study has demonstrated the importance of the host protein RTN3A during 

WNVKUN and DENVNGC replication. Silencing of RTN3A attenuated both WNVKUN and 

DENVNGC replication and severely affected the morphology of the CM/PC (for WNVKUN) 

and VP (DENVNGC) structures. However, it is unclear if this phenotype is specific to the 

silencing of RTN3A and the mechanism involved in viral attenuation. Additional experiments 

to untangle RTN3A dependence during Flavivirus replication may include: 

- Analysing RTN family members: The RTN family consists of four gene products 

(RTN1, RTN2, RTN3 and RTN4/Nogo) and BMV requires RTN1, RTN2 and Yop1 to induce 

spherules and recruit viral RNA. Additional experiments to determine if RTN1, RTN2 or 

RTN4 is required for Flavivirus replication, or if this attenuation is specific to RTN3A.  

- NS4A degradation: We propose that the observed attenuation is due to the 

degradation of WNVKUN NS4A and demonstrated that WNVKUN interacts with RTN3A, 

however the mechanism by which NS4A is degraded is unclear. We propose that in the 

absence of RTN3A, NS4A is unstable and thus prone to degradation by the proteasome. By 

inhibiting the proteasome with various chemical inhibitors (Bortezomib, MG-132, 

Carfilzomib or Eeyarestatin), we can determine if proteolysis of NS4A is prevented.  

- DENVNGC NS4A interaction with RTN3A: Currently, in this study we have 

demonstrated that WNVKUN NS4A interacts with RTN3A however moving forward it is 

necessary to determine if DENVNGC NS4A also interacts with RTN3A.  

- RTN3A with other Flaviviruses: Furthermore, to indicate the importance of RTN3A 

on Flavivirus replication, replication kinetics of a third Flavivirus (possibly ZIKV) should be 

considered.  

Understanding a common mechanism by which Flaviviruses interact with RTN3A could aid 

in antiviral drug design to disrupt this interaction and attenuate viral replication.   



113 | P a g e  
  

 

 

 

 
 

 

 

CHAPTER 5 

MUTATIONS WITHIN THE IDENTIFIED 

CONSERVED SH3-BINDING MOTIFS IN KEY 

REGULATORY WEST NILE VIRUS PROTEINS 

IMPACT ON REPLICATION 
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5.1 ABSTRACT 

 West Nile virus (WNV) is an enveloped, +ssRNA virus from the Flaviviridae family 

causing infection in North America, Oceania, Africa, Europe, the Middle east and west and 

central Asia.  Due to the limited number of viral proteins encoded by +ssRNA viruses, host 

factors are recruited and required for sufficient viral replication. Host factors are involved in 

almost every step of +ssRNA virus replication by interacting with viral proteins via a specific 

motif. Modular interaction domains are conserved regions in proteins that are generally 30-

200 amino acids. These domains specialize in mediating interactions of proteins with one 

another, lipids and nucleic acids. Src Homology 3 (SH3) domains are one of the best 

characterized and most studied modular interaction domains requiring a conserved PxxP 

binding motif. Previous studies have established that SH3 domains are significant for the 

replication of numerous viruses. Analysis of the WNV genome allowed us to determine that 

genome contains a variety of putative SH3 motifs. By alignment analysis of different 

Flavivirus genomes, we have identified two possible SH3 motifs (within NS1 and NS5) that 

are conserved throughout the Flaviviruses. To interrogate these motifs we introduced site-

directed point mutations and insertion mutations within a WNV infectious cDNA clone 

(FLSDX). Recovery of viruses produced from these mutants indicated that they play a crucial 

role during WNV replication as the specific mutations had either attenuated or completely 

abolished WNV replication; presumably by abolishing protein-protein interactions. This 

study will now determine the interaction between host and viral proteins via these domains 

and the role of these host proteins play during WNV replication. 
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5.2 INTRODUCTION 

WNV is an enveloped, 11 kb +ssRNA virus which encodes for 10 viral proteins. Due to 

the limited coding capacity, protein-protein and protein-lipid interactions are indispensable 

for Flavivirus replication at every stage of their life cycle. WNV replicates in the cytoplasm 

by remodelling intracellular ER membranes [185]. We have identified key protein-lipid 

(chapter 3) and protein-protein (chapter 4) interactions that are required during Flavivirus 

infection and provided evidence those viral-host interactions are necessary for viral 

replication. Key factor mediating protein-protein interactions are SH3 domains. SH3 domains 

were the first identified modular protein interaction domains and are arguably the most 

abundant and best characterized of all the protein interaction modules [341]. SH3-mediated 

protein interactions aid in increasing the local concentration of proteins, recruit components 

of signalling pathways, mediate assembly of protein complexes and regulate the enzymatic 

activity of specific proteins [341]    

  SH3 domains consist of 60 conversed residues which have been identified in over 

1000 proteins [384]. The domain binds with moderate affinity by recognising specific Pro-

rich motifs. Within the canonical binding motif, two of the Pro residues are separated by two 

amino acids (PxxP) which acts as the core conserved binding motif. The direct contact with 

the domain occupies two out of the three binding pockets (polyproline-2: PPII) [385, 386]. 

The PxxP motif is then, in most cases, flanked by a basic residue which occupies the third 

pocket/groove. This interaction is characterized in two orientations which determine the 

class: class I ligands possess a +xΦPxΦP general consensus whereas class II ligands are in 

the ΦPxΦPx+ orientation (x represents any amino acid, + represents a basic residue and Φ 

represents a hydrophobic Pro) [341, 387, 388]. Furthermore, recent studies have determined 

that certain ligands can adopt a non-canonical SH3-binding motif, such as: host proteins Eps8 

(PxxDY) [389] and UBPY (Px(V/I)(D/N)RxxKP) [390]; alongside viral proteins such as 
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HCV NS5A [391] and alphavirus nsP3 [392]. In this study, we have identified two putative 

SH3-binding motifs within the WNV genome located in the NS1 and NS5 proteins.  

NS1 is an ER-luminal glycoprotein which has been extensively studied over the years; 

however the exact function during viral replication is far from clear. NS1 forms homodimers 

within the ER-lumen, presumably aiding in RC formation and stabilization within the VP 

[187]; translocates to the cell surface through the secretory pathway and where NS1 is 

secreted as hexamers [183]. Furthermore, NS1 can modulate the innate immune system [184] 

and inhibit the complement system [393] (1.5.4.4). Additionally, NS5 is a cytoplasmic 

protein which translocates to the nucleus for unknown reasons. It is the largest and the most 

conserved of the Flaviviral proteins with an N-terminal MTase and C-terminal RdRp domain. 

NS5 interact with NS3 to facilitate NTPase activity [221], and with the 3’ UTR during RNA 

synthesis [222]. NS5 also interacts with host factors such as importin β1 and α/β for nuclear 

translocation [223, 224] and affect the production of IL-8 [225] and IFN-α to modulate the 

immune response [226] (1.5.4.9). Based on these studies, both NS1 and NS5 need to interact 

with host proteins to modulate cellular homeostasis and enhance viral replication. 

In this study, we aimed to determine if the identified, putative SH3-binding motifs 

within the NS1 and NS5 proteins were essential for viral replication. We utilised 

bioinformatics software to scan the WNV genome and employed sequencing alignment to 

identify two potential SH3 binding motifs which were conserved throughout the Flavivirus 

genus. These two sites were identified within the NS1 protein comprising a P36E37T38P39 

motif, and within the NS5 protein comprising a P186Y187M188P189 motif. To evaluate the 

requirement of these motifs during the WNVKUN replication cycle, site-directed mutations 

were introduced within the WNVKUN infectious clone (FLSDX) and replication efficiency 

was assessed after transfection of the mutant constructs. We determined that these regions 

were required for efficient replication as introducing mutations either attenuated or abolished 
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viral replication. Interestingly, mutations within the NS5-SH3 binding motif affected the 

ability of NS5 to interact with other replicative viral proteins and displayed a severe 

phenotype to that observed for the NS1 mutation. Therefore, these mutations could possess 

the ability to aid in vaccine development for WNV and other Flaviviruses, as most vaccines 

(DENV and JEV) are based on mutations which attenuate viral replication.

 

5.3 RESULTS 

5.3.1 Two highly conserved putative SH3-binding motifs within the Flavivirus 

genome 

To identify putative SH3 binding motifs within the WNVKUN genome, we interrogated 

the genome using SH3-hunter: an online bioinformatics web server designed to analyse input 

protein sequences to determine possible SH3 motifs by identifying peptides containing poly-

proline binding sites (http://cbm.bio.uniroma2.it/SH3-Hunter/) [394]. We identified 10 

possible SH3 binding motifs within the WNV genome; however only pursued with the 

characterisation of two of these sites: the NS1 P36E37T38P39 and the NS5 P186Y187M188P189 

motifs. To determine the importance of these regions, we aligned WNV with other members 

of the Flavivirus genome using ClustalW.  Alignment indicated that these regions are highly 

conserved throughout the Flaviviruses; elaborating the importance of both these regions in 

viral replication (Figure 22: A; Figure 23: A).  

The first Pro residue (P36) within the core conserved SH3 binding motif of NS1 

(P36E37T38P39) is highly conserved (represented in blue), with DENV1 Abidjan and DENV3 

Singapore containing an alanine (Ala (A)) residue instead of the Pro. Conversely, the second 

Pro residue (P39) is identical (represented in yellow) throughout the Flaviviruses (Figure 22: 

A). Interestingly, both Pro residues within the NS5 SH3- binding motif (P186Y187M188P189) are 

http://cbm.bio.uniroma2.it/SH3-Hunter/
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identical thought the Flavivirus genome (Figure 23: A); suggesting the importance of these 

residues during viral replication.  

To interrogate the importance of the identified regions, single and double nt point 

mutations, as well as insertions were incorporated into the full length WNVKUN infectious 

clone FLSDX [158]. Accordingly, for both NS1 and NS5, either the first Pro was mutated to 

an Ala or the second Pro was changed to an Ala (NS1: ∆P36A, ∆P39A; and NS5: ∆P186A, 

∆P189A); both Pro were changed to Ala (NS1: ∆P36/39A; and NS5: ∆P186/189A); and to 

conserved the unique folding characteristic possessed by Pro on proteins secondary structure, 

the Pro residues were retained, however a glycine (G) was inserted to disrupt the PxxP core 

conserved binding motif (NS1: PE(↓G)TP; and NS5: PY(↓G)MP) (Figure 22: B; Figure 23: 

B). 

Furthermore, studying the NS1 and NS5 crystal structure revealed the position of 

potential SH3 binding motif within these proteins [184]. According to published data, the 

highly conserved NS1-P36E37T38P39 motif is located within the joining region of the β-roll 

(the domain responsible for NS1 dimerization) and the “wing” domain (contains two 

glycosylation sites) of NS1 (between β3 and α1) (Figure 22: C). This region acts as a bridge 

connecting the two domains; hence we do not expect mutations within this region to affect 

protein dimerization or glycosylation. Also, the surface localization of the motif permits 

interactions with other proteins. (Figure 22: C).   
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Figure 22: Identification and mutations within the NS1-SH3 binding motif 
(A) ClustalW alignment of Flavivirus NS1 sequences reveals a potential PxxP motif (WNV SH3-binding motif, 
red box) that is highly conserved throughout the flavivirus genus. (B) Point mutants and insertion mutations 
were created within the infectious FLSDX clone by mutating the first, second and both Pro to Ala and by 
insertion of a Gly within the PxxP motif.  (C) Crystal structure of WNV NS1. The putative SH3 binding motif 
lies within the linker region joining the β-roll to the wing structure (between β3 and α1) [184].   
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Figure 23: Identification and mutation of NS5-SH3 binding motif 
(A) ClustalW alignment of WNV NS5 sequences reveals a potential PxxP motif (WNV SH3-binding motif, red 
box) that is identical throughout the Flavivirus genus. (B) Point mutants and insertion mutations were created 
within the infectious FLSDX clone by mutating the first, second and both Pro to Ala and by insertion of a Gly 
within the PxxP motif.  (C) Crystal structure of WNV NS5. The putative SH3 binding motif lies on the surface 
of the MTase region, away from the SAM domain.  
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In contrast, WNV NS5 is a dual functioning protein acting as an MTase responsible 

for viral RNA capping and an RdRp transcribing viral RNA. The conserved NS5-

P186Y187M188P189 region lies within the MTase region of NS5. Mapping this region on the 

crystal structure shows that the NS5-P186Y187M188P189 a.a region is on the outer surface of 

NS5, distal from the active SAM region responsible for the MTase activity (Figure 23: C). 

5.3.2 Mutations within the NS1 SH3 binding motif severely attenuates viral 

replication but did not affect protein localization 

To determine the role of the NS1 SH3 binding motif, all mutants were in vitro 

transcribed followed by electroporation into BHK cells. 48 and 72 h.p.e lysates and t.c.f were 

collected to determine replication efficiency. WB analysis indicated that up to 72 h.p.e, 

replication of single mutants (NS1-P36A and NS1-P39A) were slightly attenuated whereas 

the double Pro mutant (NS1-P36/39A) and glycine insertion mutant (NS1-PEGTP) were 

severely attenuated compared to WT FLSDX (Figure 24: A and B). As discussed previously 

(1.5.4.4), WNVKUN NS1 is hyper-glycosylated, dimerizes, forms NS1’ and is secreted during 

replication. Mutations within NS1 did not inhibit protein glycosylation, secretion, 

dimerization or NS1’ formation during replication or transfection (Figure 24: A and B, 

respectively). T.c.f of 72 h.p.e cells were analysed for virus production by plaque assay. 

Consistent with WB results, viral production was not affected by single Pro mutations, 

however NS1-P36/39A and NS1-PEGTP mutations attenuated viral secretion by 1.5 to 2 

logs, respectively (Figure 24: C). Plaque assay results also revealed that plaque diameters for 

NS1-P36/39A and NS1-PEGTP were much smaller than WT FLSDX, indicating an 

impediment in viral infectivity caused by these mutation (Figure 24: D). Furthermore, the 

possibility exists that these plaques could be formed via revertants and/or compensatory 

mutations. 



122 | P a g e  
  

Viral particles harvested from t.c.f of electroporated BHK cells were used to 

subsequently re-infect Vero cells for IF analysis to determine the effects of these mutations 

on NS1 localisation with the replicative protein NS4A. IF results demonstrated that WT NS1 

co-localises with NS4A within the ER-luminal to aid in RC formation (Figure 25: d-f); 

however, although we observe an attenuation during viral replication for NS1 SH3 mutants, 

mutations within the putative SH3-biding motif did not prevent co-localisation of NS1 with 

NS4A (Figure 25: g-o). While we did not observe a reduction in NS1 secretion, NS1-P39A 

and NS1-P36/39A mutants showed an increase in NS1 aggregation and accumulation within 

the cell (Figure 25: j-o). Furthermore, replication was not observed for the NS1-PEGTP 

mutant, indicating that this mutation has severely attenuated WNV infectivity; consistent with 

WB and plaque assay results (Figure 25: p-r).  
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Figure 24: Putative NS1 SH3 binding motif mutations within NS1 attenuates viral replication 
(A) Cell lysate of WT-FLSDX and NS1-FLSDX mutants were collect 48 and 72 h.p.e to analyze viral 
replication by western blot. Western blot was labelled with antibodies raised against viral NS5 and NS1 
proteins. (B) NS1 and mutants were cloned into pcDNA3.1-HIS and over-expressed in Vero cells. Whole cell 
lysates were collected, analysed via western blot and labelled for NS1 (C-D) T.c.f of 72 h.p.e cells were 
analyzed for virus production by plaque assay on Vero cells. In all cases a significant change is indicated and 
was determined by student’s t-test and error bars indicate mean +/-SEM (Graph Prism 6). 
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Figure 25: Mutations within the PxxP motif of NS1 do not affect replicase protein association 
Mutant viruses were harvested from electroporated BHK cells and subsequently used to re-infect Vero cells at a 
M.O.I of 1. 22 h.p.i, cells were fixed and analyzed by IF with viral markers as shown. Images were acquired on 
the Zeiss LSM700 confocal microscope at x63 magnification and analyzed in the ZEN software.  
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5.3.3 Mutation within the NS5 SH3 binding motif abolishes viral replication and 

protein localization 

Further on, we interrogated the effect of mutating the putative NS5-SH3 binding motif 

during viral replication. Mutations in the putative NS5-SH3 binding motif within the 

infectious FLSDX clone have differing effects on viral replication, virion secretion and NS5 

localization. 48 and 72 h.p.e, cell lysates of WT FLSDX and FLSDX-NS5 mutants were 

analyzed by WB.  WB results indicate that up to 72 h.p.e, replication of FLSDX-NS5-P186A 

and FLSDX-NS5-P189A are not attenuated, however replication of FLSDX-NS5-P186/189A 

is severely attenuated and FLSDX-NS5-PYGMP is abolished (Figure 26: A).  Alongside WB 

results, t.c.f of 72 h.p.e cells were analyzed for virus titers by plaque assay. Consistent with 

WB results, viral production was severely attenuated for the double Pro mutants and 

abolished for the NS5-PYGMP mutant (Figure 26: B). A 4 log decrease in NS5-P186/189A 

was observed which could most probably be due to a compensatory reversion, however viral 

particles were not assayed for possible reversions (Figure 26: B). Plaque assay results also 

revealed that unlike the NS1 mutants, viral infectivity was not attenuated as we did not 

observe changes in plaque sizes (Figure 26: C). 

Tissue culture fluid containing mutant virus particles were harvested from 72 h.p.e 

BHK cells and subsequently used to re-infect Vero cells to observe the effects of these 

mutations on NS5 protein localization during replication. Alongside NS5, cells were co-

labelled with NS3 (representative of the VP) and NS4A (representative of the CM/PC). 

During infection WT-NS5 distributes throughout the cytoplasm localising to the CM/PC and 

VP interacting with NS3 and NS4A (Figure 27: e-h); and to a lesser extent translocates to the 

nucleus. Mutation within NS5-P186A and NS5-P189A did not appear to affect NS3-NS4A 

co-localization and RC formation; however diffusion and reduction of NS5 co-localizing with 

NS3 and/or NS4A is clearly apparent (Figure 27: i-p). Mutations within the putative SH3 
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motif may prevents viral-host protein interacts and sequesters NS5 away from the RC. As 

expected, we did not observe replication in the NS5-P186/189A and NS5-PYGMP mutants 

(Figure 27: q-x). 

 
Figure 26: Specific mutations with the putative NS5 SH3 binding motif mutations within NS5 abolishes 
viral replication 
BHK cells were electroporate with in vitro transcribed RNA of WT-FLSDX and NS5-FLSDX mutants and 
incubated for 48 and 72 hours. (A) Cell lysate of WT-FLSDX and NS5-FLSDX mutants were collect 48 and 72 
h.p.e to analyze viral replication by western blot. Western blot was labelled with antibodies raised against viral 
NS5 and host actin proteins. (B-C) T.c.f of 72 h.p.e cells were analyzed for virus production by plaque assay on 
Vero cells. In all cases a significant change is indicated and was determined by student’s t-test and error bars 
indicate mean +/-SEM (Graph Prism 6). 
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Figure 27: Mutations within NS5-PxxP motif affects localisation with replicative proteins 
Mutant viruses were harvested from electroporated BHK cells and subsequently used to re-infect Vero cells at a 
M.O.I of 1. At 22 h.p.i, cells were fixed and analysed by IF with viral markers NS4A (panels b, f, j, n, r, v), NS3 
(panels c, g, k, o, s and w) and NS5 (panels a, e, I, m, q and u). The merge images are provided (green = NS5, 
red = NS4A, magenta = NS3, Blue = DAPI) (panels d, h, l, p, t and x) where white hue represents areas of co-
localisation. Images were acquired on the Zeiss LMS700 confocal microscope at x63 time’s magnification and 
analyzed by the Zeiss ZEN software. 
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5.3.4 NS1-P36/39A and NS1-PEGTP cannot inhibits stress granule formation 

Previous studies have established that WNV and DENV interferes with  stress granule 

(SG) formation, however a direct interaction linking NS proteins to SG inhibition was not 

established [395]. We aim to determine if WNV inhibition of SG is regulated via SH3 

mediated interactions with NS1 or NS5 by individually expressed WT-NS1, WT-NS5 and 

each NS1/NS5-SH3 motif mutant. Under thapsigargin induced ER stress conditions, SG 

formation is observed as cytoplasmic puncta containing mRNA (12.08 ± 5.31 puncta/cell) 

(Figure 28: d-f).  RTN3A, which does not interfere with SG formation, was transfected into 

Vero cells as a control to determine the effects of over-expression on SG formation. RTN3A 

transfection decrease the number of SG puncta and therefore was used as a representative 

baseline level for SG puncta per cell (6.81 ± 3.91 puncta/cell) (Figure 29: a-c, Figure 30:).  

Vero cells transfected with WT-NS1 (Figure 28: g-i, Figure 30:) and WT-NS5 (Figure 

29: d-f, Figure 30:) and treated with thapsigargin presented a severe reduction in the number 

of SG puncta per cell, signifying that NS1 and NS5 may interfere with the formation of SG 

induced puncta (2.62 ± 2.44 puncta/cell and 1.84 ± 3.39 puncta/cell, respectively) (Figure 

30:). NS5-SH3 mutants interfered with SG induction, elaborating that NS5 regulates 

thapsigargin induced SG formation independent of the putative SH3-motif (NS5-P186A = 

1.87 ± 3.39, NS5-P189A = 1.81 ± 1.84, NS5-P186/189A = 3 ± 3.8 and NS5-PYGMP = 2.16 

± 2.51 puncta/cell) (Figure 29: d-r, Figure 30: B). Furthermore, mutation of the second Pro 

residue within NS1 (NS1-P39A) did not interfere with NS1s ability to prevent SG formation 

(2.97 ± 2.58 puncta/cell) (Figure 28: j-l, Figure 30:). Interestingly, expression of NS1-

P36/39A and NS1-PEGTP mutants abolished the ability of NS1 to prevented SG formation 

upon exposure to thapsigargin (5.24 ± 3.40 and 5.35 ±3.47 puncta/cell, respectively) (Figure 

28: m-r) (Figure 30: A). The restoration of SG elucidate that the SH3 binding motif within 

NS1 might play a role in SG formation through the ER-stress pathway.
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Figure 28: IF representation of NS1 effect on SG formation 
Vero cells were transfected with WT-NS1 or NS1-SH3 mutants; followed by either vehicle DMSO treatment or 
1uM thapsigargin treatment to activate SG formation. eIF3n antibody was used to label SGs. (a-c) background 
straining of eIF3n. (d-f) SG are observed as puncta once activated. (g-r) representative figures of SG during 
transfection with NS1 and mutants. Images were acquired on the Zeiss LMS710 confocal microscope at x63 
time’s magnification and analyzed by the Zeiss ZEN software.  Refer to Figure 30: A for puncta quantitation. 
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Figure 29: IF representation of NS5 effect on SG formation 
Vero cells were transfected with RTN3a-mCherry, WT-NS5 or NS5-SH3 mutants followed by 1uM 
thapsigargin treatment to activate SG formation. eIF3n antibody was used to label SGs. (Figure 28: a-c) 
background straining of eIF3n. (Figure 28: d-f) SG observed as puncta in stress induced conditions. (a-c) 
RTN3A transfected cells as a control for SG formation. (d-r) Representative figures of SG puncta formation 
during transfection with NS5 and NS5-SH3 mutants. Images were acquired on the Zeiss LMS710 confocal 
microscope at x63 time’s magnification and analyzed by the Zeiss ZEN software. Refer to Figure 30: B for 
puncta quantitation. 
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Figure 30: Quantitation of SG per cell 
Number of stress granule puncta per cell. RTN was transfected as a control to determine the effects of 
transfection on SG puncta formation. (A) WT-NS1 and NS1-P39A show a significant decrease in the number of 
SG puncta per cell. NS1-P36/39A and NS1-PeGtP does not show a decrease in SG puncta formation. (B) WT-
NS5 and all mutants of NS5 showed a significant decrease in the number of SG puncta per cell. **** P-value is 
calculated to RTN transfected cells. The number on the bottom of each section represents the number of zero SG 
puncta per cell. Error bars indicate mean ± SD. n=37 cells. 

 
5.3.5 Identification of viral-host protein interactions by mass spectrometry 

Viral-host protein interactions are vital to uphold replication. We have established that 

mutating conserved putative SH3 motifs attenuates or abolishes viral replication. The 

attenuation in viral replication is possibly due to the inability of mutant viral proteins NS1 

and NS5 to interacting with host proteins containing SH3 domains. To determine if vital 

interaction between viral and host proteins were diminished, HEK293T cells were transfected 

with WT-NS1-HIS, WT-NS5-Biotin, or NS1-PETP/NS5-PYMP mutants. Expressed viral 

proteins were pulled down by the attached tag, separated by SDS-PAGE electrophoresis and 

stained with SYPRO® Ruby protein stain. 

WT-NS1-HIS expression and pull down revealed 7 host proteins which were present 

within WT-NS1 transfected cells (≈ 36 kDa, 37 kDa, 40 kDa, 80 kDa, 100 kDa, 120 kDa 125 

kDa) however absent from NS1-SH3 mutants (Figure 31: Red box). Additionally, WT-NS5-
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biotin expression interacts with a host protein at ≈140 kDa. NS5-P186/189A and NS5-

PYGMP mutations cause a severe reduction in the amount of host protein purified (Figure 32: 

top red box). Furthermore, NS5-PYMP mutations abolish interacts between NS5 and a ≈60 

kDa host proteins (Figure 32: bottom red box). To identify the interacting proteins, each band 

was harvested for mass spectrometry. Unfortunately, due to the low protein yields, we could 

not determine the identity of each protein. We hypothesize that mutations within putative 

NS1-SH3 and NS5-SH3 motifs interfere with NS proteins ability to interact with and recruit 

SH3-domain containing host proteins, which could translate to the attenuation observe during 

viral replication. 

 
Figure 31: Host:viral protein interactions lost due to mutations within the NS1-PETP motif 
NS1 and NS1-PETP motif mutant pull down by the attached HIS tag and protein stained with SYPRO® Ruby. 
WT-NS1 is interacting with 7 host proteins (≈ 36 kDa, 37 kDa, 40 kDa, 80 kDa, 100 kDa, 120 kDa 125 kDa); 
however these interactions are lost due to mutations within the putative SH3 binding motif.  
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Figure 32: NS5-SH3 motif mutations interfere with host:viral protein interactions 
NS5 and NS5-PETP motif mutant pull down by the attached Biotin tag and protein stained with SYPRO® 
Ruby. WT-NS5 is interacting with a ≈60 kDa host proteins, however these interactions are lost due to mutations 
within the putative SH3 binding motif. Furthermore, a ≈140 kDa host protein is pulled down with WT-NS5, 
however NS5-P186/189A and NS5-PYGMP mutations severely attenuate the amount of host protein harvested.   

 

5.4 DISCUSSION 

The role of SH3 domains in maintaining cellular homeostasis as well as mediating 

viral replication has been extensively studied. They play a substantial role in regulating 

almost every stage of cellular homeostasis such as facilitating protein transport, recruit 

components of signalling pathways, mediating assembly of protein complexes and regulate 

enzymatic activity of specific proteins. SH3 mediated interactions are regulated by specific 

recognition motif consisting of a core conserved PxxP region. Pathogens such as viruses 

manipulate SH3 mediated interactions by recruiting host proteins to assist in replication. In 

brief, alphaviruses and HCV recruit SH3 domain containing cellular proteins amphiphysin 1 
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and 2 and Grb2, respectively, to aid in RC formation for efficient replication (1.6.3.1). In this 

study, we sought to determine the requirement of SH3 domains during WNVKUN replication. 

The WNVKUN genome is relative small in size with limited number of viral proteins to 

facilitate viral replication therefore the requirement for host factors to assist in replication is 

essential. By analysing the viral genome, we discovered 10 putative SH3 binding motifs. 

Alignment of the Flavivirus genomes identified two highly conserved regions: one within 

NS1 and the other within NS5.  

NS1 is an ER luminal protein which exists as dimers, glycosylated at multiple 

residues and secreted from cells. Although it has been extensively studied over the years, the 

exact function remains unclear; however NS1s role to aid RC formation and immune evasion 

is well established. The recent characterisation of the NS1 crystal structure has allowed us to 

pin-point the exact region in which the NS1- P36E37T38P39 putative SH3-binding motif lies. 

The NS1 protein consists of three domains: the central β-sheet required for dimerization (a.a 

1 to 29), the “wing” domain (a.a 30 to 180), and a α/β subdomain (a.a 38 to 151) [184]. NS1- 

P36E37T38P39 region acts as a bridge, linking the β-sheet to the “wing” domain. To determine 

the replicative requirement of the NS1- P36E37T38P39 region, mutations of Pro to Ala residues 

were constructed: NS1-P36A, NS1-P39A, and NS1-P36/39A.  The biological importance of 

the unique Pro residues is vast; due to the cyclic pyrrolidine side chain, Pro sequences tend to 

adopt a polyproline II helices which aids in protein stability, rigidity, folding and protein-

protein interactions [396]. To preserve the unique role possessed by Pro residues on proteins 

structures, we inserted a Gly residue within the conserved PETP region (NS1-PEGTP) to 

expand the motif and prevent binding of the Pro resides within the cleft on the SH3 domain. 

Mutations within the NS1-PETP region did not affect NS1 stability and secretion: NS1 

expression for each mutant was similar compared to WT. Additionally, we detected similar 
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levels of NS1 homodimers alongside glycosylation patterns between WT-NS1 and NS1 

mutants (Figure 24:). 

Furthermore, NS1 mutations did not affect NS1 cellular localisation or co-localization 

with replicative viral protein NS4A, however the possibility that this localisation could be 

due to revertants exists and must be sequenced for. During infection, NS1 homodimers within 

the ER lumen interact with NS4A homodimers embedded into the ER membrane. NS4A then 

anchors the RC by interacting with NS2A to initiate RNA synthesis. Ambrose and Mackenzie 

(2011) showed that the incomplete processing of NS4A prevents NS1-NS4A interactions, 

which has detrimental effects on viral replication by preventing RNA transcription and 

protein synthesis [397]. IF analysis has confirmed that mutations within the NS1-PETP 

region do not affect NS1-NS4A co-localization, therefore these mutations should not impede 

RC anchoring through this mechanism. We did not detect infection for NS1-PEGTP mutants, 

therefore we were unable to determine if this mutation inhibits NS1-NS4A co-localization 

(Figure 25:). 

Although mutations within the NS1-PETP region did not impede protein stability, 

glycosylation, dimerization, secretion or co-localization with NS4A, viral replicative 

dysfunctions are observed. Single Pro mutations did not affect viral replication, however the 

mutation of both Pro residues or the insertion of a Gly residue attenuates viral replication and 

infectivity (Figure 24: A, C and D). We therefore propose that the NS1-PETP region is 

required for efficient viral replication, presumably for viral-host protein interactions via a 

SH3 mediated mechanism. To determine if disrupting this region inhibits protein-protein 

interactions, we over-expressed NS1 and NS1-PETP mutant proteins, performed WCL pull-

down assay to detect host protein binding partners. We identified proteins that were 

interacting with WT-NS1, however absent in NS1-PETP mutants (Figure 31: red box). 

Unfortunately, due to low concentrations of recovered proteins, we were unable to 
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characterize these proteins. Further studies by increasing sample size could aid in the 

identification and role of these proteins during viral replication. Due to the cellular 

localisation of NS1 within the ER-lumen, SH3-interaction partners must be an ER-luminal 

protein. One proposed host proteins could be the TANGO1 protein; a vital ER membrane 

protein which facilitates SH3 mediated protein export. TANGO1 resides on the ER exit sites 

with a luminal SH3 domain. The SH3 domain binds SH3 motifs within the ER lumen and 

facilitates cargo secretion [398]. TANGO1 could presumably interact with NS1 within the 

ER lumen to: (i) regulate host protein secretion by either blocking or enhancing TANGO1 

mediate cargo secretion; (ii) regulate virion secretion by aiding in cargo loading into the 

Golgi; (iii) and/or facilitate NS1 secretion by binding to the putative NS1 SH3 motif. 

Additionally, NS1 secretion as hexamers is vital for viral infection. Secreted NS1 is 

internalized by interacting with numerous cell types to enhance viral disease. Furthermore, 

circulating NS1 promotes a protective and pathogenic autoimmune response by regulating 

innate and adaptive immunity [399-402]. DENV secreted NS1 is predominately associated 

within the liver hepatocyte cells. In vitro studies showed that NS1 internalizes via 

endocytosis which enhances DENV infection, however the exact mechanism is unclear [403]. 

Alongside aiding in viral replication during infection, mutations in the putative NS1-SH3 

motif during secretion could affect its role within internalized cells. Although we have not 

perused this further, in vivo and in vitro delivery of purified NS1-PETP mutants could shed 

light into NS1s role for pathogenesis. 

Following on from NS1-SH3 mutants, mutations within the NS5-PYMP region has 

detrimental effects on viral replication. Mutating both Pro residues to Ala or inserting a Gly 

within the NS5-PYMP region completely abolished viral replication. We did observe 

minimal levels of viral particles for NS5-P186/189A; however this could be due to revertance 

which was not sequenced for. Interestingly, although we do not observe attenuation in viral 
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replication for NS5-P186A and NS5-P189A, we do detect less co-localization of these 

mutants with replicative viral proteins NS3 and NS4A. This reduction in co-localization does 

not translate to attenuations observed in viral replication as only 5% of total NS5 is required 

for RNA transcription. The remainder of NS5 would possibly interact with host components 

to disrupt cellular homeostasis in favour for viral replication. Pull down analysis of 

transfected WT-NS5 and NS5-PETP mutant’s revealed clear reductions or absence of host 

proteins (Figure 32:). Mass spectrometry analysis could not identify these proteins due to low 

protein yield, however due to time constraints we were not able to repeat this analysis. 

Increasing sample size and cell numbers could improve protein yield. 

Furthermore, WNV and DENV2 viral-host protein interactions inhibit cellular stress 

mechanism such as SG to enhance viral replication; however viral proteins regulating this 

process is currently unknown [395]. Upon environmental pressure, cells exhibit a defence 

mechanism which halts host translation to repair stress induced damage such as the 

accumulation of misfolded proteins and DNA damage. Heat shock, oxidative stress, hypoxia 

and ER stress are some of the leading examples were the cell will undergo this inhibitory 

state and cause the formation of cytoplasmic RNA granules called SG. mRNA released from 

the polysomes are stored within SGs, allowing selective translation of stress induced genes. 

Ras-GTPase-activating protein SH3 domain-binding protein 1 (G3BP1) is a key SG 

component which initiates SG induction by forming multimers. We have demonstrated that 

the over-expression of WT-NS1 and WT-NS5 in Vero cells inhibits SG formation upon 

thapsigargin induced ER-stress; however, although mutations in the NS5-PYMP motif 

abolishes viral replication, these mutations did not impede NS5s ability to inhibit SG 

formation. Furthermore, mutations in NS1-P39A did not rescue SG formation; however NS1-

P36/39A and NS1-PEGTP mutants diminished the ability to impede SG formation which 

coincides with the attenuation observed during viral replication. Unfortunately, we were 
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unable to identify the mechanism underlying the regulation of SG by the NS1-PETP region, 

however this is of particular interest as NS1 localises to the ER-lumen whereas G3BP1 is a 

cytoplasmic protein. Although Chikungunya nsP3 [404], Sinbis RdRp nsP4 [405], DENV 

3’UTR [406], and HCV NS5A and NS5B [407, 408] proteins interact with G3BP1 to regulate 

SGs, the differential cellular localization of NS1 and G3BP1 prevents the direct interaction of 

these proteins via the SH3 domain. Interestingly, mutations of the putative SH3 motif in the 

luminal NS1 protein, but not the cytoplasmic NS5 protein to regulate SG formation by the 

ER-stressor thapsigargin is surprising. NS1 may interact with luminal or ER-membrane 

bound proteins which modulate downstream events leading to SG formation via the NS1-

PETP region; however we have not identified proteins supporting this hypothesis. Thus, to 

identify protein interacts lost by these mutation, IP analysis was performed. 

 To determine possible host interaction partners for NS1 and NS5 via the proposed 

SH3 motif, WT-NS1 and WT-NS5, alongside His-NS1-PETP and Biotin-NS5-PYMP 

mutants were expressed in HEK293T cells and affinity purified with the relative tag. SDS-

PAGE electrophoresis and protein staining revealed 7 and 2 host proteins interacting with 

WT-NS1 and WT-NS5, respectively; however these interactions were either abolished or 

attenuated by mutating the putative SH3 motif (Figure 31: Figure 32:). Unfortunately, due to 

low protein yields and time constraints, we were unable to identify each protein by mass 

spectrometry. Identification of host proteins will enable us to determine mechanistic roles for 

the host proteins during viral infection which could act as potential targets as antivirals. 

Additionally, NS1-PETP mutations could act as an attenuated vaccine strain to prevent WNV 

infections, in a similar manner to the YFV and DENV live attenuated vaccine strains. 

Overall, we have demonstrated the importance of the NS1-PETP and NS5-PYMP regions in 

regulating WNV replication and further studies could assist in understand the importance of 

viral-host protein interaction during WNV replication.  
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5.5 FUTURE DIRECTIONS 

The Flavivirus genome contains 10 proteins which are required for viral entry, viral 

RNA replication, immune evasion, membrane formation and virion assembly, maturation and 

exit. To complete an efficient replication cycle, the virus relies on host proteins and lipids. 

SH3 domains mediate protein-protein interactions, and in this chapter we have identified two 

possible SH3 motifs within the WNVKUN genome. By mutational analysis of the two putative 

SH3 domains we demonstrated that these regions are required for efficient viral replication. 

Further studies to demonstrate the importance of SH3 domains should include: 

- Protein folding and activity: The effect of mutating proline residues on proteins 

folding and activity were not explored. For example, NS5 is the viral RdRp which contains a 

putative SH3 domain. To establish that mutating the prolines residues within NS5 did not 

affect RdRp function, an RdRp activity assay must be carried out.  

- Rescue of viral replication: To demonstrate that NS1 and NS5 SH3 motifs are 

required for the observed phenotype, rescue experiments by expressing WT NS1 and NS5 in 

trans with mutant proteins should be considered.  

- Sequencing for revertants: Additionally, the virus should be sequenced for revertants 

and compensatory mutations.  

- Protein-protein interactions: Furthermore, host proteins interacting with NS1 and NS5 

via the SH3 domain should be identified and the function of these proteins during viral 

replication explored. Preliminary data has demonstrated that mutating the SH3 domains in 

NS1 and NS5 abolishes certain protein-protein interactions, however due to time constraints 

we were unable to identify these proteins.  

Overall, mutating SH3 domains and thus preventing protein-protein interactions and 

producing attenuated virus could be used as a vaccine strategy to combat Flavivirus 

replication. The role of SH3 domains, particularly in DENV and ZIKV should be explored.  
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Flaviviruses are small (50nm), +ssRNA human pathogens that manipulate host 

machinery to modulate viral replication. Since its discovery in 1937, WNV has sporadically 

caused epidemics throughout Asia, Africa and the USA. In contrast, DENV is endemic in 

Asia, Africa and America, causing infections in over 390 million people annually. The socio-

economic burden of Flaviviruses, especially DENV, calls for immediate action to understand 

the underlying host and viral factors by which Flaviviruses utilize for replication and 

furthermore, expand this knowledge for the generation of unique antivirals and/or vaccines. 

The aim of this thesis was to expand on the current knowledge of Flavivirus utilization of 

host factors to regulate viral replication. We have shown that WNV and DENV2 

differentially regulate and exploit certain host lipids (chapter 3) and proteins (chapter 4) 

during replication. Additionally, we have shown the importance of two putative SH3 binding 

motifs within the key regulatory viral proteins NS1 and NS5 proposed to promote 

interactions with host proteins. 

Every stage of viral replication requires host factors to replicate: (i) viral entry in 

mammalian cells is mediated by the virion E protein attaching to DC-SIGN/L-SIGN and/or 

mannose receptor which facilitates binding to the unknown key receptor and thus endocytosis 

of the virion [409]. Interestingly, alongside proteins, lipids are equally as important in 

mediating viral entry. Cell surface TIM and TAM receptors directly interact with 

phosphatidylserine lipid molecules on the virion surface, hence expressing the importance of 

lipid molecules at the earliest time point of viral infection [409-411]. (ii) Innate immune 

evasion is necessary for efficient replication. Different strategies are upheld by Flaviviruses 

to delay the sensing of PRRs. Of importance to this study, the formation of VP, and in some 

cases (WNV) CM/PC, prevents PRRs from detecting viral RNA and postponing IFN 

mediated immunity [262, 263].  Also, redistribution of cholesterol during infection 

downregulates IFN-mediated Jak-STAT signalling, thus enhancing replication [268]. (iii) 
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Furthermore, Src family kinase c-Yes is involved in WNV assembly and egress [412]. 

Additionally, glycan modification of E and prM cleavage by host Furin proteases are required 

for Flaviviral maturation [19, 248, 413]. The aim of this study is to further apprehend the role 

of host lipids and proteins during Flavivirus replication alongside CM/PC and VP formation 

to significantly enhance viral infection.  

 Historically, the role of lipids during virus replication has been overlooked, however 

over the last decade the interest in lipids has increased significantly. Host membrane 

reorganization is arguably observed during the replication cycles of all +ssRNA viruses, 

however DNA viruses also utilise membrane rearrangement during infection (vaccinia virus, 

[328]). Depending on the virus, membrane proliferation is generally targeted to specific 

organelles (ER, Golgi, mitochondria, nucleus, plasma membrane, endosome and/or 

peroxisome) (Table 2:). In most cases, disrupting the ability of a given virus to induce and re-

organise  membrane platforms perturbs viral replication (i.e. HCV [414]), however for all 

viruses it also needs to be appreciated that the initial stages of viral RNA replication occur 

when no membranes are present (i.e. during the latent period). It has also been observed for 

Flock House virus that the exact intracellular location is not a strict requirement for virus 

replication, where re-targeting the replicative viral proteins to a different intracellular location 

still resulted in replication [415]. Virally induced membrane structures are generally enclosed 

and contain openings between the inner vesicle and the cytoplasm, allowing for the exchange 

of metabolites for the RC (Figure 8:). For WNV, approximately 10 hours post infection, 

ultrastructural changes and the first sign of VP formation is observed. Subsequently, by 12 

hours post infection, unlike DENV, WNV generates CM/PC structures where polyprotein 

cleavage and viral assembly takes place [238]. A fundamental feature of membrane induction 

by Flaviviruses is the highly organised membrane curvature created by the VPs and CM/PCs. 

This type of membrane architecture requires multiple host factors with certain characteristics, 
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including: the shape of the protein inserting into the membrane, membrane protein 

oligomerization, scaffolding proteins and lipid composition of the membrane [416]. Hence, 

host factors must work in parallel with viral proteins to mediate the formation of the viral 

membranes.  

Our study has demonstrated that Flaviviruses require the RTN3.1A proteins to 

maintain membrane integrity, a mechanism explored in detail during BMV replication. BMV 

induces membrane compartments similar to WNV and DENV where the ER membrane 

invaginates into the ER lumen and connects to the cytoplasm through neck-like openings 

[382]. Diaz et al., (2010) established for the first time that +ssRNA viruses recruit and utilise 

the RTN proteins to proliferate viral membrane components by altering the ER. RTN 

polymerizes along membranes as arcs to induce positive membrane curvature, thus allowing 

expansion of the vesicle by counteracting the negative membrane curvature induced by 

additional factors; possibly the viral proteins. We have demonstrated that silencing of 

RTN3.1A causes irregular VP architecture during DENVNGC infection and almost a complete 

loss of CM/PC formation during WNVKUN infection, which further results in viral replication 

attenuations. We postulate that during WNVKUN infection, RTN3.1A interacts with viral 

protein NS4A. This interaction may stabilize NS4A and counteracts the negative curvature 

induced by NS4A, thus inducing ‘bends’ and ‘curvatures’ within the CM/PC (Figure 33:). By 

silencing RTN3.1A, NS4A may be destabilized and degraded, possibly via the proteasome. 

Degradation of NS4A may explain the reduction in the CM/PC area observed by EM (section 

4.3.3, Figure 17:). Furthermore, silencing of RTN3.1A during WNVKUN and DENVNGC 

infection leads to abnormal VP structures. VPs appear either elongated or smaller in the 

absence of RTN3.1A. This indicates a requirement of RTN3.1A to maintain canonical VP 

architecture. Reduction in the amount of RTN3.1A may influence the consistency of 

RTN3.1A inserted into VPs and thus disrupt the positioning of positive membrane curvatures 
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to counteract the negative membrane curvature induced by viral proteins (Figure 33:). 

CM/PC induction during DENVNGC replication is not as prominent as WNVKUN therefore 

RTN3.1A may predominantly affect the VPs. Although we have established a possible 

mechanism by which WNVKUN and DENVNGC stabilize and adjust membrane curvatures, the 

methods by which these membranes are formed are not entirely clear. The ESCRT complex 

has been studied extensively by multiple groups to explain vesicle proliferation. 

The endosomal pathway regulates membranous proteins and lipids destined for 

lysosomal degradation via transport through multivesicular bodies (MVB) [417]. During 

transport, ubiquitinated cargo are compartmentalised into MVB within the late endosome; 

which are formed by the ESCRT complex (ESCRT 0, I, II and III and the Vps4 complex) 

[418]. Through multiple protein-protein and protein-lipid interactions, the ESCRT complexes 

will arrange into a multi-subunit machinery which will form and stabilize MVBs by 

membrane budding and scissoring [419] and aid in cytokinesis [420]. Furthermore, the 

ESCRT complex is recruited by viruses to aid in certain stages of their life-cycle [421].  Till 

date, the ESCRT complex (especially ESCRT III) is described in all eukaryotic organisms 

[422]; probably due to the unique membrane bending and scissoring action performed by this 

complex. By protein and lipid interactions, the ESCRT complex will assemble along the 

endosomal membrane and bud the endosomal membrane away from the cytoplasm. A final 

scissoring step mediated by the ESCRT complex; which also plays a role in cytokinesis, will 

generate the MVBs.  

 ESCRT dependence in viral pathogenesis has been intensely studies over the years. 

The tomato bushy stunt virus (TBSV) recruits ESCRT components to peroxisome 

membranes to aid in viral RC formation and RNA replication. Barajas et al., (2009) 

demonstrated that the TBSV p33 protein interacting with Vps23p of the ESCRT-I complex 

alongside the ESCRT accessory protein BroI. p33 recruits these components to the 
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peroxisome (sites of TBSV replication) which in turn assembles and protects the RC [423]. 

Surprisingly, the TBSV p33 protein also interacts with Vps4p AAA+ ATPase (whose 

function is to disassemble the ESCRT-III complex) and recruits it to aid in the viral RC 

formation by interacting with the viral RNA [424].  

Additionally, knockdown of certain ESCRT-III components (especially Snf7) during 

BMV infection resulted in RNA replication attenuation alongside alterations in spherule 

formation.  Deleting various components of the ESCRT-III complex attenuated RNA 

replication by approximately 5-fold and altered spherule occurrence; however, deletion of 

Snf7 completely abolished spherule formation and inhibited RNA replication by more than 

25-fold, indicating that Snf7 is essential for BMV replication and spherule formation. 

Interestingly, knockdown of other ESCRT components (Vps20p, Vps23 and DID2) inhibited 

RNA replication independent of spherule formation, demonstrating a significant requirement 

of Snf7 for BMV spherule formation [425].  Due to topological similarities between 

Flavivirus induced VPs, BMV and TMSV spherules and MVBs, Flaviviruses may recruit 

components of the ESCRT complex to mediate VP formation and regulate RNA replication.  

Preliminary data demonstrated that DENV2 co-localizes with Snf7 during infection 

and the over-expression of the dominant negative form Vps20 slightly enhanced DENV2 

replication. Therefore we postulate that DENV2 may require Snf7 to aid in VP neck 

formation, independent of Vps20. Conversely, WNVKUN did not colocalize with Snf7; 

however, surprisingly the over-expression of the dominant negative form of Vps20 attenuated 

WNVKUN replication by approximately 35% (Figure 34:). Unfortunately due to time 

constraints these experiments were not repeated; however further analysis of the ESCRT 

complex may elaborate on mechanisms required for CM/PC and/or VP biogenesis.  

Diaz et al., (2015) suggests that BMV 1a protein multimers assemble and invaginate 

the ER-membrane. This follows the recruitment of specific ESCRT proteins (mainly ESCRT-
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III proteins) which compresses the neck structure, bringing the membrane lipids into close 

proximity. 1a then recruits RTN to possibly stabilize the neck, preventing membrane fusion. 

The ATPase activity of Vps4 catalyses the disassembly of the ESCRT proteins, forming the 

spherule structure [425]. Following on from Diaz et al., (2015) ideology and previous 

knowledge of Flavivirus NS4As capability to induce membrane structure similar to those 

observed during infection, we postulate that NS4A assembles on the ER-membrane to initiate 

membrane proliferation by interacting with RTN3.1A and ESCRT complexes (Figure 33:). 

Furthermore, the induction of excessive, highly curved membrane structure may require 

regulation of specific lipid components.  

The role of lipids during viral replication is vigorously studied over the last few 

decades. To maintain cellular homeostasis, lipids generally uphold three general functions 

within the cell. Firstly, the main function associated with lipids is the requirement as an 

energy source which is essentially required for every cellular process, alongside membrane 

biogenesis. Secondly, amphipathic lipids are necessary for membrane biogenesis and 

organelle formation. The specific shape and side-chian of lipid compositions generally 

provides membranes with signalling, trafficking, fluidity, curvature and budding. Thirdly, 

lipids can act as messenger molecules for signalling complexes by interacting with other 

lipids or proteins [426].  

The major lipid component of cellular membranes and signalling molecules are 

composed of glycerophospholipids and sphingolipids. Glycerophospholipids are composed of 

a typical diacylglyercol backbone with various lipid head groups which define the type of 

glycerophospholipids. Phosphatidylcholine (PChol) is the major phospholipid found within 

eukaryotic membrane due to its spontaneous self-oligomerization characteristic. However, by 

inserting lipids with small sized polar head groups (phosphatidylethanolamine (PEtn)) will 

impose stress onto the membrane leading to membrane curvatures [426, 427].  
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Figure 33: Membrane alterations caused by RTN3.1A knockdown during WNV and DENV2 replication 
Flavivirus infection causes membrane proliferations termed CM/PC and VP. VPs house the viral RC where 
translations occurs and translation is believed to occur in the CM/PC. Viral protein NS4A causes negative 
membrane curvature while host RTN3.1A protein induces positive curvature. We speculate that ceramide and 
ESCRT proteins, presumably Snf7 is recruited to stabilize these structures. Removal of RTN3.1A reduces 
CM/PC area and alters VP diameter.   
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Moreover, cellular homeostasis relies on additional subset of lipid classes termed 

sphingolipids consisting of a ceramide backbone. Ceramide occupies a central position in the 

sphingolipid pathway, therefore it is considered as the central metabolic hub for sphingolipid 

biosynthesis and catabolism [314]. Sphingolipids regulate cellular homeostasis almost at 

every level. Ceramide induces membrane curvature (Figure 12:), alongside cell-stress 

responses such as differentiation, cell-cycle arrest, apoptosis [315] and cell senescence [316]. 

On the other hand, S1P is crucial for proliferation, mitogenesis, inflammation, migration, 

angiogenesis and protection against apoptosis [314]. Interestingly, a balance between 

ceramide and S1P is vital for cell pro- and anti-apoptotic state. 

 Lipidomics analysis of DENV2 and ZIKV infection in C6/36 cells, alongside WNV 

infection in Vero cells (Unpublished data) demonstrated consistent upregulation of 

glycerophospholipids metabolism. This establishes a preferential requirement of 

glycerophospholipids during Flavivirus replication which might act as potential targets for 

blocking viral replication in mosquitos [327, 428]. Furthermore, these studies established that 

both WNV and DENV2 infection clearly elevates sphingolipid synthesis, explicitly ceramide 

[327]. Interestingly, an increase in sphingofungin F was observed as a marker for ZIKV 

infection.  Sphingofungin F is an inhibitor of SPT, an enzyme which acts as the first 

committed step in ceramide biosynthesis. Melo et al., 2016 suggest that this increase could 

act as a cellular response to viral infection to impair replication; however our studies with 

DENVNGC suggest that inhibiting SPT activity and depleting cellular sphingolipids such as 

ceramide enhances DENVNGC replication. This may suggest that DENVNGC might not require 

certain sphingolipids to replicate and these could act as an inhibiting factor. Interestingly, 

conflicting results are observed during WNVKUN replication when SPT activity is inhibited. 

WNVKUN requires sphingolipids to efficiently replicate, and by inhibiting de novo synthesis 

of sphingolipids, WNVKUN replication is attenuated. Similar to DENVNGC, ZIKV may 
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enhance sphingofungin F to inhibit SPT activity, promoting a conducive environment for 

efficient viral replication. Currently, sphingofungin F activity has not been examined during 

DENV or WNV replication, nor extensively studied during ZIKV replication, and further 

studies in this area will elucidate insight into Flavivirus replication. 

Furthermore, we speculate that sphingolipids may have differential roles during 

Flavivirus membrane morphogenesis. The insertion of cone shaped ceramide lipids on one 

leaflet of the lipid bilayer enforces spontaneous negative membrane curvature (Figure 12:) 

[312, 319, 320]. Cone-shaped and inverted cone shaped lipids possess a tendency to change 

the physical properties of a bilayer by induces stress onto the inserted side of the bilayer to 

form either positive or negative membrane curvature [429]. Flaviviruses have evolved to 

utilise ceramide to aid in replication. JEV and WNV utilise ceramide to mediate cellular entry 

as well as viral egress [324, 325], with WNV having a unique envelope membrane 

composition enriched in sphingolipids [325]. Additionally, the attenuation observed during 

WNV replication in the absence of ceramide may be linked CM/PC and VP abnormalities. 

Alongside the positive curvature induced by RTN3.1A, ceramide could insert into the lipid 

bilayer and aid in the formation of the CM/PC and VP by inducing opposing negative 

curvatures, thus expanding these structures (Figure 33:). Although Perera et al. (2012) 

suggest that the increase in negative curvature enhancing lipids such as ceramide may be 

active in the formation of the double-membranes induced during DENV2 infection, we’ve 

established that depleting endogenous ceramide levels enhanced DENVNGC replication. 

Although we have demonstrated that both DENVNGC and WNVKUN require RTN3.1A for 

membrane formation, unlike WNVKUN, DENVNGC may require diverse classes of lipids to 

proliferate viral membranes. This may in fact explain the differences we observe in 

membranous structures we observe during WNVKUN and DENVNGC replication. To confirm 

these speculations, EM studies must be carried. 
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 Topologically, an obvious difference between DENV2 and WNV are the presence of 

DMV alongside the single-membrane vesicles during DENV2 infection. Although the DMVs 

are sporadic and appearance mainly depends on sample preparation, this clear difference 

between DENV2 and WNV should not be ignored. [430]. Hence, the difference in membrane 

organization may attribute to the replicative difference observed during ceramide depletion. 

A mechanism worthy of further investigation during DENV2 replication may be the role of 

lysophosphatidic acid (LPA) and phosphatidic acid (PA), which is interconverted by 

phospholipase a2 (PLA2) or lysophosphatidic acid acyl transferase activity. Different lipid 

head group or acyl chain organizations between these two molecules influence membrane 

curvatures. The presence of LPA or PA induces membrane curvatures in opposing directions. 

Lipidomics analysis on DENV2 infected cells shows an up regulation in LPC which is 

hydrolysed from PC by PLA2 and therefore the enrichment of these molecules may facilitate 

membrane curvature [327]. Additionally, many viruses have shown a dependence on PLA2 in 

their life-cycle, including WNV (unpublished data) [431-433]. Furthermore, 

phosphoinositides contain head groups which are easily modified are manipulated by many 

viruses during replication and may be worthy in investigation [434-439]. Furthermore, 

specific viral-host protein interactions through SH3 domains may be involved in membrane 

biogenesis. 

SH3 domains mediate protein-protein interactions to regulating almost every stage of 

cellular homeostasis. These interactions facilitating protein transport, recruit components of 

signalling pathways, mediating assembly of protein complexes, regulate enzymatic activity of 

specific proteins as well as facilitating in viral replication. These interactions are regulated 

via a conserved PxxP motif. The limited number of viral proteins encoded by WNV to 

facilitate viral replication forces the virus to utilize host factors to assist in replication. The 

nsP3 protein of alphaviruses demonstrates SH3 dependent binding to amphiphysins. 
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Mutations in the nsP3 SH3 binding motif disrupted amphiphysin binding and attenuated viral 

replication [392]. Alphavirus nsP3 protein of Semliki forest, Sinbis and Chikungunya virus, 

as well as the HCV NS5A protein interact with amphiphysin I and II and amphiphysin II, 

respectively, via SH3 mediated interactions; however only alphaviruses have shown to 

require amphiphysin during replication to aid in RC formation [344, 392]. Initial report 

identified the interaction between HCV NS5 and amphiphysin II; however abolishing 

NS5A:amphiphysin interactions did not attenuate replication in replicon cells. Although a 

requirement was not discovered in replicon cells, Zech et al., (2003) suggests that 

amphiphysin II may be required during HCV infection to aid in replication and membrane 

morphogenesis of the membranous webs [344]. Interestingly, latter experiments 

demonstrated that amphiphysin II is required for HCV NS5A phosphorylation [440] and 

regulating apoptosis and infectivity [391, 441].  

The role of viral induced membranes proliferations such as the CM/PC and VP are 

vital for efficient viral replication. Interestingly, the SH3 domain containing amphiphysin I 

and II proteins can alter cellular membranes topology and maintain cellular homeostasis by 

regulating apoptosis. Amphiphysin I binds lipid bilayers which mediates membrane curvature 

of vesicles [442] whereas amphiphysin II induces tubular membrane invaginations [443]. The 

putative SH3 motif within WNVKUN may recruit amphiphysin to sites of viral replication by 

interact with amphiphysin I and/or II via the associated SH3-domains. As the CM/PC and VP 

are highly curved ER membrane proliferations, recruitment of amphiphysin may enforce 

membrane curvatures thus retaining topology. By mutating the putative SH3 motif, 

interactions between viral proteins and amphiphysin may be lost which disrupt membrane 

topology and RC formation, hence attenuating viral replication.  

Overall, the results within this thesis aim to elucidate the role of host factors during 

viral replication and membrane morphogenesis and expand on the current knowledge for the 
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role that host factors play during Flavivirus replication. Furthermore, the work presented in 

this thesis sheds light into mechanisms required for efficient viral replication. We have 

established that RTN3.1A is required for both WNVKUN and DENVNGC replication by aiding 

in membrane proliferation and possibly providing protein stability. However, in our studies 

we have proven that Flaviviruses differentially require certain host factors. Although 

ceramide is required for efficient WNVKUIN replication, depleting ceramide levels enhance 

DENVNGC replication. In conclusion, care must be taken when establishing new antivirals as 

treatment options. Treating one Flavivirus infection may increase infection severity of a 

secondary Flavivirus infection, thus causing detrimental results.  
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7.1 DENV2 but not WNV Localizes with ESCRT Protein SNF7 

 

Figure 34: DENV2NGC but not WNVKUN NS3 localizes with ESCRT protein SNF7 and dominant negative 
expression of ESCRT protein Vps20 attenuated WNV but not DENV2 replication.  
(A) Vero cells were transfected with Snf7-cMyc (panels b, e and h) and either mock (panels a-c), WNVKUN 
(panels d-f) or DENV2NGC (panels g-i) infected, fixed at 24 or 48 h.p.i., respectively, and immunolabeled with 
antibodies to viral protein NS3 (green; panels a, d, and g) and cMyc (red; panels b, e and h). The merged images 
are provided (panels c, f, and i) with the yellow hue indicated regions of co-localisation. (B) 293T cells were 
transfected with Vps20-GFP and either mock, WNVKUN or DENV2NGC (panels g-i) infected for 24 or 48 h.p.i., 
respectively. Protein lysates were collected and analysed by western blot using antibodies raised against 
WNVKUN protein NS5, DENV2NGC protein NS3, GFP and actin. Quantitation is provided in panel (C).  
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7.2 Putative SH3 motifs identified by SH hunter 
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Figure 35: Putative SH3 domains within WNVKUN 
WNVKUN infectious clone FLSDX protein sequence was analysed by SH3 hunter for putative SH3 motifs. 10 
possible SH3 motifs (sequence in red text) were identified: 1 motif within capsid, 2 motifs within envelope, 1 
motif within NS1, 1 motif within NS2B, 3 motifs within NS3 and 2 motifs within NS5. 
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